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The study of glacier hydrology has in recent
years evolved as a key component of’ glacrer research (e [ N
Ellistoen, '1973; Stenborg, 1969; Young,'1983).- In partlcular,

; .
the analysis of Suspendeg;sediment load and hydrochemistry

-~
~

of glacier‘discharge as proven to.-be a useful indicator

of glacral eroslonal processes (Colllns, 1979a) Previous

studles (e.g.,-Colrlns/;ad Young, 1979a ¢strem, 1975a; Zeman

and Slaymaker, 1975} have focused mainly on dlscharge

' characteristics dver periocds of short duration, while only

a few studies have-cohsidered the entire‘ablation season.

Tt is evident that more research is requrred ln this area.

- Btudies of ‘this hature w111 contrlbute to.a better under-

: - A
standlng of the'51gn1flcance of seasonal glac1a1 discharge

reglmes and thelr appllcatlon to glacral geomorphology by

-

‘relating the various components (e.g., suspended-sediment

. load and hydf%chemical-l&hd) to stream discharge over the

v

entlre melt period.

r

Thls dissertation focuses on two aspects of importance

to the understanding of erosional'processes active in §lacier-
e

. ised regions of.the Canadian Rocky Mountain ranges. Glacier

_hydrochemistry is adressed first followed by a discussion on

1

, suspended sediment characterlst;cs.

Great amounts of’ solutes are transported by
glacial meltwater streams (Statham, 1977). Soclute

concentrations in glacier runoﬁf?are directly related to

,/ -



-/

weathering processes active in an alpine environment and
at the base of a glacier. Thgs,‘insight into chemical
weathering processes can be obtained Fhrough the detiiled
study of glacial meltwaters hydrochemistry.

Sediment movement is central to the discip};né
of geomorphology {Statham, 1977?, Suspended—sedimen£
concentrations in glacial streams reflect‘the glacier's
eroéional capability. An investigatioh of the temporal
variations in suspended-sediment concentration is important

to gain a better understanding of procesées which led to the

" formation of fluvioglacial landforms.
; :

1.1 Objectives and hypotheses

1.1.1 Objectives

k]
The aim of this study is to investigate the

suspended-sediment and the hydrochemical dynamics of the
discharge of Peyto Glacier, Banff National Park, Alberta.

The objectives are threefold:

i) To measure the.temporal variations in
suspénded—sediment concentrations from the glacier system.
The investigation'of seasonal, diurﬁal and short-term
(15 minutes) variations in gedimeht concentration
may lead to a better understanding of storage and

release mechanisms within the glacier system. -




ii) To investigéte the temporal variations
in égiected hydrochemical parameters' of meltwaters. The
internal éoqting of meltwater may'be'inferred from the
diuréal and Seasongl changes in concentration and load

of the four major catiops (Calcium (Ca™t),

Magnesium (Mg*t),

Sodium (Na%), Potassium (K*).

1ii) To investigate the temporal variations in
the attached cationic load of the suspended-sediment.
The cation attachment could be used to defermine the

'storage time and .the internal routing of the sediment.

'1.1.2 Hypotheses

Three hypotheses were formulated following a

\ 4+
literature review a?d reconnaissance field work.
} ’ ~
These are:

1) The temporal variations in suspended-sediment
concentration and total suspended-sediment lcad are regular
and related to either discharge or meteorological conditions

as found for non-glacier-fed streams.

2) Temporal variations in meltwater hydro-
"chemistry reflect increasingly greater contact with the

geological strata higher in the basin.



3) The attached cationic load is hot a function of

the routing and the contact time of the sediment through the

-

basin. . . R

.

1.2 Field area
1.2.1 Loéation

The study area is the Peyto Creek basin
(116° 33'W, 51° 40'N) (Figure 1). It is situated approxima-
tely 37 km northwegt of Lake Louise, in théAWaputik h
Mountain ﬁhﬁge, within the limits of Banff National 'Park
(stanley, 1978). The basin, on the east side of the
continental divide of thé Canadian Rocky Mountains, cowers
an -area of 23.0,}ché {(Collins and Young, 1981) and contains
Peyto Glacier, an easterly facing extension of the Wapta
Icefields (Figure 2}.

The glacier covers 13.9‘km2, about 61% Pf the
total basin area. It has an elevation range of 2090 m to
3172 m a.s.l. (Collins and Young, 1981). ﬁt the 2400 m
level, a 100 ﬁ high icefall divides the glacier into two
major sections; thesnott with 15% of the total area and

the icefield zofie with
\

5¢ (Young, 1981). )
Peyto.Creek (Figure 3) is tﬁe only discharge
streém draining the basin (average annual volume of

45 x“105m3) (Loijens, 1974). This runoff consists of
meltwaters originating from Peyto Glacier, glacierets,
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Figufe-Zl Peyto Glacier and surrounding area. The iocaQ
. tion of the N.H.R.I. base camp is indicated
by an arrow. Photegraph: July, 1980,




Figure. 3

.

Northeast section of Peyto Creek basin, Alberta.

Photograph:

July 1981.

Figure 4

r -

N.H.R.I. research base camp, Peyto Glacier,

Alberta.

Photograph:

-June, 1981.
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ice-cored moraines, perennial snow patches and from Caldron

Lake drainage. Peyto Creek drains the meltwaters from the

basin into Peyto Lake, which in turn flows into the Mistaya

River, a tfibutary to the North,Saskatchewan.River.

Two major factofs contributed to the choiée of
this site. First, there exists a record of masé balance and
cliﬁatic data beginning from 1965 when the area was chosen
a; a representative basin for Canada's participation in the

International Hydrolecgical Decade (@strem, 1966; @strem

and Stanley, 1966). Summary of the mass balance from 1965

to 1980 is provided by Ommanney (1984) and by Young (1981).
In addition, Peﬁto Creek has been gauged Eontinuously since
1966. Secondly, ‘the basin is easily accessible. The, .
National Hydrology Research Institute (N.H.R.I.) research

¢

base camp (Figure 4), which has been maintained since 1965,

‘ . .
..is located approximately 8 km frdm the Banff-Jasper Highway,

thus facflitéting the transport of sSupplies and equipment.

1] R - \\.
. . N
1.2.2° Climate

The climate of the.area is considered typical
of the Rocky Mountain region where disruptioﬁ of air masses
results in great ﬁariability in‘tempe;ature, precipitaﬁioq
and relative humidity (Sedgwick, 1966; Sedgwick and Henoch,
1975) . |

The nearest Environment Canada meﬁeorolééical
station is located in Lake Louise, Alberta. ihe average

temperature, precipitation and snowfall over the last

| N

A
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thirty years (1951-1980) are listed in table 1 (Envxronment
Canada, 1982&, 1982b)=° Snow cover data (1971-1981) for Bow
Summit, located approximately 8 km from Peyto Glac1er at an
elevation of 2030 m a.s.1l., reveal an average annual snowfall
of 365 mm of water equivalent.ranging from 226 mm in i977 to
553 mm in 1972 (Environment Canada, 1981)
| © . A meteorological station was located at the’

L S

N.H.R.I. research base camp to provide more site-specific

A

data. The station is situated on a. lateral moraine at
. 2225 m a.s.l., west of'the glacier snout. Temperature
(daily mean, maximum andsminimum), relative humidity,
wind run and direction, prec1p1tat10n, atmospheric pressure
ailncomlng solar radiation are measured on a daily basis

thr ghout the ablation season.

1.2.3. Vegetation

A The Peyto Glacier valley has three dietinct_
vegetation communities.’ In the Peyto Lake area, a mature
forest association doainated by the Engelman spruce (Picea
Engelmennii Party) is present. The valley floor and the E
well drained areas of the basin form‘a second zone. The. .
vegetation consists of different species of willow (Saliz
arctica ?511., Salixr Barratiana Book., Salix gZauca-L;,

Saliz nivalis Hook., and Saliz vestita Persh'var. erecta

 Anderss.) and various wildflowers such as Indian Paintbrush

(Castilleja miniata Doug.), Fireweed (Epilobium latifolium

™~

L.) and avens (Dryas Hookeriana Juz. and Dryas Drummondii
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Richards). The third zone, an alpine tundia community,
consists of wildflowers such as Purple Saxifrage (Saxifraga
oppositifolia L.), mosses such as Moss Campion (Silene. |
acaulis L.) and different grass speties in the well drained

and sunny areas.

1.2.4 Geology

The:geélogical structure of the ﬁeyto Creek
basin is typical of the highly folded ranges of the Rocky
Mountains (Sgdgwick, 1966) . Evidence of folding is apparent
in the exposed rock wall of Trapper Peak (Figure 5) where the
rock strata are almost vértical.“ The basin is situated on‘
the western f;gpk of'the Bow-Mistaya anticline. It ié
composed of tﬁwer, Middle and Upper Cambrian sedimentary
rock consisting of interbedded permeable limestones, dolomites,
shales and saﬂstones {Figure 6) iCook,'1975; Sedg%ick, i966;
Sedgwick and Henoch, 1975}.

The\basin'is divided into‘four distinct
physiographic areas (Sedgwick, 1966). The first, including
.the Peyto Lake and outwash plain areas is underlain by
Precambrian shale (Hector Formation). The second area
consists of the principal stream valley and is separated
from the first area Ly a riegel of'Lowér Cambrian chk
(Lake Louise Formétion). This area is characterised by
Peyto Creek meandering through glacially depésited
unconsolidated material oﬁerlying Lower Cambrian quart;ites

-

(St Piran Formation) and interbedded shales and limesﬁones
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COLOURED PICTURES
Images en couleur

" Figure 5 Evidence of folding, Trapper Peak, Alberta.
Note the nearly vertical rock strata.
Photograph: August, 1981.
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(Mt Whyte Formation). |

The t&ird part of thg basin, the giacier snout
area, is separated from the second by a Lower Cambrian
shale (Mt Whyte Formation) riegel. It consists of massive

dolomites and limestones of the Cathedral, Stephen, Eldon,

Pika, Arctomys and Waterfowl formations (Middle Cambrian)
(Cook, 1975). The fourth area is above the 2400 m elevation
where a 100 m high idefall separates the glacier snout from

the icefield. This area is perenially snow and ice covered

r
and the geology is assumed from the surrounding peaks.
Cook (1975) identifies this area of the basin as Sullivan

Formation (Upper Cambrian shales and limestones).

1.2.5 Glacial geomorphology

Many glacial landforms are present in the Peyto

Glacier valley. Moraine sequences reflect glacial advances,

recessions’and the probable extent of the ice flow.

1
A hummockﬁ moraine located at the north énd of

Peyto Lake probably presents the ‘terminal position of

Peyto Glacier during the Pleistocene (Sedgwick, 19663. A
major recessional moraine coincides with the riegel
separating the outwash plain area from thé major gtream
valley (Sedgwick, 1966). 1In ‘the main valley, numerous
smaller moraines reflect the quick retreat of the glacier.

Lateral moraines, reaching an elevation of

approximately 2350 nkghave been deposited on both sides of

the valley indicating the previous extent of the glacier.

-

C

5)
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4

On the east side, giacial'dekris‘ﬂas beenfpiastered against
the rock wall while the wéstern lateral moraine is terraced
or step-like (Sedgwickﬁ 1966); [ : '
Peyto Glacier basin is characteéﬁSed by the
breseﬁce of numerous ice-cored moraines (Johnson, 1971;
gstrem, 1959, 1962, 1964a; @strem and Arnold,,-‘lg"?o; -’
Souchez, 1971):; These features aré coﬁposedhaf éﬁagnant
glacier ice covered by 1 to 4 m of driftf(Fighie 7) and
reflect rapid glacier retreat. They ar;\preseﬁt on both
_ sides of the glacier and at the termiﬁhg where rapigjﬁelting
of the glacier tbngue deposited a large section of }ce in

the valley. e

’ The shale outcrops also bear evidence of past
glacier movement. The stoss side of these outcrops have
been smoothed and striated while the lee side has been

glacially plucked forming steps, which according to Belyea

(1964) is typical of argillitic shales.
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COLOURED PICTURES
lmages en couleur

Tce-cored moraine located on west side of Peyto
Glacier. Evidence of instability and recent
slumping appears in centre of photograph.
Photograph: July, 1981.




CHAPTER 2

+ LITERATURE REVIEW




2.1 Peyto Glacier

Peyto Glacier is well documented in the alpine
literature. Hlstorlcally, two periods of lnvestlgatlon on
Peyto Glacier can be dlstlngulshed (1933 to 1960 and 1964
to present). The first photograph of the glacier terminus
" was published by Wilcox (1909). At that time, Peyto Creek
flowed from two portals at the glac1er termlnus, whxc% was
positioned muqh fur ther down valley ‘than at present.

Summaries of fluctuations-in terminus positions
have been published by the Alpine Club of Canada.- Research
by McCoubrey (1938) indicates that Peyto Glacier retreated
100 m during the period 1933-1936. Results of the Dominion
Water ahd Power Bureau's surveys at Peyto Glacier are ‘ - o
summarized by Ommanney (1972), with specific details presented
in McFarlane (1945, 1946, 1947), M#Farlane and May (1948),
McFarlane, Blair and Ozga (1949),:hay, Blair and Harry (1950)
and Carter (1954). Averaged annuéi retreaﬁs of: 14 to 40 m
(1933-1947) (Meek, 1948), 23 m 0£§45—1960) (McFarlane, 1960)
and 4.3 m (1715-1953) (Field and Heusser, 1954) have been
recorded. These variaticns afé largely attributed to valley
morphology and to averégingvbver different time periods.

Rapid recessions tend to.occur in the narrow areas of the
basin where the ice ié'thin and breaks away (McFarlane, 1960).

More intensive research was initiated in 1964

19
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when Peyto Glacier was selected.asa? ;epresentaoive basin
for the International-Hydrological Decade progfam, marking )
the beglnnlnq of the most4recent period of 1nvest1gatlon.
These studies lnitlally focused on mass, balance and
climatology but have since expaaoed to include hydrofogy
and hydrochemlstry. Mass balance research at Peito Glacier
was ln;tlated by Gunnar @strem -{(@strem, 1966; ¢strem and
Stanley, 1966) , followed by Sedgwick (1966} and by Young |
(1974, 1981) Relatlonshlps between mass balance and
terrain characteristics (Young, 1970, 1975, 1976) and
meteorological parameters (FBhn, 1973; Young, 1977a) have
been reported. Young (1981) calculated an annual mass loss
of 0.21 m of watef‘equivalent for the period 1965-1978,
Climatoloéical research is-a necessary coméonent
of Ylacier research and at Peyto Glacier has included global -
radiation distribution (Goodison, 1970, 1§52a), enerqgy
exchanges (Munro, 1975; Munro and Davies, 19I7; Muaro and
Young, lQBZ),/Qemperature distribution (Foees

and katabatic wind characteristics (Stenning,

Banfield and Young, 1981).
The - impor tance of meltwater ruooff in wate¥
resource management and for agrioultural'uee in the Canadian
Prairies has prompted many studies in the basin. These
consmst mainly of hydrological (Collins, 1982; Young, 1977b,
1980, 1983) and hydrochemlcal {Collins and Young, 19793,
1979b, 1981) studies. 'Dye tracing by Collins (1982) showed

that the average flow-through ‘velocity in Peyto Glacier
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ranged from 0.13 m:s™l to 0.35 m-s~1 with delay times. that
'_ varied from 5 hours at low flow to less than 2 hours at
high flow.- Collins and Youné (1979b) separated the total
lsf&eam discﬁarge into.it‘s components (groundwater flow,
éubglacially routed meltwaters and dilute meltwaters) using
hydrochemical technigques. A comparison of the hydrolégy
“and hydrochemistry‘between a nival and a glacial catchment
wa§ ébnéucted by Collins and éoung (1981) . They showed ‘
tha£ during the snowmelt period both basins exhibit similar
respénses but during the summer when the snow cover is
deﬁleted, the regimes differ due toifhe substantial amount
of meltwaters released by éhe glacier. Young (1983)
demonstrated tha? the response time of the Peyto basin to
ice and firn melt is directly related to the progrgssion of
the transient snowline up the glacier.

A number of hydroleogists have used data from

_Peyto Glacier to develoé.glacier discharge simulation or
predictioh‘models. Derikx (1973) tested a conceptual model
which simulated the glacier’'s discharge as a groundwater'
system., A statistical model (Goodison, 1972b) predicted
glacier runcff from meteorological data. Peyto Glacier
discharge was simulated by Gottlieb (1980), who'applied
the Nielsen and Hansen (1973) éoncep£ual lumped-parameter
model (NAM-model) to mass balaQé;; runoff and meteorological
data. Results show?djgood corrg}ations between the measured

and the simulated hydrograph at?fbﬁ’and medium flows but

underestimated the major peak flows. Mass balance,

-
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metéorological andlhydrological data from Peyto Glacier

(1968 and 1969) weie employed by Derikx and Loijens (1971)

to simulate glacier runoff with a mathematical model. Power
and Young (1979a, 1979b) used a modified version of the
UBC-model (Quick and Pipes, 1977) to simulate melt ﬁ}oduction
and runoff from glaciaged areas as well as nop~glaciated
areas. .This model reproduced historical flow records with
coysiderable accuracy by modifying the‘glacier melt

component. t o

2.2 Glacier hydrology and hydrochemistry .
2.2.1 Glacier hydrology

In view of the established use -of glacial rivers
for hydroelectric power.generaticn (e.g., Scandinavia
‘and Europe) and.agricultural use, the pétential effects of
increased or decreased glacier melt are critical.

Glaciers ‘are natural regulators of streamflow
(Krimmel and Tangborn, 1974). For example, during years of
high winter precipitation, the snowpack delays the ablation
of the %}acie;,ice d&%#%; the high albedec of snow. Thus,
most of the runoff o;iéinates from snowmelt of non-glatier
areas. However, during years of low winter precipit;tion
glacier ice becomes exposed to solar radiation earlier
compensating for the reduction of streamflow from non-glacier

areas {(Krimmel and Tangborn, 1974; Young, 1983).

In the spring, the first snowmélt does not
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initially contribute to runoff as it is used to wamm the
snowpack and refreezes within the snow (Male and Gray, 1981;
Btenﬁorg, 1970; Weﬁdler.et al., 1973). When the snowpack
becomes isothermal at 0°C and the liquid-water holding
capacity has been saﬁisfied, meltwater %ill move downward
through the snow to the snow-ice interface (Male and Gray,
1981). Some water is retained within the snowpack by capil-:
lary"attraction or by ice layers titenborg, 1970) . These

ice layers occaéionally ﬁe:ge to form a conﬁinupus:mass of
ice called superimpssed jce which acts as an impermeable
boundary (Pattersqﬁ, 1981). Slush flows occur w&iihsffficient
amounts of water accumulate at the snow-ice interface and
instigate lateral flow (Male, 1980): The-major effect of

the snowpack o;);unoff is to delay the time of peak
discharge of the stream (Male and Gray, '1981) .

In the ablation zone; at twe beginning of the
melt season, surface flow constitutes the greatest part of
the funoff but as the melt season progresses water bégins
to flow into previously blocked moulins and crevasses to
reach .the internal drainage system. Meltwaters can also
reach this system by percolation through a network of
passages locatgd along 1ntergr;nular boundarles in the ice
(Nye and Frank, 1973). In the accumulation. zone,~§he
drainage veins are frequently blocked by the settling of
the firn. The runoff is therefore delayed because the
meltwaters that ﬁercolate Fhrough the snow and firn ‘

accumulate to form a saturated layer (firn aquifer)

{Golubev, 1973; Stenborg,tiB?O). -Thus, only lateral

- g e




24
movement is possible until the entrances to Ehe internal
drainage system become clear (Stenborg, 1950).

Water in a glacier drains through three distinct
systems of paeeages or conéuits. The supraglacial system,
can be compared to a river‘system in a'karst,area (Shreve, -
1972) . The englac1al ‘system, is a dendritic system of "
passages penetrating the iglacier froq‘the bed to the surface ‘
(Shreve, 1972). The subglacial system, is composed ,of
channels penetrating the bedrock (Nye-channels ox N-channels)
(Nye, 1973) and channels incised lnto the basal ice
'(Rbthllsberger—channels or .R-channels) (R&thlisberger, 1952)
and by thin: basal films (Vivian, 1970, Weertman, 1964, 1966).
adduction galleries desxgned'no-capture subglacial torrents
l. for hydroelectr1c1ty in the Alps have shown that subglac1al
channels are very unstable (V1v1an; 1977; Vivian and
Zumstein, 1973).

In winter, the internal Qnduigs tend to close due
to ice overburden pressure eng/to-g{acier movement stress
‘trapping water in cavii;es)and channels (Lang ¢t al., 1977;
Tangborn et al. 19%5). Hewever, during warmer summer months
'the englac;al and subglaC1al conduits become larger as the
production of meltwater increases. The deformability of
the ice allows the passages to expand and cpntract in response
to changes in water pressure. Conduit walls melt due to
heat generated by viscous dissipation carried by meltwaters

above 0°C. The larger passages gradually inc:eise in size

at the expense of smaller ones because more healt is generated
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by ;he greater volumes of watér (Sh;evé, i972).

The warmer meltwaters entering englacial and
subglacial systems also help to enlarge :eservoir exits:
enabling hiéhér dischgrge and decreasing the residency time
through the glacier (Elliston, i973; Lang, 1973). Thus, .

. supraglacial meltwaters enter the englagigl and gubglacial
systems through moﬁlins and crevasses in:order to reach the
glacier portal in a relatively short time span (Elliston,
1973; Stenborg, 1970) . Dye and salt f&aciﬁg methods used
to determine the delay time w1th1n alpine glac1ers conflrmedu-
that in the ablation zone meltwaters drain within a few

/ggurs and that in the accumulation-EOne the .lag time is

gréater-(Behféns et al., 1975; Collins, 1982; Krimmel

et al., 1973; Stenborg, 1969). |

. ) u: A major characteristic of.glacier—féd streams

is their diurnal rhythm in discharge (Elliston, 1973; Lang,.
- 1973) . Golubev (19735 stated that discharge is composed

of a background flow, originating froﬁ water previously

stored within the glacier; and diurnal variations reflecting

the changing rates of ablation. Water in a glacier is

stored in crevasses, englacial pockets, subglacial ‘cavities,

basal moraine, pools in the ice surface, firn and éurfaée

snow (Collins, 1982; Golubevf 1973) . '~ These reservoirs

accumulate meltwaters up to a thresholé level then .drain.

Only a portion of the total daily meltwater production

attains the portal on the same day, tﬁé remainder is delayed

{Martinec, 1970). At the beginning of the ablation season,
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inflow exceeds the glacier outflow as the meltwaters £ill
these reserYOLrs. However, as the lnflow decreases through
the summer, the stored waters are evacuated and the ocutflow
exceeds the inflow (Golubev, 1973). Behrens et al. (1975)
state that no reservoir. was present beneath the | ;
Hlntereisferner in the Austrian Alps while Collins (1980)
descrlbes the presence of.a pool of water trapped behlnd

'Y

a riegel in the bedrock under Peyto Glacier, Alberta.

2.2.2 Glacier hydrochemistry

The separation of glacier discharge into it's
contributing components is essential to understand the
physical processes 1nvolved in a glacier's hydrological
regime. The nature and behav1our of these different runoff
components are of importance to short and long- term

: predlctlon of discharge from glac1ers (Collins, 1980).

The natural environmental isotopic content of
glacral meltwaters has been used by many researchers to
separate the total dlScharge into it's component partg/
(e.g., Ambach et al., 1976, 1982; Behrens et al., 1971;
Moser and Stichlexr, .1975; Oerter et al., 1980; Prantl and
Loijens, 1977). This analysis is based on the hypothesis
that mel;naters contain different concentrati;ns of tritium,
deuterium and oxygen;IB depending on their origin (Behrens
et al., 1971). i

rritium (3H) is a radioactive isotope that

’\ originates from cosmic radiation. In glaciological research,

o
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the qpplicationngf tritium content measurements is based on ™
the steep rise of tritium content in preCipitaﬁion since

1952 when thermonuclear weapon testing beéan. Snow that

has been deposited since 1552 has a higher tritium content . &
than alder glacier ice which contains no tritium (Behrens f
et al., 1971).‘ Tritium levels also vary seascnally and

daily: Winter precipitation is characterised by low
- tritium levels, therefore, in the sprlng, meltwaters contain
very little tritium because they are m%stly derlved £rom
snowmélt from the past winter's accumulation (Ambachlet al.,
1982).:}In the summer, runoff is derived from the ablaticn

of tritium free glacier ice., However, the tritium level
increases in pgriods that are unfavorable to ice melt because
‘lthe runoff is composed ofrsnowmelt waters enriched by summer
fain and subglaciéI spring. water (Ambach et al.,.l982).
sIn autumn, afte} ;he main ablation season, tritium levels
fncrease due toAthe input from subglacial springs (Behrens

et al., 1971). Dincer et al. (1970) separated meltwaters

>
originating from baseflow from those of snowmelt using

tritium contept.é f ’ ) ' g
— Deuteripm (2H) cpngentration has alsc been used
to separatg'the different flow components because the
content of the heavyiisotope decreases with rising altitude
and decreaéing condensation temperatuxe‘ﬁﬁoser and Stichler,
1975) . During the metamorphism of snow, ehrichment in

heavy isotopes is caused by fractionation processes during

phase transition (melting, evaporation, freezing and
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sublimation) (Moser and Stichler, 1975). . Winter precipitation
contains less deuteriun than summer rain and snow. Spring
melt, produced mostly from seasonal snéwcover also has a-

low deuterium content. 'During'tﬁé summer the deuterium
contentfinc;eases due to the contribuﬁioh of glacié: ice-
melt and summer pfecipitatioﬁ; Thé changing propertions
of'gnowmelt and icemelt each day ﬁroduce a diurnal

fi;ctuat;on in deuterium concentration (Collins, 1980).

?he measurement of solute cohcentration has
also ‘been used in glaciology to separate runoff into its’
component ‘parts (Collins, 1977, 1979b, 1976c, 1981; Collins
and Young, 1979a, 1979b, 1981; Oerter et al., 1980;
‘Rainwater ana Guy, 1961 Zemén and Slaymaker, 1975}.

The properties of meltwaters in glacierised
catchments vary diurnally’%hd seasonally depending on
contributions from different sources and different routes
in the basin (Collins and Young, 1981).

Rain, snowmelt and icemelt retain their. original
chemical properties if they fléw supfagl;cially or-in |
englacial tunnels (Church, 1974; Collins, 1977) but become
chemically enriched if they are routed subglédiéily
thllins, 1979b) . The bed of the glacier (bedrock,
éubglacial morainic depcsits and sediment-laden-ice) is a
rich source of solutes (Collins, 1981). Meltwater flowing
slowly at the ice-sediment;bedrock contact becomes enriched
by travelling through the ion~-rich morainic materials -‘

(Collins, 1979b, 197%c¢; Nakamura, 1971). Other sources

t
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of solutes include suépended—sediment in transit; morainic
deposits alongside the glacier, subglacial springs (Collins,
1877; Reynolds and Johnson{ 1972; Stenborg, 1969}, aeolian
particles and atmospheric salts (Zeman and Slaymaker, 1975)
and ffom the biolégicaifcycle of micro~or§anisms (Kol, 1942).

As,dilute meltwaters come into contact with
i&n-rich sediﬁent, pariial dissolution (Reynolds and
Johnsbn, 1972; Slatt, 1972) and desorption occur and the
desorbed ions are liberated into solution (Lorrain and
Souchez, 1972). This desorption folloys the law of mass
action and is influenced by the gize and the concentration
of the sediment and the amount of adsorbed ions on their
surface (gouy layer) (Kennedy, 1965). The gouy layer is
a £ilm surround?ng the sediment particle where cations are
in excess of anions (Lemmens and Roéer{ 1978) . Glacier
abrasion and crushing create new surfaces.and minute
particleé which offer greatef mineral‘surféce area for ion
exchange (Lorrain and Souchez, 1972). Lemmens and Roger
{(1978) have noted that initially a rapid reaction ohcurs
but that subsequéht c@ange ig very slow. Si@hifgcant amounts
of soluble m;terials can be acquired by snowmelt within a
‘metre of the edge of the snowpack (Feth, Robertson and
Polzer, 1964; Zeman and Slaymékerf 1375} .

Glaéiai'meltwaters tradsport great aqgunts of
ions out of the basin, in solution and adsorbed on sediment
surfaces. Eyles et al. (1982) estimated a cationic

denudation rate of 947 mil;i%quivalent m~2 year—l, for the
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Berendon Glacier basin, which is much highér than the
'coﬁzinental average of 390 milliequivalent m~2 year—I,
Calciﬁe and silicate deposits at the base of reEently
retreated glaciers reflect the impbrtance of ion transport
and deposition in glacial streams (Ford et al., 1970;
Hallet, 1975, 1976). |

Glacial meltwater streams characteristically
have an inverse solute~discharge relationship (Behrens et al.,
1971; Bryan, 1972; Church, 197?;'Collins, 1977; Rainwater'
and Guy, 1961). The solute concentration peak odcurs during
the night when most of the ;unoff is furnished by subglacial;y
routed water. The source of "pure” meltwater (icemelt and °
snowmelt routed englacially and supraglaciallys that usually
dilutes the solute-rich water (baseflow) is cut(off by
colaer temperatures that curtail melt (C&llins, 1979%9¢,
1981; Collins and Young, 1981; Rainwater and Guy, 196l).
Collins (1980) estimated that 60% of Peyto Glacier runoff
occﬁrring during the night was basefléﬁ. During the winter,
high eiectrical conductivity levels reflect high solute
concentrations which can be attributed to subglacial
springs (Stenborg, 1965fl Enhanced solutional activity
in winter has been noted by Vivian and Zugstein (1973) in
the French Alpé.

Rainwater and Guy (1961) used'solgte
céncentfations to differenﬁiate grdundwaéég-flow from

precipitation and glacial melt. Oerter et al. (1980)

separated groundwater from ice-free areas from glacier
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icemelt and Collins (1979b, 1979c, 1981) identified

meltwater source areas within the glacier.

.

2.3 Glacier suspended-sediment dischargé \\ \

~

Suspended-sediment loads of dlacial meltwater
streams are usually mucﬁ'highef than those 'of non-glacier-fed
streéms (Church and Ryder, 1972; f@strem, 1975a). Suspended-
sediments are also transported for longer periods of time in

glacial sstreams in comparison to warmer waters because

~ :
/

' - 3 | - = ' »
sedimentation rates decrease with decreasing water temperature

(Colby and Scott, 1965; Guy, 1970; Straub, 1955; Straub

et al., 1958; Vivigﬁ, 1950). The study of éuspended—sediment '

has mainly focused on establishing styeam discharge versus
suspended-sediment concentration relétionships‘(i.e.,’
Borland, 1961} @strem, 1975a, 1975b; Roaas, 1973). Suspended-
sediment data have also been used as ?‘basis féf calculating
denuaétion rates‘(Arnborg et al., 1967; McPherson, 1971;

Mills, 1979) and are taken into consideration in the design
[ 3

.of structures for hydroelectric power generation (@strem,

'1975a, 1975b). - \

Suspended—sediment oncentrations in glacier-fed
streams are highly variable seasonally and diurnally (Collins,
1979a; Gurnell, 1983; Pstrem, 1975a). Silt concentrations
are usually higher at the beginning'ofhthé ablation season

than at the end. In addition, peaks occur with the very

high discharges of the mid-season (Mathews, 1964; @strem

S

~

i
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I

et al., 1967; Smith et al., 1982:)/= Th*s.is due to changes u
in sediment availability throughout the melt season, efeated
by a "washing out" or "flushing, out" of material at the
beglnnlng of the season and at each succes51ve hlgher
discharge (Bogen, 1980; Flemming and Poodle, 1969, Gurnell,
1983; @strem, 1975a).

_Glacier~fed streams are characterised by water
"emperatufe and suspended-sediment concentration peaks that

irecede the daily discharge peak by a few hours (Arnborg

t el., 1967; Fahnestock, 1963; Mathews, 1964; @strem,
1975a; @strem et al., 1967; Rainw;ter and Guy, 1961).
Hystere51e prevents the formulatlon\if a 51mple relationship
between water discharge and suspended -sediment concentrat10n4
because greater concentrations are present on the rising
limb of the ﬂydrograph than for the same discharge on the
,ﬁalllng limb (Bogen, 1980; Church and Gllbert, 1975-
Collins, 1979a; Statham, 1977). Roaas (1973) states that |
suspended-sediment concentrations tend to correlate better
with discharges during the falling stage. Greater shear
stress at the glacier bed, caused by higher flow velocities
and greater water surface slope during‘rising stage, lead

to greater ssediment entrainment {(Skibinski, 1967). Arnborg
et al.: (1967) stated that the first sediment transported

by theffising stage was material deposited during the last
falling stege. g !

Glacier-fed streams also experience irregdler

fluctuations of swspended-sediment concentration . (Collins,
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1979a; Gurnell, 1983; @gstrem et al., 1967) . These large
magnitude variations or "sediment clouds” reflect the ;_" “
instability of the subglacial zone (Gurnell, 1983) where
ap?roﬂimately 66% of the stream's sediment originates

(Mills, 1979). The re-routing of the subglacial drainage
channels causes the basal streams to migrate into new

supplies of sediment. In addition, slumping fromlungtable

.f"

morainic deposits will produce sudden increases in transported.
sediment followed by a rapid ekhaustion (Collins, 1%79a; ﬁYJ é
Gurnell, 1983). |
Thus, discharge magnitude does not directly
l_control the suspended-sediment transport regime. It.is a
;combination of factors such as the rate of increase in

discharge, the length of time the water will flow o¥er an

area to be eroded and the size of the area (Liéstgl, 1967).

-

/‘

2.4 Discussion

. _
Tn view of the literature, it is apparent that

v ﬁﬂé main thrust of glacial research hasybeen moving away
from the qualitative appfoach of past years. Current | .
studies focus on the quantitative understanding of glacier
prdcesseg through the use of mass balanbe,measurements,
hydrochémica; and hydrometeorological parameters. f il

) However, there seems to-be a general lack- of

attention to suspendéd—sediment dynamics- from glaciers. -This

is Ahe main point addressed by this thesis. The research
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is by no means singular in approach because if-ipcludes a
combined suspendeq-sediment; hydrochemical, meteorological
and-mass balance study which should lead to a better
understanding of glacier dynamics.

Thus, réséarch*of this nature should address
some of %he‘voidSvexisting in the 1iteratuie and thus
contribute to a better comprehension of glacial processes

and glacial geomorphology. - S

[



CHAPTER 3 .

METHODOLOGY AND TECHNIQUES
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3.1. Data collection _ A

The hydrochemical and suspended-sediment
sampling site is located at a bedrock oﬁtcrop, 30 m from the
glacier portal, immediately upstream from the gorge section

of the basin (Figure 8). This location was chosen to

reduce secondary”hydrochemical and sediment inputs from snow-*

melt and icemelt runcff from lateral ice-cored moraines
down valley. Previous hydrochemical studies at ngto Glacier
(Coliins, 1980; Collins and Young, 1979a, 1%79b, 1581) were
undertaken at the established gauging site located i.5_km{
downstream from the glacier te 'nﬁs and were subject to
these inputs. The accassibilizzygf the éite dalso permitted
the easy transport of instruments and samples.

Water and suspended-sédiment samﬁles were
collected daily during the'perioa:May 23 to September 8,.
1981, at approximately mid-étage,.to assess the seasonal
variations of the méitwaters. .Samples-were obtained by
hand-dipping arlitre bottle into the stream at a 45° angle
upstream (Hjulstrdm, 1939; @strem, 1975a). It is assumed
that Peyto Creek's highly turbulent nature resulted in
uniform mixing‘and samples w;ll be representative of the
whole stream (@strem, 1975a). -'t

Hourly water and suspended—sediment sampling was

undertaken for 48 hours every 10 to 14 days to assess the

36
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diurnal variations occurring in the strégél The samples
were taken usipg a~Canps Automatic Liquid Sampler '
(model 24-1M) (Figure 9)s ,The intake noizle of the
instrument was positiioned in the channei at aﬁbroximately'
six—-tenths the stream’'s depth to minimize bedload contami-
nation. A fifteéﬁ minute sampling interval was also carried
‘ogt for 12 to 18 hours every 10 to 14 days, using the
automatié sampler, to detect short-term variations in
suspended-sediment concent;ation.

fTﬁe samples were immediately gravity filtered
in the field to prévent'}urfher adsorpﬁion on the sﬂspended~
sediment particles (Lor;§inlaﬂd Souchez, 1972) . The daily
And hourly samples were filtered using Whatman GF/C very
fine glass microfibre papers because of their high particle
retention and fas? filtering speed prqperties. The filter
papers W;Ee dried and stored'in*labelled plastic bags.
A 500 ml sampie‘of the filtrate was stored in a polyethylene °
bottle which had been prewashed with 1:1 nitric acid and

-

rinsed with distilled, deionised water. The 15 minute

samples were filtered through slower Whatman 42 ashless ~
filter paper due to the number required and cost limitations.

All filter papers were weighed in the laboratory at the end
of the season, '

Y water temperature and electrical conductivity
measurements were taken in the stream at .the time of
collection of the daily water and suspended-sediment samples.

Electrical conductivity is a useful indicator of the total

)
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Cygngg/dhtomatic liguid sampler located at the
sampt¥ing site, 30 m from Peyto Glacier terminus.

Photograph: June, 1981.
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: T
solute content in glacial meltwaters‘(ColiinEL51977). It
permits an indirect view of subglacial chemical activity
as the meltwaters emerging at the glacier portal reflect
the mixing of water orlglnatlng from dlfferent areas and
thus different chemical composltlon. It is quite useful
in glacial'st}eams because it can be determined ﬁsiﬁ;
portable equipmént; A Yellow Sprihgs Instrﬁments Madel 33
Salinity, Conduct1v1ty and Temperature Meyer was used. For
the hourly samples water temperaturé and conductmvity were
measured at the base camp.

Hydrologlcal inputs to the main melt stream

were monitored on a regular basis to assess their contribution

to Peyto Creek's total hydrochemical and sedimentological

- regime. Water samples were collected from. supraglacial

gtreams and from small tributary streams alongside the
glacier for hydrochemical analysis. ' In addition, rain and
ice samples were obtained from different areas of the
. .

.glacier for analysis.

Stream discharge was measured at the established
N.H.R.I. gauging sitar' Insufficient mixing length and
great variations in stream configuration bétﬁeen low and
high flows (ngures 10 & 11) prevented discharge
measurements at the sampling site. These data were used ¢
to explore relationships between stream discharge and
hydrochemical parameters and suépended—sedimenF concentrations.

At low flow, discharge was measured manually using

traditional current maeter methods (Church and Kellerhals,

“
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Figure 10

Figure 11
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Peyto Glacier terminus with Peyto Creek at low
flow. Note the well defined stream configuration.
Photograph: July, 1. . . = .

Peyto Glacier-terminus with .Peyto Creek at high
flow. Note the inundated proglacial zone.
Photograph: August, 1981l.
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1970). At higheéfgg;:;;;EE*fﬁéf;;lative salt dilution method

wag employed (Day, 1977; Church and Kellerhals, 1970;
@strem, 1964b). This method consists of injecting a known
volume of brinevinto the stream and observing its passage
at a point dowﬂétream by monitoring electrical conductivity
changes with time. At high flow, fluorometric proceduresl
were emplgyed (Church and Kellerhals, 1970; Wa{nq;; 1968;
Wilson, 1968). 'Initially, the constant rate dye injection
method was attempted (Figure 12). It is performed by adding
a fluorescent dye, Rhodamine WT, of Xnown solution strength
at a constant rate to the stream water. The dye becomes
uniformly mixed across the stream at a certain location

~

downstream, creating a constant rate of dye flowing-at that

point. The conceutraéion of dye present in the water at

this péint depends .on the stream discharge, the injectién

rate and the concéntration of the injected dye. The ccllected
. : {

sample's concentration was then’compared to a calibration

curve ﬁéing d Turner, model 110, "Filter Fluorometer"

(Figure 13). Problems developed when suspended-sediment

from the streamwater uséd to dilute the dye blocked the

cutput nozzle preventing a constant injection. Therefore

the slug-injection method was also used to measure high

discharges. It consists of introducing a known amount of

dye into the stream and collecting a sufficient number of

samples downstream in order to definé the time—concentrqsion

curve of the passing solution wave. A major difficulty with

this method is knowihg when to stop sampling since the dye
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Figure 12 Constant rate dye injection method of measuring
stream discharge, Peyto Creek, Alberta.
Photograph: July, 1981. r

Figure 13 Turner Filter Flucrometer, model 110, used to
measure dye concentrations at base camp
Photograph September, 1981.

&
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concentration becomes invisible at the tail-end of the
dye wave (Figure 14).

The stage-discharge curve for Peyto Creek was
constructed from the discharge measurements and the cor-
responding stage, recofdbd by a Stevens a-71 fecorder located
1.5 km from the glacier terminus at 1960 “m a.s.1. operated
by N.H.R.I. (former Water Survey of Canada station‘OSDAOOB)
(Figure 15). High discharges were interéblated from a
stage-discharge curve establighed from many years of data
collection (Figure 16) because chaﬁging stream bed
configuration, standing waves at the gauge site and the
silting up of the stilling well led to inaccurate .
measurements. A computer program, provided,by‘N.H.R.I.,
was used to transform the recorded waté¥ levels into the
hourly discharges required to render the data compatible
with the hourly suspended-sediment and water samples
collected. | |

Meteorological data for Peyto Glacier were
collected to examine their influence on suspended-sediment
output rates andion variations in the hyérochemistr& cf the
meltwaters. Air temperature and‘relative humidity were
measured with a Lambrecht thermoh¥ygrograph, precipitatio&,
with a standard rain gauge and a Fisher-Porter autematic
precipitation recorder, wind run and direction with é

Lambrecht anemometer and incoming shortwave radiation with

a cumulative solarimeter: (Figures 17 to 20).
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Figure 16 Peyto Creek stage/discharge curve, Source:
unpublished data, N.H.R.I. .
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Figure 17 Stevenson screen with Lambreéht thermehygrograph
and thermometers. Photograph: July, 1982,

4

Figure 18 Fisher-Porter automatic precipitation recorder.
Photograph: August, 19B81.. “
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3.2 Laboratory analysis

¢
Water samples were'analysed for major ion

- concentration using atomic absorption spectrophotometry.

The amount of absorbed radiat%on is proportional to the
concentration of the test element in the sblution (Angino
and Billings, 1967; Van Loon, 1980). An Instrumentation
Laboratory model 1L357 Atomic Absorption Spectrophotometer,
with an accuracy of 0.001 ppm, was'ufilised to perform the‘
analysis (Figure 21). ‘{E;;

The sample§ were analysed for their Calcium
(catt), Magnesium (Mgt?), Sodium (Nat) and Potassium (K™)
concentrations. Theégwﬁpur major g;;ions were choggn
because they are among the most abundant elements present
in élacial meltwaters (Church, 1974; Freeze and Cherry,
1979) and for éomparison with values obtained in other
hydrochemical studies (e.g., Rainwater and Guy, 1961;
Eyles et al., 1982; Reynolds and Johnson, 1972; Slatt,
1972; Zeman and Slaymaker, 1975).

The variability of ion adsorption with respect
to suspended-sediment particles was‘determined to detect
the effects of-routing within the glacier. Sediment samples
were rinsed three times with 10 ml of ammonium acetate
solution (1N) as a cation exchanger (Lorrain and Souchez,

1972). The 30 ml residual solution was analysed by atomic

ahsorption spectrophotometry.
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Figure 21 +JInstrumentation Laboratory atomic absorption
spectrophotometer used for hydrochemical analysis.
Photograph: September, 1982.
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b . : CEAPTER 4

CLIMATOLOGY, MASS BALANCE, HYDROLOGY:
RESULTS AND INTERPRETATION
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L

4.1 élimatologx , -

- ) ~

Large variations in runoff from nivai and glacial
basins occur from year to year as ell as over longer time-
spans. The amount of runoff is directly dependent on
snowmelt and icemelt which is dependent on winter snowfall
and summer solar energy and precipitation iﬁiuts. These
variations produce, considerable problems in the management
of water resources‘for irrigation, hyaroelectricity and |
municipal supply. &hus, the investigation of the trends
and inter-relat}onships of meteorological parameters
throughout the yeers is of utmost importance.

The temperature regime at the N.H. R I base camp
during the stydy perlod May 19 to September a9, 1981 -
(Figure 22) is'divided inte four major components roughly
correspondlng to the lelSlcnS of the hydrologlcal regime
. which are 1dent1f1ed-lat$r. From May 19 to June 24 the
relatively cold temperature, in comparison to the remainder
of the ablation season, is shown by a low total of ?3.{
degree~days (daily mean of 1.9 degree—deys). The mean
daily temperatute was 2.0°C while the minimum daily dipped ‘

below OOC on twenty-two days. p

.’

& The second component, June 25 to July 07,

shows the temperature variability t lcal of mountain
¥ £ Ty

environments. A total of 73.5 degree-days (daily mean of .
,,,’ ‘m\.‘.'

52
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5.7 degree-days) were received at the glacier during this
time period. The mean daily températu&e was 5.9°C, ranging
from O.AOC on June 27 to.;l.2°c OA~July 04. . .

| ?hemthi?d componen;L;Jul 08 to Aug?st ggf’is
characterised by an increasing trend in mean daily temperature
to a maximum of 13.0°C,'during which the basin received a
total of 392.2 degree-days (daily mean of 7.5'§egree—days).
A season high of 18.9°C occurred on August 12..

- The fourth component, August 29 to September 07,

was characterised by‘a return to colder temperatures,

"reflected by a low total of 37.2 degree-days {(daily mean of

3.7 degree-days). ‘The'mean daily temperature was 3.7°C and
the minimum daily temperature dipped. below 0°C th?ee tiﬁes
demonstrating a return toward wintér conditions.

The passage of high and low pressure systems had
a diregt influence on the glacier melt rggime throughout
the summer ablation period. During periods of high pressure,

cloud cover was diminished and the glacier received greater

/
L)

amounts of incoming shortwawe radiation and experienced low
relative humidity (e;g.l July 12, 14,760 ¢oulombs, 42%
relative humidity) (Figure 23). However, the reverse
occurred during perdégg‘of low pressure, as increased cloud
covér blocked out incoming solar.radiation (e.g., July 14,
5,160 couiombs,-92% relative huﬁidity).

‘A total of 295.1 um of precipitation (rain and

snow water equivalent) occurred during the study period.

It was unevenly distributed throughout the summer (Figure 22).
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Six major storm events accounted for 51% of the total

precipitation (May 31, July 14, 29, 30, August 20,

September 01). A snowfall on July 14 accounted for 24%

of the season's total precipitation. With regard to the

four sub-divisions of the témperature regime, previously

described, the precipitation during the corresponding

‘periods was 70.1 ﬁm, 15.3 mm, 171.4 mm and 33.7 mm

respectively.’

Analysis of the meteorological data collected during
the study period indicated a seasonal ranée in tempera&gﬁe.
Precipitation iﬁputh of the basin were relativelyvlow
compared to Ceoast Range glacief basins which are subject to
greater maritime'climatic.influenqe{ ) .

4,2 Mass balance

The net balance of PejtowGlacier for 1981
(Figu?e 24a) shows that the glacier had a negative budget
year. A specific loss in mass of.1.12 m of water equivalent
was calcuyated. The spatial distribution of the mass
balance is illustrated in Figure 24b. A'historical
presentation of Peyto Glacier masg balance, 1966 to 1981
éFigure 25), reveals that 1980/81 and 1969/70 were the
most highly negative budget years and that a negative'trend
ﬁas developed since 1977 resulting in great glacier mass
loss (Ommanney, 1984; Young, 1981).

The net winter balance of 1.18 m of water
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equivalent for 1981 (Figure 26) was much lower than the
lB;year méan of 1.43 m presented by Young ﬁ1981). In
Eomparison to years of high winter snowfall, this low
winter precipitation and norﬁal spring melt conditions led
to an early exposure of éhe glacier ice. The low albedo
glacier ice was therefore exposed for a longer period of

time, which increased glaciér ablation and subsequently

glacier runoff. .

4.3 Glacier hydrology

Peyto Glacier's hydrological regime (Figure 27)
can also be divided into four distinct components. During
the early melt season, from May 19 to June 29, Peyto Creek's

daily discharges remained low (0.26 to d.84 x 106m3-d'1) with

.a peak instantaneous discharge of 10.2 m?’-s'l occurring on

~May 26. - During this period, the stream's discharge is

composed mainly of bqséflow and snowmelt inpﬁts from pion-
glacierised areas. It is assumed that early season snowmelt
on the glacier éurface did not contribute to runoff as
meltwater warmed the snswPack and réfroze within it. The -
snowpack delayed potential runoff. Lateral movement,

such as slushflows, occurred dufing the latter part of

June as the snowpack became saturated and isothermal at

0°C. These meltwaters cannot reacﬁ the englacial condﬁité

and subglacial channels because surface openings (i.e.,

crevasses and moulins) are still blocked. Thus during

-
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this component of the seasonal hydrograph, glacier su?face
~flow is an important input to Peyto Creek discharge. This
is apparent in the daily hydrograph, as releases from '
the snowPaEk resulted in diurnal fluctuations of low
ampliﬁudé.

The second component, the freshet, occurréd
from June 30 to July 09. The daily discharge suddenly
increésed to the season's peak daily value ofv1.77 x
‘105m3=d"1 on July 07. The peak instantanéous discharge
for this period (16.7 m3-5~1) occurred on July 05. It is
hypothesized thaﬁ this rapid increase was due to the sudden
release of water stored in englacial cavities and/or
subglacial pcckets_%y the opening of previously blocked
conduits. The hydrostatic pressure of'the stored water -
increased with the addition of meltwater which led to
increased frictional meit of the internal conduit walls.
This permitted the rapid evacuation of the trapped water.

FroT/July 10 to Auéust 28, the daily hydrograph
rose steadily in July and gradually fell in Augusg. Peaks
occurred in ‘response to ptecipitation-events (i.e., July
lﬁa‘July 23; July 29; August 20) and to periods of
sustained ablation (particularlf August 05 to BAugust 28) .

6m3.at during this

6p3.a71

The' daily discharge averaged 1.12 x 10

: period, ranging from 0.86 to 1.40 x 10 . The pgak

instantanecus discharges, which occurred progressively _
3,5-1

earlier during the day, attained a season high of 17.6 m

‘ ' . .
buring this period, as more low albedo glac1er*£g? becamne

'

‘i
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exposed, increased melt (glacier ice and firn) led to a
gr;ater amplitude in the diurnal hydroqraph. The p;igressive
g:bwth of the englacial and subglacial channels during the
summer led to the incrgase in discharge. Thus, an increasing
v?lume of meltwater is added to runcff with decreasing delay A
times; |

; A return to baseflow occurred between August 29

énq September 08. Low temperatures effectively limit glacier
ablation, reducing daily discharge to below 0.7 x 106m3-q-1
(0.22 ; 0.68)., In additicn, a number of englacial and
subglacial channels probably closéd when ice overburden and

ice movement stress-became greater than the hydrostatic

pressure due to decreased meltwater volumes travelling

- .

>

t

through these conduits,

4.4¢] Seasonal glaciological and hydrological conditdons -»

The purpose of this section is to correlate the
different hydrological events with the various glaciological
conditions at Peyto Glacier during the 1981 ablation season.
The progression of glaciological and hydrological events.
are depicted in aqgeries of photographs and corresponding
portions of the hydrograph (Figures 28 to 37).

On ng.26 (Figure 28), the glacier is completely
';now covered with minor evidence of melt in the form of slush

patches near the icefalls. The hydrograph illustrates the

low diurnal amplitude of discharge typical of early season

-

-
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baseflog_events. The peak aiﬁchargerocdurs at approﬁimately
19qgwh:“ Short-term irregularities'in the hydrograph are |
probably due to releases of anWhmeltwaters from non—glacial
areas. These releases might also be llnked to sudden
co}iagfi/?f subglacial channels (e.g., Burklmsher, 1983)

(‘ Hydrologlcal condltlons remMained constant for

the gasef ow event of June 12 (Figures 29 & 30) but the
glacier %i;face shows signs of increased meft.nea
icefalls and the medlal moraine. In.additiog;;"
formations near the termlnus 1nd1cate that the rater
content in, the ‘snow is near the;saturatlon point and that
lateral_ygvement is commencing. , | ‘

* . The glacier snbut is 80% bare glacier ice and

supraglacial flow is apparent on July 04 (Figure 31). A

greater diurnal amplitude.ofediﬁcharge‘is clearly.evident /X

. , . ,
from the hydrograph. - The rapid fluctuations in discharge

\Pn July 05 probably reflect the openlng of a major arterlal

Eondult which is typldal of the freshet perlod.
By July 20 (Figures 32 & 33), the snowllne had -

retreated to an elevation of approx1mately 2400 m, a S, 1.

‘Snow has melted off the glacier tongue except 1nilocatxons

-

- of massive drlftlng such as the termlnus and in @;jor

depressions.  The dlurnal amplltude of dlschargek\gntlnued &
toh increase. The time of peak Q1scharge occurred earlier

during the day (1700 h).

» Figures 34 and 35 show thaﬁﬁnhew;nowllne Has e

tetreated to - area dlrectly above the 1cefalls on August
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05. The photograph .aldo illustrates increased downcutting
of the supraglacial stréams. The diurnal amplitude of
discharge continues to increase as the contribution from
glacier icemelt increases. The shape of the daily hydrographf
reflect th? behavior of the meteofological parametérs in
the basin. Periods of sustained high temperatures resulted
in increased meltwater productioh and discharge amplitude
while duripg éolder pericds the ﬁeltland.the discharge
amplitude decreased. :f‘ |

The snowline is shown at approximately it's
maximum elevation (2750 m a.s.i.) on August 28'(Figures
36 & ;;), The diurnal amplitude of dischgrge has reached
its maximum and total daily discharges are high due to tﬁe
contributions from meltwaters originating in the £irn area.
During this period, the meltwaters from the accumulation
zone reach the glacier portal more rapidly because the upper
basin crevasses are completely snow-free as illustrated

on the photographs.
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CHAPTER 5

GLACIER HYDROCHEMICAL AND SﬁSPENDED—SEDIMENT

REGIMES: RESULTS AND INTERPRETATION

A .
-~
'g\v/f / - -
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L

‘twe maip sources, the glacial zone and the non-glacierised

12
5.1 Glacier hydrochemistry

AY

N

) 5.1.1 Electrical conductivity

- The seasonal trend of the '‘electrical conductivity
measurements made on Peyto Glacier meltwaters (R@gure 27)
reinforces the four componént hydrological regime proposed

in Chaptér 4. During the baseflow component, Méy 19 to - e
June 29, when stream discharges were at their lowest, the
hiéhest electrical condyctivity values were recorded

(éZnS-— 91uS) . Runoffjduring this stime, briginated from.

areas. A 1a}ge porticn was probaﬁly derived from sthe

"subglacial zone where stored meltwaters acquired solutes by

_travelling through ion-rich lithospheric and morainic

J
13

'to hdgh solute content (Collins and Young, lBlba). No

t .
.material. 'Since the basin is mostly composed of permeable .
' = -
llmestone, subglacial springs may have added solute rich N

water to the subglac;al flow. A spring emerging from a
llmestone outcrop, 1ocated approximately 4 kmfdownvalley

from- the glac1er has been documented (Collins and Young,
K4 o

1979a, '1979b) . Electrical conductivity measurements 6%

b
the'watefs indicate that percolation *‘through limestone led

..

. other springs have been located within the basin but the

/}

pOSSlblllty that there may be others does ex;st The

snow—meltwater\runoff from non—glaC1erlsed areas was also

i
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ion-rich because the waters flowed over morainic deposits

and bedrock outcrops.

Conductivity levels decreased rapidly‘during the
freshet reaéh;ng uS on July 06. This was‘probablf due to
a rapid release of "chemically diluée" snow-mel#waters
' trapped in previously closed ice—walied conduits w;thinﬁ;.

the glacier. Water routed englacially retained it's

original chemical composition, in contrast ‘to subglacially
routed meltwaters E:eause it does not'come in contact with
debris. Thus, an eNMormous amount of englacially stored

water apparently diluted the solute ‘rich basal ‘flow during

» a3
this time pericod. ’

During the main ice ablation component, the

. electrical conductivityhdecreaseq to a. season low of 4u®

n e,

a

(July 28-29). The recorded levels varied with the = ®
fluctuations of various hydrOmeteoroloéipal parameters:
~The diluuipn effect was greater in.times of.sustained
ablation as "chemicallf dilute” meltwaters from the
.supraglacial zone werevrouted through qﬁe;eugiac;ali?etwork

of ﬁassages. Colder periods caused reduced glacier ablation,
which resulted in lessf"ion-free meltwater‘broductlon to

L . ’
dilute the solute rich subdlacial flow. ‘ " Py

Conductav;ty levels increased (5 - 30us) at the/
end of the study season as baseflow condltions prevalled in

L
N 4

response to colder‘cllmatlc conditions., . -, !

Thﬁ diurnal. varya{gpns in electrlcal conduct1V1ty "

for the five hourly sampling pericds (June 13-15, Jure 27- 29,

3 4 .
13



'} L e - . i}
- ) Q.

July 13-16, August 19-21, September OBJOSJUare presented
in Figures‘38.to 42. . As enpecfed, the'two'eariy season
‘sampling periods (June 13-15, 27-29) (Figures 38 &'39f
showed no dlStlnCt dlurnal ‘trend. This occurred because
.early season runoff was mostly composed of chemica}ly“ o
rich" beseflow which remalned.relatlvelyﬂa»nstant dqring \'
K the day. A-weak dfnrnal rhythm was detected for the-

 August 19-21 (Figure 41) and September 03-05 (Figure 42).
periods as lower conduct1v1ty devels were recorded duflng
the day than at night. This was due to the dilution of
the ion-rich subglacial flow by meltwaters that originated
from the supfaglacial and englacial zones travelling through
jce-walled tunnels during the day. However, at night, as
the.temperature decreaséd, th surficial gg&gwater supply

| was reduced and bas:flow preJailed.A The results.o July'
13-16 sampling perfod (Figure 40) were anomalone; No
distinct diurnal.pattern was detected and the widest range -
in electrical conductivity levels were reconged dnring this
perlod Although igmajor snowfall curtailed glacier
meltwater production, Peyto Creek discharge -remained hlgh
During this storm event, rapld meltlng of the newly fallen
snow from adjacent non—glacmer areas and it's subsequent
runoff (1. e., slopewash]} compensated for the depletion of -

Y —

"gfa01er meltwater production. This slopewash in ion-rich
[ .

[ w s . . . . . .
morainic material .combined with a reduction in glacier melt

‘resulted in a'snprf—tine peek in conductivity.
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Figure 38 . Diurnal variations in electrical conductivity

(top), discharge (dashed line) and suspénded-
sediment concentration ({solid line) (bottom},
Peyto Creekf—aﬁne 13 to June 15, 1981l. '
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Figure 41 Diurnal variations in electrical conductivity

(top) , discharge (dashed line) and suspended-

sediment concentration (solid Zine) (bottom},
Peyto Creek, August 19 to August 21, 1981.
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* 5,1.2 Solute concentration ) . :
. : . r.
The seasonal variation in concentration of the.
four major cations (Calcium (Ca++), Magnesium (Hg**);
Potassium (K*) and Sodium (Na*)) follows the general trend “
of the electrlcal cdnductivity reglme (Figure 43). Inltlally
the concentnation o:che 1nd1v1dua1 catlons is hlgh but”
as the ablation season progresses the concentratlon
decreases, followed by an increase at the end of the study
period. These trends are due to’t;e fluctuatlng dilution
- effect dquring the summer. The dlvalent cations, Calcmum-
(Ca**) and Magnesmum (Mg**), show greater absolute
fluctuations (2.29 = 8.03 pPpm and 1.14 fh6.4l ppm -
respectlvely) than the nomovalent”cationsgSodium‘(Na+) and
Potassium (K*) (0,93 - 2.56 ppm ;nd 0.04 — 0.34 ppm
\respectively) but Potassium has the‘highest-proportional
variation. The concentration of ca*™ and Mg'* in meltwaters
reflects the importance of limestone‘disSolution (Lemmens
and Roger, 1978) in the'PeYto-Creek basin. KX d¢bka (1981)
showed that most geological formations in the basin
contained over 90% carbonates by welght g -1 and that
these strata were highly susceptlble to dlssolutlon.\ The
1ntroductlon of Ca++ by dlssolutlon and 1t‘s predomlnance

L]

in glac1er meltwaters agrees wlth results reported by
Slatt (1972) fron a study of-nine;Alaskan‘glaciers. The |
fooncentrations_observed-at Pey&o Glac¢ier follow the trend,
.Ca++>-Mg++:>Na+>-K+ reported for. other glac1ated areas

(Eyles et aZ., 1982- L1v1ngstone, 1963; Lorraln and Souchez,'

'F

1 -
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1972; Slatt, 1972).

The variationé'ig‘concentratibn'of the four
majo; cations during the fi%e hourly sampling periods
showed no apparent djurnal trends but early ééason samples
generally contained higher concentratiqns (Table 2).
Resglts of the chemical anaiysis of rain, iqe{\supiaglacial
streams and tributary streams samples are ﬁreséntea in

Appendix A.

~

5.2 Attached cationic concentrations

The adsorption of cations to silt and clay
particles in tfansit is an important process affecting the
amount of catiohs available for potential cation exchanges.

The attached cationic load on suspended-sediment
particles from the fivé hourly sampling periods demonstrated
a seasonal tféqd (Table 3). Initially, in June, the
average conéentfations of catt, Mg*+, Nat, K* are at their

highest. An important. lowering occurred in July which was

. followed by an increase at the end of the summer (August

~and September). This suggests that the contact time between

the subglac1al water supply and thefsedlment is important.
Greater amounts of catlons became ads¢;bed on the early
season sediment because they remaiqujln the subglacial
environment for a longer period of.time due to low

discharges. During the main ice ablation period, higher

discharges led to an increase in sediment evacuation. .and
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to a decrease in transit-time which therefore resulted

in lbwer concentrations. . At the end of the ablation season,

discharge decreased in response to colder climatic conditions, -

thus leading to, increased contact times and greater
concentrations. The'resﬁlts also indicape that calcium
(ca**) was the ﬁosﬁ readily}adsorbed catioﬁ and Magnesium
(Mg**) the least which Suggests that adsorption may |
poséibly be .a Select'@é process;
o The attached 1oaa also f;uetuated'erraticall§
on a daily bas}sfbut nc apparent Qiurnél\trend cpuld be
clearly def;ﬁé;s.' B R ‘

| The ;outing of the meltwater and it's suspénded—
- sediment load at the.time of éampling are probably the main
factors influencing the irregularity of cation attachment
"in a glacierised basin. This agrees with the conclusions
of Bigras‘(lQBl)nfrom his study of Grizzly Creek glacier.

In summary, the solute content in Peyto Creek
meltwaters progressively decreased during the ablation
season. Thié decrease was.the result of dilution b;
“chemically dilute" meltwaters from the supraglacial and
englacial zone mixing with the ion-rich subglacially routed
wAtérs. The attached c{ti;fic load indicates the routing
and the contact time of the-sediment through the subglacial
system. Calecium (Ca’®) is the most abundant cation present
in solutien and the 'most readily adsorbed on sediment
7

surfaces.

N
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5.3 Suspended-sediment

5.3.1 Variationé in concentration

The variability of su?pended—sediment outputs
from Peyto Glacier was demonstrated by the daily samples
collected at approximately mid-stage throughout the study
period (Figure 27). The concentrations range from a low of
19 mg-1~! on June 22-23 to a high of 3379 mg-1~1 on June 10
with a mean of 660--mg-1"1 and a stahdard deviation of
594 mg-1"1, - | | >

Barly in the ablation season, suspended-sediment
concentrations were low because most of the runoff
originated from surface snowmelt which does not make contact
with sedlment sources. Subglacial flow was low during this
period 'but the occasional slumping of subglacial debris
or channel migration imto new sources of material led to
sudden suspended-gediment pulses (e.g., June 10). During
‘the freshet, the opening of major conduits resulted in the
flushing out of great quadtities of sediment. As the melt
season progressed,.the opening of internal channeIS"further
up glacier resdlted in new sources of sediment to be eroded
bf meltwaters. Sediment pulses during this time were
caused'by sediment availability rather than increased
gtream discharge. For example,.the opening of a small
conduit directly connected with large supplies of material
will lead to high concentrations but the opening of a
largeiohannelAﬁith high discharge travelling across bare

bedrock will transport small guantities of material. ,

N
~
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Results from the five 48 hour sampliné periods
jllustrate the diurnal var&abilit& of tﬂéfsuspended-sediment
concentration being discharged by Peyto. Glacier (figures

38 to 42). - These éraphs also indicate thé timing of the
dai}y suspended-sediment coneentration peaks in comparison
to the daily water aischarge peéké. Threehdifferent'prdcess
responses are visible from these individual plots: 1) the
suspended;sédiment péak precedes the discharge peak (June
14, August 20, September 03, September 64), 2) the suspended-
sediment peak follows the discharge peak (July'}3-14,

July 15;16, August 19) and 3) no apparent pattern in the
éuspenéedaSediment plot (June 13, June 27, June 28). A
rapid injection of material followed by rapid exhaustion
occurring independently of discharge vafiations can be
inferred frcm the“f%reéular suspended-sediment pulses.
These sudden pulses in suspended—sediment conceﬂtration are

probably the result of subglaciai channel migration. Under

. changing hydrostatic and ice-overburden pressures, subglacial

streams are occasionally diverted into new supplies of
easilj.aroded material. The result iﬁxa sudden rise in
concentration that is quickly exhausted, In addition,
slumping of morainic degbris alongside'tgese basal channels
also lead;to a simila¥ sudden enrichment. This agrees with
the findings of Collins (1979a) at the Gornergletscher in
Switzerland. - '

An exceétion to this would be the July 13-16

sampling period where heavy snowfall and rainfall (Figure 22)
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maf have initiated slopewash alongside the glacier. The
-material washedgdqwh from the lateral moraine found Iﬁ's
way into the subglacial networkfof conduits and caused a
sudden large-magnitude increase in suspended—sediment'

concentration.

The results oflthe various fifteen-minute
sampling periods are shown in Figures 44 to 47. Fluctqations
\\\4n concentration greapér than 206% over fifteen minute
;ntervals are ffequent‘withla maximum 1900% occurring on
_ June 12 between 1900 h and 1915 h (48959 mg-171). This
emphasizes the irregularity in concentratioh observed in
the haurly samples. Two of three different responses of
fééncentration peak to discharge peak are apparent in the
individual grapﬂs. The concentration peak of."the June 26,
Aggust 21-22 and September .05 periods preceeded Fhe discharge
éeak while the June 12, July 06 and August 23 periods showed

no apparent pattern. -

%

5.3.2 Variations in grain size
The grain éize characteristics of the‘suspended—
sediment varied throughout the study period. Samples
collected duriég periods of low flow were composed mostly
of silt (3.9 - 62.5u) aﬁd fine sand (62.5 = 250u).
Occasionally, at high flow, médium and coarse sand {250y -
1 mm) were fouﬁd due to increased étream capacity.. Grain

size measurements of 14 representative samples (Figure 48)

show the variability in cofiposition, particularly in the
. L

S

P



94

: ‘1867 ‘9z sung {(q pue ‘I86T
tz7 aunp (e ‘y@ei1D o03Asd ‘ (PUTT PTITOS) SUOTIRIJUSDUOD Jjusutpas-popuadsns

pue (SUTT PaYysep) 2HILYOSIP UT SUOTIENIONTF (SSINUTW GT) WISI-FIO0US py e2anbta
w .
w 9¢ MZD__.. , . Zt INOr
m o0 81 0o Gt %bo 00 00 008! 0oCt
m 91 2 4 v S L S : 1 t
pd o
o
m -
(@]
» /
m 20 Fo o \ S
= : 7 7]
m O /7 O
= n I -~ I
9 D Z
O +°0 - S -9 M
2 : )
O ~ Fain “.
m 3 W
p-d . w [
5 @ - ]
D N N
2 9°0 1 - d - 2
O
N -
X v
o g
<“god ~ 6 L g
3 , .
o
A= ($60)
\




~n

95

L7 o
o
- E
[\p)
R
-6 >< -
et
L) 5
9
!E .
“ S .
|_
pd
wl
Q
18 4 -4 5
— ¢ e
T =
[ Ll
) =
E 174 I -3 g -
T [‘ a
- AN DA - F2 Z
8 16 . // \\ PR / \_,’ N E
- V ARE ' )
a S/ 3.
./ o
15 ' 7 O | 1 00
1900 1899 00°° 06
JULY 06 JULY 07
Figure 45 Short-term {15 minutes) fluctuations in discharge
(dashed line) and suspended-sediment concen- .
trations (solid line)}, Peyto Creek,.July 06 to
July 07, 1981l.
e

J

LY



: *I86T '€z 3Isubny-o3
Tz 3Isnbny ‘yasa1) o3ded ! (SUTT PTTOS) SUOCTILIFUSOUCD FuswUIpes-papusdsns

. -pue (Sufl poysep) obaeyosTp uTr suoTiENIOOTF (SSINUTW GT) uxs3l-3aoysg 9y =2anbig
£2 1SNONY ‘ g2 1Snony . 12 18NNy
ODOD on.uN-—. - OOOO cn.N_. DQOO QUN._ oomnc

S0 4

96

01

(Bj-ﬂw £0LX) NOILYHINIONOD INIWIGIS-0IANIISNS
{18°¢W) IDYYHOSIO

g4




97«

I
ﬂ ) - 1.5
8- . o
T
=3
7 ‘ £
]
.9:
St
. B Z .
.- B 1.0 5
. =
% &
w
*é =
= 9] 3
w z
: 3
<
5 4 =
=} -0.5 o
w
@
37 o)
W
a
pa
~ &
o ===~ Tl @
- s
[*2]
1 T T T T T T T 0
0800 1200 1800 OOGD 0600- 1200
SEPTEMBER 05 - SEPTEMBER 06
Figure 47 Short-term (15 minutes) fluctuations in
1

discharge {(dashed line) and suspended-
sediment concentrations (solid line),
Peyto Creek, September;05 to September 06,
1981. . :




R s ]

B

98

T

>

"T86T ‘®IXSAIY ‘H9BID
JuswWIpas-popuadsns paj3od[as JO UOTINYFIFISTP B2TS-UTRID

. -

i@)jowelp uosNny

e

gy =2Iubta

0c (o] L
] | o
' .
40t

se|dwes g1
jo edojaau3 ‘oz

3

- 0¢
+0 aunp - oY

L
)
n
% oAfje|nwng

oot




'99°

N

20 - 200u-range.a.The.diagram grOuPSVthe majority of-

the samples (envelope of 12 samples) with the two extremes’
-_(June 04 and July 29) plotted separately. The hydrologlcal,
glac;ologlcal and cllmatolOglcal condltlons durlng June 04'
and July 29 were not extreme ln-any respect.f Thls-would
‘ tend to. 1mply that the graln size characterlstlcs of the
suspended—sedlment is. prlmarlly a functlon of sediment
“supply and release mechanlsms from the glac1er rather than
Stream’ Capa01tYa .The occasxonal granule-slzed sediment.
'partlcle (2 0 - 4 H mm), probahly in saltatioh in the
., stream, tended ole] over—estimate the actual conditons in
'Peyto Creek by shoylng apparent-lncreases in concentration.
The°duly 13-16 hourly'Sampling'period “in whioh concentrations

: range from 719, to 14 002 mg-* l"l is a probable example of

-

this over—estlmatlon

b

LY
L}
- ) 4 ' .
5.3.3 Suspended-sediment concentration versus
. . , discharge relationships

L

The influence of stream disoharge on sediment

entriainment in a glaciexised-basin“is illustrated by

L

- bivariate plots of concentration-and”discharge for the
dlfferent sampllng perlods throughout the season (Figure
49 & 50). Low cdrrelatlon coeff1c1ents (0.44 for all

‘samples collected, 0.38 for daily samples and 0.52 for the

combined five hourly periods) indicate the existence of
R . : : 3

a very weak positive relationship between these variables.

‘This was also observed lhfsamples.taken near Peyto Lake by
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Ygﬁ&l (1978).q The calculated correlation coefficients
for the individual hourly saméiihg.pe;iods also showed
weak reléfionships (0.03 (June 13-15), 0.28 (July 13-16)

" to highs of 0.76 (June 27-29), 0.73 (August 19-21) and -

0.63 (September 03-05)). - L S H
Tpe relationsh%p betweén suspended—éediment '
concentration and dischafge becomes more cémplex with
the p;esence of a daily hysteresis effect. Clockwise R ;
hysteresis loopé,which.are more frequehtlf f;und in
non-glacier-fed streams and in which the conge#trétion is
h‘greater on the rising limb of the hydrograph fhan at

corresponding discharges on the falling.-limb, were observed

on three occasions: !June 13-15 tFigurgﬂSl), June 27-29 | i
(F;gﬁré 52) anq'September 03-05 (Figure 55). This results

from the evacuation of sediment deposited during low flows

at the bed of subglac1al channels. These graéhs also

included sub-loops reflectlng the irregular sediment pulses

from the giacier. Op two occasions, July 13-14 and July

15-16 (Figufe 53), the-daily hysté;esis loop was anti-

clockwise which probably~resuited from the incorporation of

material from the sldmping of'léferal ice-cored moraines

during the snowfall. This caused a.peak-in sediment with

no proportional variations in discharge. -Th; August 19-21".

sampling périod (Figure 54) contained both clockwise And
anti-clockwise loops which probably reflect irregular A : '

sediment availability at the time of sampling.

These hysteresis_phenomena prevented the -
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formulation of a suspended—sediment concentration versus
stream discharge curve of the form, Sc--aQb fwhere Sc is
the suspended-sediment Eoncentratién, Q is the stream
discharge a;d a, b'are estimated parameters) émployed in
non-glacial streams (1{3., Jasper, 1973). Tﬁe disparity
between the rising and tﬁh\faliing stage of the hydrograph,
it's igggiéistency (anti-ciockwise in some occasions)‘and
the sudden-releases ofisediment, would result ih low degree
of fit for such a model. Better correlations have been
reported (e.g., Church, 1972; @strem, 1975a) using the . °
statistically spurious correlation between suspended-
sediment load (concentration x discharge) and discharge
{Benson, 1965). Walling (1977) has stated that using
suspended-sediment rating curves for non-sampling periods

could cause serious errors (over or under-estimates)

especially with the presence of hyéteresis.

5.3.4 Suspended-sediment loahl

? -

A crude estimate of the glacier's suspended-
sediment output for the 1981 ablation season Qas calculated
by taking the product of the sediment concentration (daily
" sample taken at approximately mid-étage) and the daily
total discharge. This estimate, of 68,000 tonnes, is |
probably much less ﬁhan'the actual production because of
the numerous diurnal pulses which are not taken into account.
The seasonal load (Figure 56) fluctuates from a minimum

of approximately 5 tonnes on June 22 to a maximum _of 4,418

"".-'.;\'.3.'.‘]
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tonnes on July 06.
Single daily sample loads in comparison to

estimations from several samples taken during the day

. (summerised in Table 4) indicate that single sample

estimgéions are quite accurate during the basef%ow events
of June 28 apd September 04. waever, serious undere§tima—
tions arose on June 14 and during the main ice ablation
period July 13-14, July 15-16 and August 20 due to the

flushing out of sediment caused by changes in discharge

."and channel migration.

S~
/

Peyto Creek's instantaneous load_(kg-sflf was
calculated for the five hourly sampling periods (Figures
57 to 59). These graphs illustrate the high}y irregular
nature of glacier suspepded—sedimenf prodﬁction, with
results‘ranging from 0.51 kg’S-l at 1330‘h on June 14 to
179.23 kg-s=1 at 0335 h on July 16. '

In summary, no simple relationships seem to

“exist between suspended-sediment concentration and discharge.

Discharge magnitude is not the main factor in influencing
suspended-sediment entrainment in a glacier-fed stream
bu; it is instead a combination of availability and
changing glaciological conditioﬁs (i.e., rate of increase

in discharge, the length of time water flows through the

| i . .
gsediment source and subglacial - channel migration).

4
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—
~ SINGLE SAMPLE HOURLY SAMPLE
ESTIMATION , ESTIMATION
DATE (tonnes-d-1) B (tonnes-d-l)
June 06 47.2 | 102.0 -
June 28 _ 61.3 o “88.3
July 13-14 ¢ 1670,0 3718.4
July 15-16 802.2 : 6021.0
August 20 843.6 ' 15767
September 04  152.9 ' ' 153.4

Table 4 - COMPARISON OF DAILY SUSPENDED-SEDIMENT LOADS
ESTIMATED BY SINGLE DAILY SAMPLES AND BY °
HOURLY SAMPLES, .
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6.1 Fluv1ogla01al hydrochemlcal and - suspended-sedlment
dznamlcs

¢ This study exami%ed two aspects of importance to
the understandlng of er051ona1 processes actlve in ‘a
glac1erlsed basin, glac1er meltwater hydrochemlstry and
suspended-sedlment characterlstlcs

A-four component hydrologlcal regime based on
discharge’ and mefeorologiéal data was proposed.in“this
study.

pPeyto Glacier meltwaters show seasonal and
diurnal trends in hydrochémistry linked to changiﬁg
dilution effects. Early season runoff originapes from
the subglacial zone where meltwaters are enriched by
travel over ion-~-rich basal material, and from non-
glacierised areas of the basin. As thaw progresses
meltwaters from glacier surface snowmelt and from englacial
éhannels add to subglacial flow and result in lower solute
and attached cationic concentrations. At the end of the
ablation season, reduced surficial icemelt production
results in higher solute concentrations.

The dilution effect is also evident on a diurnal
basis since lower conéentxétions are measured during the.day
than during the night when melt production is curtailed.

The fluctﬁations in hydrochemistry do not show

any link to the progressive increase in contact- with the

1le
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different geolog1cal strata Wlthln the -basin. This is
probably due to:the geologlc homogeneity of the basin.
Thus varlatlons in meltwater hydrochemlstry reflect the
. changlng amounts bf dllutlon throughout the ablatlon season,

The.trend it‘the atteched catioqlc concentration
regime is direetl¥_related to the contact-tiﬁe'within the
fglacier system}' Early and iate melt season sedimente heve
greater amounts of adsorbed catlons on thelr surface.
.because they have longer résidence times due to low
dlscharges. Suspended—sedlment during the high flow
periods in July and August bave lower cohcehtretions
_becausé of reduced contact-time. o - i

The suspended-sediment regime is irregular
and unlike that of non—glacéer-fed streams. Greater
suspended-sediment concentrations are not proportidﬁally
iinked to greater discharges and irregulér pulses of
sediment occur independent of discharge variations. Thfee
patterns of diurnal response a£é identified. (1) the
daily suspended—sediment.concentration peak precedes
stream discharge peak, (2) it follows tﬁe peak, and (3)
no distinct pattern was visible. This diversity may be
llnked ‘to sediment avallablllty TheISediment peak may
precede the discharge peak when the openlng of the conduits
is directly connected'with a sediment source but when the
channel is not linked to a sediment source the sediment

peak will either follow the discharge peak or show no

peak at all.
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Sedlme?t source areas are no%Pally irregularly
dlstrlbuted within the subglac1al zone. The opening of
small conduits with very low dlscharge that are connected
to iediment sourcee will release large pulses whi1é large
conduit openings that are not linked to ‘sediment sources
will releaseﬂonly small gquantities’ of maﬁerial.

Subglacial channel re-organisation in respoﬁse
to changing hydrestatic preSSures, changing glacier flow
regimes and sediment availability are probebly fhe major
factors influeneing suspended-sediment output from Peyto
Glacier. As a result, it is difficult to formulate a
predictive model. Any such model will be very site -
specificr and maylnot be used for more than one season.
This is because the flushing of sediment™in any one year
might influence the availability of sediment in the next
year.

The processes active in the basin-are iefluenced.
by different eontrels at different times. Quantification
of glacielegical controls on suspended—sedimeet out;ut

is diffichit but the climatological controls are more

easily quantified.

~

6.2 Recommendations for future research

Detailed invest%gﬁtions are needed to quantify

glacier controls on dlscharge and suspended—sedlment

output in alplne ba51ns. A complete photographic record
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taken throughqut the ablation season in addition to a dye
tracing strategy to determine the glacier drainage system
will perhaps lead to a greater insight into glacier dynamics.
Continuous monitoring of eledtrical conductivity
combined with laboratory analysis of the meltwaters will
permit researchers £o gain info;mation on chemi;;1 weathering
in alpine basins.

-

There is a need for more detailed suspended#

sediment studies at Peyto Glacier and in other glacierised
basins thrquéhout the ablation season to fully understand the
processes on bbth a local and a regional scale. An hourly
sampling strategy seems to be tﬁe most reasonable time-scale
to use. These hourly samples should be taken daily throughout
the.ablation season to define cyclig trendé'ﬁsing more
powerful.étatistical methods {(e.g., spectral analysis). A
continuous recording turbidity meter should be installed

at the sampling site to detect the occurrence of sudden

suépendedfsediment pulses not iecorded using the hourly

_ sampling strategy. This will probably lead to the

formulation of a suspended-sediment/discharge rating curve
for both rising aggﬁﬁalling limbs of the hydrograph.
,ThQ;Q/EEIaiso a need for a detailed geological

séudy'ihxfhe Peyto Creek basin and the surrounding area.

A P _xt> '
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ABSTRACT o . '

Hydrological, hydrochemical and suspended-sediment
regimes at Peyto Glacier, Alberta (116° 33'W, 51° 40'N)
during the 1981 ablation season showed significant sedsonal
and diurnal trends. |

The seasonal hydrograph (May 19 - Seé ember 09}
is divided into fofr cdmponenﬁs. Initially; ing the
months of May and June, as glacier snowmelt is retained in.
the snowpack and in blocked crevasses and conduite, runoff
consists of a steady baseflow and snowmelt from non-
glacierised areas. kA freshet cemponent, in late June and
early July, results from a rapid release of meltwaEers
from major arterial conduits and from the snowpack. 'Duriné
July and'August, the main ice ablation EOmponent, hydrological
evenﬁs oeeur in respoﬁse to preéipitation and icemelt events.
. Peaks .in discharge coincide with periods of sustained high
temperature or precipitation. A return to a steady baseflow
takes place in late August and September as unfavorable
climatic conditions curtail icemelt and runoff.

'Hydrochemécally, the meltwaters are initially
“chemically-enrichedF as they originate from the "ion-riich"
'subglacial zone, But as the ablation season progresses,

'"chemically—dilute“ meffwaters from the supraglacial and

&~
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englacial zones are added to the subglacially routed waters
resulting in lowering.of the overall concentrafion by dilution.
This dilution effect is also apparent ip the electrical
conductivity regime. Divalent cations, calcium (Ca++5 and
magnesium (Mg++) are the most abundan£ cafions in Peyto

Creek meltwaters. -

- The.attacﬁed cationic concentration displays a
seasonal trend in regsponse to changing contact-times within
the glacier system. Early and late season concentrations are
“high because low discharges, lead to increased contact-time
while the high discharges of July and Augﬁst result in
decreased transit-time and lower concentrations. = Calcium
(ca*™) is the most readily agsorbed cation.

The glaciér suspended-sediment regime is very
irregqular seasonally and diurnally. Greater suspended-
sediment concentrations.q;e not linked to proportionally
greater discharges and irregular pulses of sediment occur
indebendently of diséharge variations. Tgése sudden releases
produce pe;ks which occur both before and after the dailf.
discharge peak. On certaiﬁ occasions no apparent treﬁd is
visible. ‘Thus; subglacial channel ré-organisatién under
changing hydrostatic pressures and sediment availability

are hypothesised to be the major factors influencing .

suspended-sediment output from Peyto Glacier. *

——



RESUME

‘L'analyse estivale des fégimes hydrologique et'
hydrochimique, et celle des'sédiments en suspension,
démontre des tendances saisohniéres et journali®res signifi-
catives au glacieraPeyto en Alberta 61160-33'0, 519 40 'N) .

L'hydrogramme saisonnier (mai 19 —'septembré 09)
se divise en quat$e composantes. Pendant les mois de mai et
de juin, le d;bit comprend un é&coulement régulier de la zone
sous-glaciairé“et un écoulement issu de la fonte de lacgeigé
dgs zonés non-englacées, L'eau.de fonte de la'neige a la
surface du glacier est é cette &poque accumulée dans les
crevasses et les moulins bloqués de neige. Au dé&but du mois
de-juillet, une crue printani2re se produit. Elle est dle
a la libération soﬁdaine‘des.eaux de fonte pikgées dans le
glacier. La troisi®me composante, la péripde de l'ablation
de la glace, se produit en juillet et en aoQt. Ses principaux
évenements hydrologigues sont dépendants des fluctuations |
climatiques. Les débits maximums se produisent pendant les
périodes aséez loqgues de températures élgvées ou de
précipitations. Enfin, 2 la fin duy, mois d'aolit et en
septembre, des conditions climatiques nan-favorables a la
f;nte de la glace entrainent un retour a l;écoulement
régulier provenant de la zone sous-glaciaire tel qu'observé

au début de la saison.

e
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Les eaux de fontes du glacier sont originalement

enrichies chimiquement car elles proviennent de la zone.sous-
glaciaire. Pendant 1'&t&, ces eaux deviennent.dilufes par
1'addition d’eau "chimigquement ﬁure" des zones supra-
glaciaires et inter-glaciaires. Cette dilution est &galement
&vidente dans le ré&gime saisonnier de la éonductivité
Electrique. Les cations Bivalents,'soit le célcium (ca*t)

et le magn&sium (Mg**) sont les plus abondants daﬁs les eaﬁg
du rﬁissea# Peytb; '

La concentration en Eations adsorbés a la surface
des sé&diments en'suépension démontre une tendance saisonniére.
Les concentrations du début et de la fin de la saison sont
&levées dl au temps de contacte plﬁs long ré&sultant du faible‘
débit. L'inverse se produit en juillet ét‘en aoQt car les
débits sont &levés. Le calcium (Cé**) est le cation adsorb&
en plus grande concentration.

Le r&gime du débit des sédimgnté en suspension
est variable de fagon saisonniér et journalier. Les
fluctuations du.débit n'am2nent pas des variations de
concentration en sé&diment en suspension de tailleé
similaires. Des injections de sé&diment se produisent indé&-
pendamment du débit.< Des fluctuations soudaines de s&diments
~en suspension produisent des. pointes soit évantxgu apres la
crue journali®re. A certaines occasions aucun patron est
'évident._ Leé causes probables de cette irré&gularité semblent
atre la réorganisation des ruisseaux sous-glaciaires da 2
des changements de pressions hYdibstatiqﬁes et la disponibi-

lit& des sources en s&diments.





