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CHAPTER 1

INTRODUCTION
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1.1 Context and appreoach

Geomorphology--the stud& of landforms.

This general definition of éeomorphology has
been interpreted in two different ways. Traditionally
the discipline has been the study of the origin and
evolution of landforms, concerned prima;ily with historical
interpretations. It has p:ovidéd hypotheses for the recent
chapters of geological time. Many contemporarf geOmorphd—
logists, while observing the description component, also
recognize the impbrtance of process. This second interpre-
fation is more guantitative and research has shifted to
studies with an applied component. Leopold et al. {1964)
stated that the diécipline was at the stage where adeéuate
translations from the dynamics of process to the historical
interpretation could not be made, and this is probably
still the case today. Invesﬁigation of landform process
relationships contributes to the development of such trans-
lations. The need for more information on geomorphic
processes has been voiced by a number of researchers. Under-
standing present;day processes improves the interpretation
of those acting in the past and the estimation of the future
{(Carson and Kirkby, 1872; Leopold et al., 1964; Pitty,

1971; Ritter, 1978).



© Gregory and ngling (1973) identified three
sources of information yh;ch are b;sﬁc to both of the
interpretations of geomorphology: First, mapping an@
measurement of the form of the land and the spatial dis-
tribution of the landforms; secoﬁd, understanding the
processes which fashion the surface of the earth at the
present time; third, the analysis of dep?sits to provide
understanding of past processes and a chronology of events.
Different approaches have emerged in the discipline baéed
on one of these lines of enguiry. These apparently diverse
appsoaches, however, are united as Brown (1970) pointed
out, by the increasing attention being devoted to the
spatial distribution of contemporary physical processes.
Integration within geomorphology has stemmed from emphasis
on the understanding of present svstems, their conten£,
mechanics and spatial variation, as a basis for studies
of the past and prediction of the)future (Gregory and
walling, 1973).

Landforms_originate from g dational processes,
depositibnal processes, or from combinations of both.
Geomorphology is primarily the study éf the exogenous
processes as tﬁey shape the edrth's surface. But endogenous
forces cannot be overlooked when,@gg}ing with models of ~
the origin and development of landforms (Leopold et al.,

1964). A variety of concepts have been developed to

~ -

address the guestion of the external agents acting within

the lithosphere, many of which are based on the general
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systems theory of von Bertalanffy (1950).. The theory

[

has been discussed at length in the géomofphic context

Hed a system as

- - -

by Chorley (1962). Chorley de

. . . a structured set/of objects and/or attri-
butes. These dbjects/and attributes consist of
components-or variaples (i.e. phenomena which

are free to assume/variable magnitudes) that
exhibit discernible relationships with one another
and operate together as a complex whole, according
to some observed pattern.

Svstems are *tlassified by Chorley and Kénnéay (1971) as
isolated, closed and open. Isolated systems possess
H

clearly defined boundaries closed to the input_and output -

o~

of both mass and energy (e.g. a laboratQ}y experiment).
Closed systems assume boundaries which prevent the:-import
and export of mass, but. not of energy. Open systems int’

volve a constant exchange of both mass and energy across

-

their boundaries. A stéady—state condition is éroduced

]

when the ocutflow of mass and energy from the system equals
‘the inflow. This bal;nce occurs through self regulation,
the adjustment of the system’'s cgmponents and their inter-
relationships. Gregory and Walling (1873} claimed that

it is this concept of adjustment which constitutes the

strength of the approach:

\.

The advantages of the open system approach arise
from the facts that it places emphasis upon ad-
justment and upon relationships between form and
process, upon the multivariate character of the
many geomorphic phenomena, and upon the total
physical environment. '

-
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However,ﬂzhe'theory's utilization in geomorphology'ﬁas
not been without dissent. Hoﬁard {(1965) viewed the théory
as.moré a colIéction of complementary concepts than a
theory. Smalley and vitafinzi '(1969): refered to its use
:gp the discipline és an unnecessary complication, and _
Chisholm (1967) criticized the précision in the definitidﬁ'
of its terms.

| Deductive and inductive arguments are ﬁhe two
established modes to understanding a system. The former
builds models based on physical laws. The latter involves
the.measurement of the components at sampie points and
statistical analysis of thé data (Carson and Kirkby, 1972).
Leopold et al. (1964} held the vigwpoint that qualitative
‘geomorphologists may interpref landforms and déposifs
.in termsiof the past processes, but gqualified their statement

-~

. . . we believe that the genetic system breaks
down wheh it is subjected to close scrutiny
involving quantitative data.

Pitty (1971) claimed that given the perplexity and irre-
gularity of forms and processes which are, complicated
further by changes with.time, a qﬁalitative'method should

be employéa in approaching many ggomorphological problems.

However, he pointed out that ci

-

. . . since 1945 there has been an increasing
realization that in some instances forms and
_particularly processes are sufficiently regular
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for more exact approaches and, in other instances,
that gualitative analysis has proceeded as far as
it can go. .

E A L
r

Yet guantification has not been without opposition. Spate

v

(1960)ﬁcautionéd_that expertise in.a particular quantitative
technique can act as a émoke—screen of formulae for the
elaborate diséovery of the well known. Poverty of thought
and limited data collecﬁion may-be disguised through the

use of computer statistical analysis. Macklin (1963)

¥
voiced similar concerns:

If the measurements are complicated involving.
unusual techniques and apparatus and a special
jargen, things cam be sa2id in egquations,
impressively, even arrogantly, which are so
nonsensical that they would embarrass even the
author if spelled out in words.

N
It has also:been expressed that guantitative techniques

dull one's geomorphological common sense. and perceptiveness

_ (Pitty, 1971). Gedmorphic approaches have, however, moved

-

from the gqualitative works Qf;early observers to advanced
gquantitative assessments suéh as Bakker and Leheux's siope
analysis‘{lQéG, 1847, 1950, 19522 or Scheidegger (l96la,
1561lb, 1966). The'fa;ﬁion is p;esﬁSEJy inducti&e involving

studies based on field measurement.

+ +

specific practical
Hydédlogical exgm?ies rgage from water contamination-(é.g.}
Johnson and Eaton, 1980; Lewis et al., 1980; Millette

et al., 1980; Platts et ‘;:Ll., 1980; Wolfberg et al., 1980;

Zack, 1980},to water-balancé stuéies (e.g., Bagdasaryan

-



. .

and Chilingaryan, 1979; BajBavo&icz and Welton, 1979;

Hibbert, 1979; Nikitin et al., 1978).

e

Theories. are defeloped by passing through a com-
bination of deductive ahd indﬁctive éteps {(Figure 1.1}..
- 'For the initial stége in an investigation Carson and Kirkby

(1972) cautioned that

..‘.'

. «'+ it may.-be preferable to-aim at generating
models after collecting and analysing data which
are considered relevent to a range of possible
models. ‘ )

An inherent difficulty with the inductive approach lies =
. in the acquisition of a large number of reliable measure-
menté. The limits of the sémple size create practical

P T
1

problemg\fpr zhe verification and generation of models.
Carson and Kirfby (19721 5elieved tha{ sample poihts should
be selected within sloﬁé‘préfileslor basins, resulting .
in sui;éble sample clusters as well as suitable spatial
systems. Gregory and Walling (1973) pointed out that
information may be obtained from drainage basins, from
laboratory ﬁbdels, or from knowledge of ﬁﬁysical or statis- ..
tical -laws by analogy. ; . .
This thesis examines the effect of geomorphology
on the hydrochemistry of several small streams in the
headwater basin of Gladstone Creek, southwest Yvukon
Territory (Figure 1.2). The research studied a caséading

v

system (Figure 1.3) within an inductive framework. The
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Figure 1.2
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thesié objective is to investigate the influence of the

headwater lake's surrounding landforms on the hydrochemistry-

of the streams running over and thfough the forms.

1.2 The study hyvpothesis and justification

-

The hypothesis involves the concept of independent/
. _ 3
dependent variables. The landforms surrounding the head-
water basin act as the independent variable while stream
character is the dependent variable. Temporal and spatial
solute variation were used to test the hypothesis:

The varying morphologies and diverse lithologies

of unconsolidated deposits along the valley sides

of Gladstone Creek headwater basin influence tovary-

ing degrees the hydrochemical loading of the streams
feeding the lake (Figure 1.3). -

Within the'working hvpothesis the emphasis is

N
_on process. Process may be seen as the method by which

one thing is produced from something else, and as the
vehicle by which a guantity of one system is traﬁéferred
into, and parficipates‘in, the mechanics of another svstem
(Ritter, 1978). Studies on rates and modes of operation

of contemporary process have flourished over the past
decade,‘thereby increasing our understanding of process
mechanisms and interrelationships (Walling, 1877). Walling

and Webb (1980) pointed out that, in particular, growth

has occurred in the hvdrological literature, with an
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' s : . . !
increasing number of studies focused on solute investiga-
/ ‘ ! -

-

tion.

-
- e

Stﬁdies have concentrated onlthe various factors |
wh%ch influence ionic concentratioﬁ. Documentation has
included the general effects of geology (e.g:, Feth et
al., 1964; Garrels and Mackenzie, 196&;'dohnson and

ﬁeynolds, 1977} to the specific role of the biota (e.g.,
,.Lee and Hoadley, 1967; ' Leonard et al., 1579; Olafsson,
41979}. Shd;t te?m solute behavior has been interpreted

/ ' .
through hydrological and meteorological variables (e.g.,

Foster, 1978; Le;ig and Grant, 1979; Oborne et al., 1980;
?ilgrim.et al}, 19753 Walling and Foster, 1975}. Stream

. source aﬂa p&thway_have been documented as major controls.
Limited research has investigated how landforms within
the same drainage basin affect solute concentration (Burt,
1979; Foggin and Forcier, 1977; Walling and Webb, 1980).
The hy%othesié utilizes hydrochemical variation éver time
and space as an indicator of landform effect on surface
and nearsurface streams.

The importance of hydrochemical investigation

has been vqiced by Freeze and Cherry (1979):

In the study of landscape evolution the assump-
tion is commonly made that the physical processes
of mechanical erosion, thermal expansion and
contraction, frost action and slope movements

are the dominant influences, but on closer exami-
nation it is often found that chemical processes
in the groundwater zone are the controlling
influence.
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Carson ?ﬁa Kirkby (1572) haée expressed similar concern,
claiming that the rate of hillslépe solutional erosion
may exceed that of all mechanical process combined.

The study was confined to the summer monthé.

Field resea:ch was conducted from’'June 25 to July 15,.‘
1980, ana‘between June 1 and August 23, 1981.. The latter
data collect;on commenced im&ediately following ﬁeli of
the lake ice for academic'and practical reasons. Measure-
ment of spring solute loads and runoff-were feguired from
an invesﬁigative viéwpoint, while access to the site was
dependent ‘on ice free éonditions. Collection was terminated
in late August due to reduced.stream input to the lake.
Research was limited to one drainage basin as recommended
by a number of fésearchers (Garrels and Mackenzie, 1967;
Gorham, 1961; Reid et al., 1881; Webb, 1976)." Selected
streams which route different landfo;ms around the head- ‘'

i

water lake, and its sole surface outflow were subjecteé
to invegéigation. <

The temporal and spatial constraints create
limitations for the studv. It is a specific enquiry with
1im;Fed comparison fqr both time and ;pace. The working
hypothesis can only serve as an insight into the nature
of the processes investigated. However, since drainage
basin systems ao not function at a constant.rate over
short periods, the hypothesis is testable. Immédiate

and summer trends can be observed for the study, but explaha-

tion remains speculative.
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1.3 The study area -

1.3.1 Location and physiography

EXS

The headwater lake of the Gladstone Creek system
(Figure 1.4) is located in the Ruby Range of the Yukon
Plateau, northeast of Shakwak Trénch (north latitude -
61°24', west longitude 138°24'). The_headwéter lake was

selected due to the following local features:

(1) Alluvial fans, rock glaciers and taluses

are located around the basin;

(2) although' regional climatic variation
occurs due to orographic effects, the

local climate is homogeneous;

(3) +he basin is characterized by one outflow
stream and one inflow stream. 'The two
channels are located at the west end of

the lake 50 metres apart.

The area was located by airphoto analysis and field checking
during the pre-study year of 1980.

The physiography oﬁ the region has changed little
since thé Pleistocene with liétle contemporary erosion
or aggradation taking place (Muller, 1967). It is charac-
terized by rounded uplands with elévatioqs;of 1200 to
1800 metres a.s.l. and some peaks reaching elevations

of 2100 metres. Finger lakes, swamps and sluggish streams
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are found in the range's glacial valleys (Bostock, 1948;

1952).

1.3.2 Climate and vegetation

The region lies northeast of the St. Elias Moun-
tains which form a barrier to relativelf warm moist air
from the Pacific Ocean. The area, therefore, has a conti-
nental climate {Hare and Thomas, 1974/nKendrew and Kerr;
1955). During w1nter, tbe region 1s/1nfluenced primarily
by the ettremelv cold and drv Mackdhzme High from the
Beaufort Sea. The summer cllmate is dominated by moist
air from deep lows thag‘move into the Gulf of Rlaska (Marcus,
1974). The region has long winters, with periods of daylight
shortenlng to less than six hougs, and fhort summers with

¢
the sun above therhorizon for nineteen or more hours
(Kendrew and Kerr, 1955). The systems trend south, to
north following the Shakwak Trench w%th orographic effects

— “

generating local_xaﬂiey,wipdg at right angle$ to tHI?
tegional weath pattern. Burwash Landlng weathet station
is: located 50 kilometres west of the study area, Meteoro—
logical data from July 1980 ‘to July 1981 (Env;ronment
Canada, 1980° 1981) quotes the wtnter mlnlmum at —47°C
(mean T O°C) and the summer-maximum at 27°C (mean 10°C)

The precmpltatlon wass recorded at 270mm

‘Forest cover in the reglon is l;ght w1th‘an

b

' 'upper llmlt at about 1200 metres a.s.l. (Terasmae, 1962). .

-
LY

The- main forest species are: black spruce (Picea mariana),
. ' . ’

nJ

-



17

white spruce (Picea glauca) and balsam poplar (Populus

balsamifera). Aspen (Populus tremuloides), white birch

.
(Betula papyrifera), alpine fir (Abies lasiocarpa),

tamarack (Larix laricina) and lodgepole pine‘(Pinus

cohtorta var. latifolia) can also be found (Muller, 1967;
Terasmae, 1967). The non-timbered parts of the valleys
are covered commonly with grass ("niggerheads' or

'bdnchgrass ), groundblrch and wrllows (Muller, 1967).

Above 1500 metres -a. s 1. this vegetatrou is sparse.

¢
- .

3

1.3.3 Geology ‘and glaciation

ar

qhe:Ruby;Raqge:(Figure 1.5) is composed of gra-
nitic batholith intrqsions (Bosrockﬁ'1948; Douéias et
al., lgéd; Muller, 1967). :The_bstholitp consists mainly
of hornblend—biotiteigrdnodiorite sna guartz diori;ej
Quartz monzonite,., gquartz diorite*end;mrgor grahodiorite
gneiss also occur (Douglasuet al., i980£7Muiler; 11967) .
The hornblend-biotite grahodiorrteuisxe.mgdium to coarse
graiped granitic rock with{afmefic mineral‘oontent vafyigg;

1" . - . -

from 5 to 20 per cent: The hornblendrbiotite diorite

-

is generally finer grained with higﬁer mafiq content
between 15 and 30 per cent (Muller, 1967) .wa'distinot
ages for the granltlc rocks of the Ruby Range bathollth

have been identified by.Muller (1967) some very early

Jurassic and some verny early Tertlary or 1ate Cretaceous

During the late Plelstocehe (Figure 1.6) the

region was-covered with ice by both the Nisling and Ruby
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ice sheet advenees (Muller, 1967f Durlng the lellng
advance ice flowed across the Shakwak Valley to the west
and covered the Kluane, Nisling and Ruby ranges to ele—
vations of 1500 to 2100 metres a.s.l. The Ruby advance
covered essentially the same region with a height limit

150 to 300 metres lower. The Ni iﬁg and Ruby advances

¥

are correlated with the .Reid and:the McConndld advances

of the Cordilleran ice (Hughes eé al., 1969). ;Depositional
features marking ice limits afe either poorly preserved

or lacﬁiné, causing difficulties in therdelineaéion of
glacial limits. Evidence for local ﬁelocene glaciation

is found in many o§ the valleys of the Rubx Range (P. G.

Johnson, persconal communication, 1981). Surficial deposits

'of the Gladstone region are primarily composed of

Quaternary age sand and gravel deposited in varied thickness

and extent by glacial meltwater. Lacustrine clay and

/ . - -
sand was_laid down in the qlacial lakes that were associated

-

with Ylacial withdrawal. At present, depositionloccurs
T
in lake basins and along stream courses in the area.*

F] - . L4 e



CHAPTER 2

LITERATURE REVIEW
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. 2.1 Introduction

Natural waters attain ﬁheir-chemical composition

throﬁgh a vg;iety of chemical reactions and physico-
chemical E;bﬁessgs (Stumm and Mcrgan, 1981). This compo-
sition is updéf ‘continual change as natural wéters
circulate in the hydrological cycle. Solute stﬁéies haﬁe
increased markedly over the last decade due to increasing
interest of the "hydrologist in the operation'of fluvial
ﬁrocesses (Waliiqg, 1977) and gfowing-environmental concern
for water quality (ﬁeuter and Pérdué, 1977; walling and )

Webb, 1980; Wilson, 1879). A number of studies have

-

evaluated denudation systems and the developmént and

r

_ /
modification of landforms by ‘suspended sediment and solute

concentration deécrrption (e.g., Logan, 1977; Oxley,
1974; Subramanian, 1979; Walling, 1974; 1977). Their
contribution to geomorphology has been assessed by Gregory

" and Wdlling €1973):

The documentation of sediment and solute dynamics
within a drainage basin is important to the geo-
morphologists in providing an index of the effects
of water on.the landscape and the rates of opera-
tion of fluvial processes.

- ot - ~ -t -

The majority of works, however , have reported

on the sources and controls of solute concentration.

22
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" Documentation is reviewed ‘within the Eollowing discussion
on %eathéring of rocks and soils, hydrology, aémoséhexic
supply and biota. This inves;igation examines the hydro-
chemistry of‘seve;al small alpine streams which drain
different landforms and associated surficial materials.
These factors, as well as the effects of man and time,
-interact to-influénce the composition of ahd concentrations
in stream water.

(<3

2.2 Weathering of rocks and soils

Weathering is the alteration of rocks at the

earth's surface through a complex of interacting physical,

.

chemical and biological processes (Qllier, 1969; Press

and Siever, 1978; Ritter, 1978). The intensity of
weathefiﬁg is depeﬁdent on climate, tectonics, original
lithologic composition and time (Press énd Siever, 1978).'
Weathering decomposes rock into an unconsolidated méss,_

which, weathered sufficientlv, can sustain the growth

-

of rooted plants (Freeze and Cherry, 18%9). This residue
of weathering is defined as soil (pedological definition).

It has been generally accepted that the main source of

~ r
-

ions in fresh waters is weathered rocks and soils (Gérham,
1961; Hem, 1970; Freeze and Cherry, l979)f: . st ¢

Krauskopf (1967) stated that weathering can

be perceived as the appfbach to eguilibrium of a system

-
.

involving rocks, air and water. When water comes into
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coﬁ ét with minerals, chemical reactions-occur and con-
tinue until equilibrium concentrations dre attained in

the water or until .all the minerals are consumed (Freeze
and Cherry, 1979).. In natural systéms chemical equilibriﬁm
is rarely achieved due to changiﬂg environments, fluctua-
ting cbncentration of feactagés and products and the .

-

. presence of other ions in solution (Drever, 1982}.
Chemica;/ﬁfocesses ;nvolved in rock decomposition (i.e.,,
solutibn, oxidation and réducﬁién; hyvdration and hydrolysis,
chelation, ion eg;hange) have been discussed in many

works (e.g., Gorham, 1961; Krauskopf, 1967; Ollier, 1969;
Ritter, 1978). Watef‘is strongly influenced By the soil
éone it infiltra£e§ and passes thfough. The most important
effects occur as a result of the processés illustrated

in Figure 2.1. Qeochemical and pedochemical weathering
processes-are mentioned as they pertain to the studies
reviewed. -

Feth et al. (1964) studied the sources of the
mineral constituents ;f the spring waters of the Sierra
Nevada. The researchers concluded that the dissclved
content of the springs comes almost entirely from attack
of Coz-rich soll water on silicates (priﬁarily plagioclase
feldspars). Garrels and Mackenzie (1967) extended the
research illustrating spring compositions with a model
in which the primary rock—fq;ping s}licates are altered

in a closed system to soil minerals plus a solution in

steady;state egquilibrium with these minerals. The

Il

.
y >
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researph supports the weathering reactions identified
by Feth et al. (1964). Addressing the origin of the
cgmpositions of g}oundwaters from igneous rocks, Garrels

~ (1967) arrived at similar conclusions:

A

Many of the waters have compositions broadly
consistent with what can now be predicted as
the result of adding water rich in CO» to )
primary rock minerals and permitting reactions
to take place in a closed system.

-

Miller (1961) investigated ége solute content
of stream waters draining s%ggie igneoﬁs rock types in
the Sangre de,Cristbxggggg;/ﬁ;w Mexico. Based on stream
chemigtry uniformity regardless of change in slope, soil,
vegetation and hydrology, a steadv-state relation for-
the various weathering mechanisms is implied. Comparison
between soil mnd rock composition and soil and surface
water chemistry has been reported by aAppello (1974) for
an alpine granitic watershed in Italy. The research
lshowg the organic layer acts as a ;ationic buffer against

dilution during precipitation. Rgpid infiltration during.
rainfall, however, causes geﬁéral lower cdﬁcentratiOn;

in the lower soil'horizoﬁs. An eqguilibrium with vermi—

) : ~
culite_in these horizons_pontrols Ca,'Mg and Sioz: while
.K and Na diffuse slowly out of parent rock fragments:
These fivé solutes dominate the ionic cgntent (99%) of
the runoff frém a granitic basin in the Pacific Range%

of the British Columbia Coast Mountains (Zeman and
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Slaymaker, 1975). The researchers attribute the concen-

trations to the influence of lithospheric sources.
Carbonaté weathering has received attention

to a simiiar degree to that of igneous rock-water systems.

Much of this attention has been directed toward aquifers.

. Navarre et al. (1977) demonstrated that the predominance

of Ca and HCO3 in the spring waterg‘of the Dyle Basin,
Belgium; reflects the tertiary céléareous sandstone of
the aqguifer. The origin of ions in the’groundwater‘
of the western and central Galilee agquifer of Israel
is attributed to dissolution of carbonate rock (Nadler ét
al., 1980}. * Xrothe (1376) claimed-the same Process governs
the water chemistry of Slab Cabin Run, a stream which'
drains a carbonate region in Pennsvlvania., These conclu-
sions are supported by’quantitative‘inveséigations on
the stability of carbonates under solution (e.g., Garrels
et al., 19%60; Langmuir, 1968). . . R
Contrasting rock tvpés present within and
surroﬁnding a carbonate region, however, influence solution.
Halliwefl (1979) and Bortclami et al. (1979) have shown -
that this physical control.directly affects‘groundwater
flow and solute concentration. Depetris (1980) considered )
this factor in an -explanation of the dissolved inorganié
constituents of the Negro River, Argentina. Solution
of evaporites and carbonate rocks, and weathering of
metamorphic, igneous rgcks and varied non-calcareous

sediments account for hydrochemical loadings.
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Weathering qf'rocks and soils-as_principal
sourcé and control of solute concentration has been ex-
presséd by researchers in terms of the geclogy of an
area. Miller (1974) and éteele et al. (1975) studied
streams i southwestern Moﬁtana and northern Arkaﬁsas
respectively. Conclusions stéted a relationship between:
water chemistry and ge&logy. Russian researchers Kutseva-
and Kopovilov (l9i5) investigated the water-rock relation-
ship for drainage basins in northern Caucasus. The results
indicated that the ri;ér water. chemical compositions
correspond to the rocks comgosiné the drainage basins.
r-ﬁgpetris (1976) reported.thg same conclusions for the
Parana Riﬁer, which has the second }argest drainagé basin
in South America (2.6 x 106 kmz).

Spatial variation of solute conditions explained
by changes ;ﬂ_geology has been documented by a number
of-investigators (e.g., Feller and Kimmins, 197%; Johnson
and Muir, 1977; Oborne et al., 1980; Wa;ling and Webb,
§§80). Bughes and Edwards (1977) considered the complex
geclogy of Cyron wat;;;;;aﬂ South Wales (Great Britain),
as the cause for downstregm variation oé Na, ¥, Mg and
‘Ca concentraéions. A study in Vermont and New Hampshire
identified spatial differences in streaT chemistry due
to bedrock type. Johnson and Reynolds (1977) reported
tha£ the streams draining piutonic bedrock have lowgr‘

concentrations of dissolved solids (12.8 - 18.6 ppm)

and are more acidic (mean pH 5.5) than those draining



»
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metamorphic bedrock (TDS =32 - 224 ppm; mean pH 7.2).
Man§ researchers have ihentified,processes
'in the soil as the mostlimportant control on surface'
water chemistry. ?Qe presence of soluble material {solution)
in the soil and its interaction (ion exchange) with runoff
have received-much attention. For example, Miller and
.Drever (1877) claimed thgp‘the most imporfant control
on the chemistry of the North Fork Stream, Absaroka Moun-
ﬁains, Wyoming, is solution of readily soluble salts

from the soil zone. Reid et al. (1981) décumented similar

¢

-

conclusions for the river water from Glendyve cétchment, .
Scotland. Ca, Mg, Na, ch3 and 8102 concentrations are
influenced byiion exchanée and chemical weathering of
silicate ‘minerals in the soiI_zone.: Fe, TOC, Mn and
Al concentrations are affected by the translocation of
these elements down the soil profile (pod;olisatiOn)
and are released into the river at-times’of high discharge.
According to the researchers, nitrogen demand and minerali-
zation in the soil zone control the concentration of
NH, and NO, while P, S0,, K and C1 appear'to be conservative
solutes. '

The residence time of water in the soil is
an important factor in determiningqthe'degree of influence
the soil zone has on the water pa%ging through.it. ‘In
general, long time of contact p;bmotes high ion concentra-

tion and short residence time results in lower solute

content (Freeze and Cherry, 1979; Foster, 1978; Gorham,
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1961; .Oxley, 1974; Walling, 1974; 1977). Researchers -

have investigated- this ;eiationship (e.g., Pilgrim et |,

-

al., 1979; Sonzogni et al.,.1976) and'measured_theﬂmovemegt
of solutes thtough undis;ufbéd_f;eld soil-(e:g;,;shuforgw;
‘et al., 1977::Van de. Pol et al., 1977) aﬁa.mulﬁiiayéred
50115 (Gureghlan et al., 1979, Selim,_1978 Sellm et

« al., 1977) Re51dence tlme ;nfluenCe on ‘'soil zone buiferlng
capac1tv and solute avallablllty 15 prlmarlly controlled

by hydrologlpal.processes (Sectloq 2.3}._7:‘

-

Assuming no atmdspheric ﬂitric_aﬁd:sﬁiphurio
acid from anthropogenic sources, the principal ariﬁing

- force in weathering reactlons 1s carbonlc ac1d.: The
P .

a01d~base reactlons olted below 1llustrate carbonrt ac1d
* as the acid reactant. Eqguation [1l], the chemical redction:
for weathering of biotite to kaolinite, is typical of

areas dominated by silicate rocks. .,

.
- : -'

93A1513010(OH)2 + 15/2 H,0 4 7C02 -+

. e | » [1]
k¥ + 3Mg”™7 +.7HCO, + 2EH,SiO

3 4 4 + 1/2a1

2Si205(0H)4

. -

Eguation [2] is typical of weathering occurring in carbonateé
areas. ; ) ~
+4

'CaC0; + H0 +,CO, =+ Ca + 2HCO, [2]
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Bricker and Garrels (1967) have éxamined the., control

of such weathering reactions on water composition and”

~

concluded that Ca, HCO3, PH and, to a lesser degree,

Mg, are influenced by the dissolution of carbonate rocks.

- -

Na, K, 8102' %$~and Mg are effected bf the dissolution -

of silicates. . - B . w

- L
. LY
- > r

- J : i ! =
Stream chemistry reflects the interaction be-

- N . . LY ! ‘ . Y -
tween gases; water and lithologic materials.” Reactions

»

r

occur becausetcertain elements are unstable in the presence

of -others and therefore react to form.mote-stable confi-

. L ~

'ggrations. Whether and how reactions occur ‘and their

- - -

rate and extent are reflected in the equilibrium relation-

ships of the rock/soil-water system. - Generation of solutes

fof'stream water is thus a function of rock and soil

composition and weathering processes. -Spatiaf or temporal

h Y

~ -

Additional controls operatiﬁg in an area interact with

the factors to further mediate water composition.
Ay 4

2.3 Hydrblogy .

.

Hydrology primarily acts as a regulator of,
delivery of.solutes from rock and soil horizdps to the ‘

-

watercourses.. Discharge, antecedent moisture condition
and runoff component type of a watershed are strongly .-*

*controlled by precipitation freguency, intensity and: . :

K

magnifﬁde.

.-

Ha,

change of the factors can cause stream chemistry variability.

-
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Investigations have uncovered relationships

Py

between discharge and solute concentration. An inverse

v .

felationship between stream discharge and soiute concen-
tratioﬁ;has been dbcumented by many researchers (e.g.,
Burt, 1979; Edwards, 1973; Feller and Kimmins, 1979;
Foster, 1978; Hem, 1970; Lewis and Grant, 1979; Millér
and Drever, 1977} Oborne et al.,‘iBSO; Oxley, . 1974; Reia'
et al., 1981; Walling, 1974; 1977; Walling and Foster,
1975; Walling and Webb, 1980) This has been explained

by a dilution process: At low discharges streamflow . -

- s

originates as baséflow from the rock apd_soiT. High

solute concentration is achieved in stream water due *

-

to its long storage residence timefin the rockysocil mantle.

At times of high flows due to precipitation, baseflow

is diluted by overland Flow and rapid throughflow. Runoff

possesses a lower solute conteht'because of its shorter

o 4 "
residence time and reduced contact with rock and soil

{Oxley, 1974; Reid et~al., 1981; Walling, 1974).

-

Research-has shown that the‘decrease in concen-

-

tration can be precéded by a rise, or that the initial -

'arop may be followed by’ an increase before giving way

.

to subsegquent decrease (e.g., Burt, 1979; Foster, 1978;

Hehdrﬁckson and Kriéger,'1964- Lecnard et al., 1980
Mlller and Drever, 1971; Oxley, 1974- Walling, 1974;
1977; Walling and Foster,‘1975). The overland fqu'com—

-

ponent is the first to contribute to the storm runcff

.- and causes the initial deéreage: The subsurface fldw

i

L2
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component, which consists of,water that has been in contact °

- 4 . ~

-

with the s0il longer, is fiushéd out by storm throughflow: -. )
’and a rise in runoff solute content results. As through-
flow continues, scil waﬁéf entering streams becomes.more
dilute by the increasing'contribution of pfecipitatibn. .

Thélincrease of solute concentration is explaiﬂéd
by the flushing oflaccumulated soluble matérial £n the
surface and subsurface layers of the soil profile by . -
the initial phases of storm runoff (Foster,”197é; Lpuéhran
and Malone, 1976; Oxley, 1974; Pilgrim.et al.,'19%§{

" Walling, 1974; 1977; Walling and Foéster, 1975}. .Weathgring,
leaching, decay of organic mattér and evaporation, during
the period afte;“the-previous runoff eveht, account for
the build—?p of soluble material in the soil zone. Water
held in the soil during this period can reach an equiligrium
concentra?ion oﬁ gglu;gfg(gllgrim et_a{.{ 1979). BHence, i

during a storm, the source of throughflo& can beichaﬁged

from stored water in eguilibrium with the soil system

to iess concentrated rainwater (Oxley, 1974}). ‘

Flushing effect and the time regquired féﬁ dilution
to take place are highly dependent upon_the,antecééen;
soil moisturé cpnditions of the catchment and s;prﬁ‘magni-
tude (Foster, 1978; Lewin et al., 1974; Oxley, 1974;
Pionke and Nicks, 1970; Walling and Foster, 18753),. During
conditions of low soil moisture status, the grbund surface

and upper horizons of the soil contain accumulations

of readily soluble material. Dilution commences when



this supply of.solutes has been exhausted by flushing

mechanism. Under conditions of high soil moisture status

. ..- . . ’ " - )
the supply of readily solubde material is likely to have

1.

been depleted by previous storm evénts. Dilution of

stream flow begins with the onset of the storm.

-

Results from several studies have supported
this phenomenon. Lag measurements between hydrograph

-peak and ‘solute concentration trough (e.g., .Glover angd

K]

Johnson, 1914 Foster,'1978;'épraggs, 1976; Walling and

Foster, 1975) reflect the rate and operation of flushifg

and dilution proceSses. The researchers have'suggested

I

that the lags are inversely related to antecedent molisture

condition and storm intensity. Maxlmum lags are associated

-+ - -

w1th dry antecedent conditions, whlle shorter lags occur

-

w;th hlgh moasture status. Lew1n et al. (19745 Illustra-

'ted solute concentratlpn variation between a wet and

!
‘dry period for a watershed in mld—Wales, Great Britain.

ar

The researchers found generally higher values of dlssolved

constltuents in the runoff from the 51ngle rainfall which
A: followed the dry- spell. Pllgrlm et al. ¥(1979) recorded-
'-shorter contact tlme results for water within soils with
-'hlgh soil mo;sture, thus explalnlng the decreased solute

-

concentratiOn when the water_is flushed out by subsequent

“rainfall. S ‘.
Investigations on solute behavior during storm
"periods have demonstrated clockwise and anticlockwise

hysteretic ‘effects. Histeresis is the looped relationship



when the trend of solute concentration is':plotted against .

discharge for a specific storm ev;nt (Gregofy and Walling,
1573). Hendrickson and Kgéiéér {1960) interﬁreted'thé"
clockwise curve, which involves higher condentrations

on the rising stage, by flushing and subsequent dilutioﬁ.
'Following the storm, cpnceﬁération begins to increase
again and discharge continues to drop-as baseflow becomes
the déminant runoff component. The less’ documented occur-
rence where concentrations are lower on the risiné stage
produces an anticlockwise loop.‘ Flood runoff from more
distant parts of thé watershed cause higher concentrations
on the falling stage since these waters peak later and
have had longer contact with catchment rock and soil

(Cleaves et al., 1970; Toler, 1965; Walling and Webb,

1380) .

Stream water chemistry although highly influenced

by interaction with rocks and soils along its £low path,

is also a furction of the'ﬁydrological regime of the

watershed of which it is a part. Several runoff character-

istics tend to affect the chemical composition of stream
water: runoff source and volume, runoff types (overland
flow, throughflow and baseflow) and their subseguent
mixing as.streémflow, as &ell as the antecedent soil

moisture condition. BN

-

-



2.4 Atmospheric supply N

-

While the major source ofrions'té inland waters
are roék'ang soil weathering, research Aas revealed that
theé atmosphere is an additional source. Sources of atmos-
o phgric soluﬁes include sea spray aerosols, sulphur and
nitrogen oxide emissions and wind blown terrestrial. dust
}Gorham, iéﬁl; Reid et al., 198l1). Gorham (1961} reviewed
the liter#%ure on" factors influendlng the supplf of ions
to nataral waters and claimed_thét the significance of
'éihospheric contribution has been_unaerestimatedT Inves-
tigations have supperted Gorham's viewpoint. Miﬁeral
materiéls are transferred from the atmosphere to surface
waters by rain and snow or by dry fallout (Gorham, lg61;
Wilson, 1978).

ﬁikens et al. {1967) identified bulk precipita-
tioﬁ (wét and dry;depcsition) as the primary source of
Ca, Mg, K and Na nutrienﬁs for six watersheds in New
Hampshire (Hubbard Broqd Experimental Forest). C;eaves
et al. (1970) concluded that over a third of solute input
to Ponq_Branch catchmeﬁt, Maryland,'is derived ffom atmos-
pheric supply. " Based on a four year study for Rawson
Lake, Ontario, Schindler et al. (1976) stated that atmos-
pheric inéut signifiqantlf influences'P, N, Ca, Mg, Na,

K, cl and SO, - Schindler and Nighswander (1970), Lavandier
and Mur (1974), Tuffey and Trama (1975) and Peters (1977)

have indicated that precipitation can also be the primary

r
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source obef Bulk p}ecipitation for ﬁpland catchmentf._
has also been shown tb effect-solutg_concentrationé {e.g.,
Crisp, 1966; q?yer, 1976; Leéngrd et al., 1979; éutcliffe
and Carrick, 1973; White et al., 1971; Zeman, 1975). |
?}ecipitatioh has also béén'documented as.a main source
of inorganic ions ;o the rivers of eastern Austrélia

(Doug¥as, 1968;-Muir and Jchnson, 1978) and southeastern.

of
\

Ugited States (Becﬁ et al., 1974). -
Acidification of precipitation, as a result

of natural and anthropogenic influences, causes upward

trenés in the input of H, NO;, NH, and 304, and a decrease

of HCO3 concentration in surface water. Lewis and Grant

(1980} have shown that the soil-water and acidi¢ rain

. @o not simply mix but react. Inputs of nitric and sulphuric

acid figm atmospheric transport ftogbill and'Likens,
1974: Forland, 1973), resulting in a significant downward
ttend in. pH, have been recorded by several researchers
(e.g., Glover et al., 1980; Henricksen and Wright, 1977;
Lewié and Grant, 1980; Likens ggd Bormann, 1574; Roffman,
1980; Wright and Gjessing, 1976). Because of this pheno-
menon, carbonic acid, as the principal Qeathering ageﬁé,
is replaced by the stronger a;ids, caﬁsing increases
in weathering rates (i.e., 1f pH is less than 4.5).

In areas where a large‘portion'of the precipita-
tion is snow, dissolved ionsfaccuﬁulate in the snowpack
and are released during spring thaw. Physiography ané

meterological factors influence the variation of snow
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composition on the gro&nd (threye;, 1964; Wright and
Dovland, 1978). Tﬁé snowpack contains interstitial air
which, in.turn, CQﬁEains gaseous contaminants of natural
and anthfogeniq dfigin (Zeman and Slaymaker, 1973). - Wind
blown terre;triéi and vegepaéive particles enrich”the
composition of Ehe snowpack (Dovland and Eliassen,51976;
Zeman and Slayﬁaker, 1973). Johanne§séq,and Henriksen
(1978) pos?ulated that further concentration may result
from freeze-concentration process dﬁring snow recrystal-
'li%ation anéd melting in which coﬂtaminants accumulate
preferentiallg at the surfaces .of ice particles. Hence,
although snow crystals may be formed in relatively clean

air and wash the air.less efficiently than rain, snowmelt

in the spring cantributes to surface water solute concentra-
tions. Researchers havé studied this contribution and

found that a high percentage of the pollutant load is
released in the first fractions of snowmelt, these fracﬁions
containing 2-5 times the concentration of the snowpack
itself (Johannessen et al., 1977; Johannessen and Henriksen,
£978; Skartveit and Gjessing, 1979). Snowmelt mineral
content increases since it is subject to limited buffering
.as it washe; over frozen soil and biological‘méterial

ané@ enters the watercourses. Acidificaﬁion of the snowpack
can cause radical change in surface water pH during the
spring meit. Acute depression of pH during snowmelt

in lakes and streams has been recorded for central Ontario

(Jeffries et al., 1979), New York State (Schofield, 1975),
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Finland (Haapala et al., 1975), Sweden (Hultberg, 1877)
‘and Norway (Henriksen and Wright, 1977; Johannessen and

_Henriksen, 1978). Cl as the dominant constituent in

snowmelt, derived from sea spray, can also.oc¢ur. Zeman s~

»

and Slaymaker (1975) found Cl amounted to 50-60 per cent- ' -

of the dissclved matter in snowmelt for an alpine basin. . -

~

of the British Columbia Coast Mountains. The snow compo-

sition of areas unaffected by sea sprav or su{?huric;
and qitric acid‘depositioﬁ, however, hgs been ?ecorded
:té have é_dilute solute natufg (e.g., Feth et al.,;1964;
* Miller, 1961). B
‘ _ﬂ'Weé and drf fallout from the atmosphere are
sou&ces of solute supplyv. Air mass transport of pollutants

determines, to a large degree, the influence of atmos-

pheric supply on surface water chemistry.

2.5 BRBiota

While the concentration of an element in natural .
water is determined by the thermodynamics and kinetics .

of its chemical reactions, biological activity in the
. . . P

I
\f
+

stream itself ané in the soil zone can alter reaction
rates'aﬁd eguilibrium concentrations. The cycling of
elements in water and soil is largely the result of bio-
chemical reactions which can cause shifts in equilibrium,'
significantly influencing stream dissolved constituent,

concentration (Duvigneaud and Denaeyer-De Smet, 1970;

Lee and Hoadley, 1967; Leonard et al., 1979; Likens et
s

¢
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al., 1977). héiologicéi activity is discussed in terms
:3& processes acting in tﬁe.cpannei itself ‘and those opera-

ting in the soil zone ané surrounding area.

Biochemical investigatiéﬂs have shown that

biota within the stream have dominant roles in influencing

water chemistry. Nutrients méy be utilized or released

by agquatic vegetation or by-the.activity of biotic )

organisms. Lee and Hoadley (1967) reviewed the literature

and documented the influence ‘as direct or indirect. .Direct

effects include:

-

(1) Those elements that are principal
components of cellular materials such

as C, N and P; and

(2} those elements which form the major
constituents of the hard part of
corganisms, for example, Ca in molluscs

or Si in diatoms.

The indirect influence is the result pf sorption or

excretion of compounds (mainly organic) that react with
elements in the water. The most important indirect-influeﬁce
is the change ig CO, content of the water caused by res-
piratioﬁ and photosynthesis.. Change in coé by i%fge :
populations of biota cause’s pH variation (in poorly buffered

systems) which, in turn, affects those reactions influ-

enced by pH.
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Research has ;upported the inte£pretation_of
Lee and Hoadley (1967). For example, Olaffson (1979)
inQestigatgd théagnnuél cyclé of plants.and nutrients
in Lake vaatn, Iceland. Olaffson (lS?B)_observed that

the growth of planktonic diatomﬁ'agd éhr&sophyéqans algae

in June was limited by the concentration of inorganic .

nitrogen. In July however, a bloom of nitrogen fixing

blue-green algae developed which was limitéa by thé avail- -
. | , . . - - . .. w

ability of phosphorus. Associatéa with the mid-summer

algae blooms was variations in pH as reflected bf changes

in the CO, content of the basin. Cleaves et al. (1970)
A . . - N ! ) .
reported similar pH variation for Pond Branch watershéd,

»

Marvland. Olaffson ideﬂtified new blooms of phyvteoplankton

diatoms and chrysophyceans which occurred in Apgﬁst in

response to the decomposition of the organic matter,
which caused inorganic nitrogen to enter solutidon again.

The utilization of Si constituent by benthic, and plank-
tonic -‘diatoms was_ observed. )
S

Although aquatic“o;ganiSms do influenéé water
coﬁposition, the processes afe very complex, invelving
many coméonents, and afe_highly dépendent on their environ-
meng. Hencé, as Lee and Hoadley (1%67) pointed out,
‘few studies ﬁave_ied to reliable estimates of the extent
of 'this influence. )
; Biologieal effects on solute .concentration
also originate from bioldgical actiﬁity in the soil/litter

zone and forest area. The cycling of nutrients within

- -
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the forest ecosystem influences stream solute concen-
tration through (a) the removal and retention of ions

by root and wood biémass systems and (b) the release
- »

of nutrients by nitrogen fixation or the washing of litter,

vt

organié debris and forest canopy (Duvigneaud and Dendeyer-

‘De smet{ 1970; Likens et al., 1977).

Documentation of biological activity in the

-

soil zone' is .extensive and, as 1n water bodles, the pro-

cesses are compiex, 1nvolv1ng a serles of 1nterlrelatlonshlps.

N

For example, Lecnard et‘al. (1579) 1nvest1gated the pro-

-cesses of .nutrient release and transport for the watershed

of Ward Creek, California. The researchers reported

_'removal of NOB—N by the 501l—vegetatlon svstem. This

resulted ln an anticlockwise hysteretlc effect between

~— b

NO3-N concentratlon and discharge during ‘the snowmelt

period. NO3—N in the area, however, is not derived from.

" bulk precipitation alone, since concentrations are

increased by inputs from biclegical nitrogen fixation.

-~

Biological activity also affects the PO,-P concentrations

~

'of the watershed. While PO,=P is removed from throughflow

in the soil—by absorption to soil particles (Keup, 1968;

Ryder et al., 1973), biological processee in the root-
vy

" zone enhance the PO4—P retention (Graustein et al., 1977).

Biological sequestering mechanisms are countered by nutrient
release from biological leaching processes. Ions.are '
returned to the soil by precipitation washing of litter

(organic debris), forest canopy (throughfall) and tree
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bores (stemflow). A number pf researchers have documented
the release 'of ions '(H, Ca, Mg, K, Na, HCOB) by deéomposed
plané litter (e.g., Attiwill, 1968; Cleaves et al.,.1970;
.Gosz et al., 1973; Johnson et al., 1968; Slack and Feltz,
1968), while others have discussed thrpugﬁfall and stemflow
contributions (e.g., Aulitzky, 1967; Eaton et al., 1973;
Hoffman et~al., 1980). Biclogical leaéhing piocesses
are higgly dependent on the hydrological regime of the
watershea“(Secﬁion 2.3). A

Although the cycling of nutrients in water/soil
systegé is strongly governed by biocheﬁical reactions -
qhiqﬁ‘éffect the concentration of certaiﬁ elements presehE
in surface water (e.g., PO4—P,_NO3—N), our ability to
gaﬁge this influence is still in the dévelopmental stage.
Die to the éompié#ity of biological processes, much addi-
£ional investigation is needed before the extent of hio-

logical influence upon natural water chemistry can be

fully appreciated. - .

- -
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CHAPTER 37 .

HYDROLOGICAL REGIME

. . ¢
v .
- .
!
3 .
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3.1 Introduction: Water balance egquation

The impor;ance of hydfology in‘affecting solute
dvnamics has been discussed in Section 2.3. The hydro-
logical fegime of Gladstone Cregk headwater lake was
?onitéred from June 3 to August 21, 1981. The gtudy was
deéggned to détermine the lake water budget components,
in particular the:overland.flow, throughflow and baseflow

contrlbutlon of water from the unconsolidated valley side

depo§1;s. Dlscharge fluctuatlon of thlS dlrect runoff

Irom the landforms surrounding the ba51n réflected ‘the

. rate and operation of flushing and dilution processes.

Q - Y
The water balancg of the headwater lake was

,evaluated\during the study period by emploving the continuity

equation from Ferguson and Znamensky (1982}):

» 2

Is + Il + Iss + P - E =, 0s - Oss - 4s =0

where Is® = main surface inflow into the lake
Il "lateral inflow {(direct runoff from surrounding
-, land area) '_

Iss ‘= groundwater inflow :
D = precipitation on the surface of the lake '
E = evaporation from the lake

Os = surface outflow from the lake )’
Oss = underground outflow '

As = change in the water storage of the lake

45
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The. components of the water balance are illustrated in

-

- Figure 3.1. The equation is modified to estimate the .
- ungauged lateral inflow (Il), groundwaéer inflow fIss)
and underground outflow (0Oss). Hence:

Is + P~ E-0Os - 4s + Ic =20

main surface inflow into the lake

wheré Is = _
P = precipitation on the surface of the lake
E = evaporation from the lake

! Os- = surface outflow from the lake
As = change in the water storage of the lake
Ic: =

-unknown component: Il + Iss - Oss -

The parameter Ic was estimated as the residual

in the water balance eguation. The calculation provides *

3

an indication of the contribution made by surface and
subsurface-direct runoff from surrounding land area
(watershed area was cafculated as 42.6 km?) and the with-

\

drawal by subsurface optflow (Appendix A).

3.2 Technigues and results
of lake water balance

: 3.2.1 Main surface inflow
* . into the lake (Is)
As suggested by Ferguson and Znamensky (1982)
the total surface water inflow into the lake was subdivided,
for_ﬁonvenience, into main inflow and lateral inflow.

The main inflow stream of Gladstone Creek headwater lake
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is illustrated in Figure 3.2. A record of dlgcharge from

-

the open channel was obtained using the velocity-area
method (Gregoryeand Walling, 1973;:Lambie, 1978). Twenty-‘
seven diecharge measurements were made during the study.
The channel was divided into thirteen segments, fof each
of which the mean ﬁelocity, the cross-sectional area and
the section discharge were determined. Total discharge
for the point in time was computed as the sum of the section
disehafge.valuee; |

- The current was measured at'varying flow conditions
using an A: Ott Kempen small current meter model '10.150 \
(Figure 3.3) as outlined by Charlton (1978), Church and
Kellerhals (1970) and Plerce-(194l) The 0.6 of the depth
from surface velocmtv method was emploved as recommended
by Gregory and Walling (1973) when measuring shallow streams.
Continuous stage for the stream was recorded using an
A. Ott. Kempen Type X Horizontal Water Recorder. The
stage recorder was installed and operated as descfibed
by !Church and Kellerhals- (1970) and Lambie (1978). The

N -

-

crOSSrsection of the stream bed was ﬁeasuree_én a three-

day cycle using a standEra fiberglase survey steff and

‘2 Jena-N 025 level and tripod (Figure 3.4) as illustrated

by Gregory and Walling (1973) and Smoot (1973). Crose-
secticnal areas were obtained by pletting point in time

stage values on a graphic representation of the stream . "

bed morphology. No.sign{ficant'e}teration-took place

in its characteristics during the study period.

F 4
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COLOURED PICTURES >
Images en couleur

-

-

Main surface inflow. (Sg) and surface qutflow (Sg). (83,
$¢ refer to the hydrochemical sample identification.)

" Figure 3.2

5
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Figure 3.3

Figure 3.4

A

COLOURED PICTURES -
Images en couleur

Current measurement of surface outflow.

. -
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Daily discharge measurements were made by in-
direct means depéndent on the relation between monifored
discharge and stage. The relation was determined by cor-
relating measurements of diséharge with\the corresééhding .
observations of stage (Appendix A) using the least—ééuares\/

method (Gray, 1972; Lambie, 1978; Haan, 1977). The main

surface inflow stream hydrograph is illustrated in Figure

.-3}5.

3.2.2 Surface outflow from the lake (Os)

Surface outflow from the lake is directed through

‘é single natural channel located 50m south of the main

inflow stream (Figure 3.2). The short distance between
the two streéﬁs made it 'possible to obtain close in time
discharge recordings. The mbnitoring'of discharge of
the surfgce outflow followéd the same procedure as}?hat
dutlined for thé‘ﬁgin surface inflow.

The channel was divideé into.eleven segmenté
and possesséd a different mbrphological character than
that of the main infrow;.-Unlike the stream bed of the ‘
main surface inflow; which is composed of coarse unconsoli-
dated depositsf'the surface outflow stream bed cohsists
of sand, silt and clay. Since the stage-discharge relation

holds good only so long as no significant changes take )

. . {
place to the channel bed (Barnes and Davidian, 1978;JLémbie,

- 1978), the morphology of the two streams were under
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" lake surface height, was part of the M.R.I.'Mechahical

.

-

- - ~

. - . ; - . - N
continuous review. The surface outflow stream bed, although

3

less stable than that of the main inflow, showed signs -

\ .
- . -

of only gré@pal change. ‘The stream hydrograph. is illustrated

in Figure 3.6.". '

The veloc1ty—area technlque, although the most

widely used method “for po;nt in tlme measurements of dlS- °

charge (Gregory and Walling, 1973}, has limitaticns as
reported b§ several éiégé;chers (e.g., Barnes and ﬁavidian,

1978; Herschy, 197éa; Pilgrim-and Cornish, 1975). The

types and performance of current meters have been reviewed

by Charlton (1978) and Herschy (1%;8b).

3.2.3, Prec1p1tatlon on the
surface of the lake (P)

B N
\

. The importance of precipitation as an input

to the hydrological regime and the techniques for its -7

measurement have been documented by many authors (e.g.,
Ahrens; 1982; MEKay, 1972; wWard, 1975). Areal precipita-
tion vélués over the surface of the lake were obtainédﬁ§
as the product of iake area gnd point precipitation.

- The érea of the lake was calcui;ted as 0-6km?*

’

using a Precision compensating polar planimeter on an - ° -

“enlargement made from airphoto number A25193-70. Point

precipitation was recorded by a tipping bucket rain gauge

which was stationed on théxglifiymne—lsaac Drainage Divide
(Figure 3.1). The gauge, #hich was less than 20m above

53 .
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*the record.

) /“i ) . - 5 5

: ’ . ! : ' . -
- Weather Statibn“modex 1087 operated during the study period

by Dr. D. Lagarec of . th Unlver51ty of Ottawa. A ndmber
of researchers have repcrted on the importance of gauge
site L_Sagaoﬁ atd151t1ng tc.mlnlmlze errors due to expo-
sure of the gauge (e.g., Brown. and Peck, 1962; Harrison
and Newson, 1978; ILarson and Peck 1974). o . ’
Given the size of the lake only comprises 1.4
per’ cent of the’ total watershed area,; the relative impor-

tance'Qf the precipitation component in the water balance,

was minimal and hence the single rain measurement was

=

‘used (Ferguson and Znamenskv, 1982; Ne21khovsklj, 1976).

*

.Whlle the precmpltatlon gauge itself was subjected to

a varlety of interferences (l‘g., wind and’ splash effects)

~additional uncertainties Iie_in the spatial variability

of the-rainfall. Although precipitation variability has.
been recorded over small areas (e g., Woo et al., 15881)
monitoring such varlablllty would have -been 1m6dactlcal

The single rain gauge pravided adequate accuracy for the:
o : . ) ] ‘ N
determination of areal values over the surface of the

lake for the period between June and early July (instrument

failure July 7, 1981). . Field notes were taken to complete .

-

o ) ;
3.2.4 Evaporation from the lake (E)

’

-

Numerous authors and research assdciations have

. described énﬁhcompared the various technigues which .estimate )
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£he'amount of evapoéation from a free water surﬁace'(e.g.,
Australian Water Resources Cduncil, 1970; Chow, 1964; -
Gray et al., 1972; Webb, 1925). Efforts to simplify eva-
‘poration evaluation iﬁb&iving modification of the'existiné.
methods ‘have been documented (e.g., Bowen, 1926; McCueﬁ
and Asmussen, 1976; Morton, 1979; Piiestly and Taylor, ‘
1972; Stewart. and Rousg,'1976).

| ‘Evaporation,es;iﬁates from the lake were derived .
using the homograph of Kohler'ét al. (%955) and lake area.
Daily point e&aporgtion values are read from ﬁhe graph,
érovided solar radiation, air temperature, dew point ?émpera-
*ture ahd wind run are known. Thé importance of, #hese“%eteoro—”
logical factors affecting lake eyaporation has been veiced %5'
by a number of researchers (e.g., Ferguson and den Harﬁog, -
1975; ward, 1975).

X Excluding wind run {measured by the M.R.I. weather
] station), meteorological observations were recorded from ‘
the shore site idéntifieq iﬂ Figure 3.1 (data provided
by D. Lagareqf Appendix A). The location répresented lake
‘cénditioqs si;cg it was assumed that limited modification
occurred to the variables over the surface of the lake.
The dail?Ievaporation est;mates for the headwater lake
are shown in Figure 3.7. ‘
The water balance output due to evaporation,

like the precipiﬁat%on input component, was parﬁly a function

. of lake size. Therefore, its importance in the water

balance eguation was reduced due to the small area of



*oje] aa3empesy *3oo1) suolspeld

&

.

‘sojewrlse uoijvrodeay

£*g 2an814

1snbny

L 3

198l
Apnp

e

eanv\

o0

(4R

0901

L1

uorjesodeas

(Kep /)

_—




58

the lake. Thus, although llmltatlons existed in the deter-
mination of evaporation estimates, the use of a more ela-
borate technique would not have been justified.

3.2.5 'Change in the water
storage in the lake (4s)

fhe change of the water volume‘ih the lake was
calculated as the g}oduct of lake level fluctuation and-
lake area. Daily lake level change was recorded from
an accessible lg}e stage gauge. The survey spaff.was
located near the axis of equilibrium ofqthe lake (Figure
3.1) as recommended by Ferguson and‘Znamensky-{1982).

i

The axis of eguilibrium refers to the zone where ‘stage

2

fluctuations resulting from wind effects do not influence

Lo

. the stage level and where the level is close to the méan
level of the water body. Given the size of the.lake and
the fact that it is void of distinct bays or gulfs, onl§

the one stage gauge was installed and monitored. The

lake storage fluctuation is illustrated in Figure 3.8.

. 3.2.6 Ungauged parameters (Ic}: Lateral
) inflow (Il)}, groundwater inflow (Iss),
underground outflow (Oss)

As stated in Section 3.1 the parameter Ic
(unknown component) ‘was the residual term of the water -

;> balance equation J({terms previously7defined),
K

Is+ P - E J:Qs - As + Ic =0 . ?

*
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A positive residual would suggest a greater contribution.

60

made by lateral and gioundwater inflow than by uﬁderground

——

) withdrawaf. Conversely, a negative residual may indicate

R

dominant underground outflow. The results are relative

. figures sinqefno atteﬁpt was made to separate the Ic com-

ponents. Discrepancies and errors of the gauged watexr
balance parameters were also unknown. Therefore, balance
discrepancy was an additional component of .Ic. Hence: .

;Ic:= Il + Iss - Oss * ¢

-

wherg Ic residual component of water balance equatlon

1l Iateral lnflow (direct runoff from.surrounding’
v - land area) .

Iss =_groundwater 1nflow ’ ;

“0ss = undergrowfd outflow .

¢ - = cumulative. effect of the errors in the gauged

water balance components

- -

t
.

The variation of Ic :for the headwater lake is illustrated

:in_Figure'B,Q.

P

3.3 Discussion

x

The resdlté obtained illustrate the genéral
hydfologibgl pictﬁre of Gladstone Creek hgadwater lake
fo#-éﬁeuperiod_in qﬁestion. -The results provide useful
baékgréundiknowledge for the evalﬁation of landform in-

fluence on stream hydrochemistry (Chapter 4). Through

the use of a .water balance equation, the lake water
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budget components.were determined. Based on the obée;va-

tions the following ;emérks can be made:

(1) Residual figures (Figure 3.9) suggest
that the headwater lake was partially
fed by lateral and grouﬂdwater inflqw,

+ . and characterized by a subsurface outflow.

(2} Precipitation had a strong effect on

the seasonal regime of the lake. Rain- .
storms dominated between June 5 and July

‘6. The precipitation for the remainder

df the season was light.‘ Hydréiogical
response to the precipitation events

is illustrated by thé occurrence oéxhydro— )
'grapﬁ peaks (e.g., Figure 3.5).

3
(3) Catchment response indicates lag times

Setween water balance components. Comparing
the lake's main surface inflow (Figure

¢ 3.5), surface outflow (Figure 3.6} and
storage fluctuation (Figuré 3.8) hydfographs,
estimates of lag timefﬁere made. The
lag of stérage fluctuation and surfaée.
outflow behind the main surface inflow
Was l'and—2 dayvs respectively. It follows
that the‘surface outflow lagged storage

. fluctuation by 1 day.
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- (4) A positive relationghip existed between
lake storage and subsurface outflow. In-.
creases in lake storage volume resulted
" ‘in increased sﬁgsurface outflow due to
;he pressure exerted by hydrostatic head

(Figures 3.8 and 3.9).

The hydfological investigation was successful
in identifving the lake water.budget components,.but failed
to lsolate lateral inflow (runoff from landforms surrounding
the lake). Difficulties in monitoring the groundwater
component (Ferguson and Znamensky, 1982; John and Lock,
1977) led to the estlmate of parameter Ic. It should be
noted that the values obtained for this daily estimate
are large. The Iigures are‘relative to the water balance
equation (gaugeduparameters] and must be regarded cautiously
until more research is done to measure the Ic components.
Lateral inflow discharge fluctuation (a function of preci-
pltatlon lntenSLtv, duration and fregquency) was 1mportant
since it affected the flushing and dilution of stream

solutes. These processes are considered in Chapter 4.

0



CHAPTER 4

STREAM HYDROCHEMISTRY




~

4.1 Introduction: Study design

-

The study was designed to investigate éhe_effects

" of the.landforms of the basin on the water chemistry of

the su&face and subsurface streams. Hvdrochemical analysis
was used to indicate the .spatial and temporal solute behavior
of the investigated streams. The spatial engquiry contained
five type—sites identified as a representative sample

v

of the landforms surrounding. the headwater lake. Tempo:éi

1 . i

behavior was observed for June 2 to August 22; 1981, corres%
ponding to snowmelt through to reduced stream input of
thg lake respectively.

To observe the changés in.hydrochemistry due
to the routiné, both an input and output samplé ﬁor the
landform waseessentiél. The investigation to locate type-

sites to meet this condition was accomplished during the

pre-study. The lcocation of sampling sites and the fréquency

2 .

of sampling were established from the study- design (Environ-

ment Canada, 1983; Hem, 1970; McBean and Bushert, 1978;
Rainwater and Thatcher, 1960; Rodda, 1980; Wilson, 1979).
The landforms selected included one rock glacier, one
talus and three élluvial fans. In addition to monitoring
the £ive landform streams, the inflow and outflow of the.

lake were sampled. Refer to Figure 4.1 for location and

. 65 h



66

‘weaderp :omummmwvoﬁnsdm 1eoTWaYd0IPAY

L

1*y 2an3xy

. : ....l_.s_::o snjej
(2)#0111N0 g ued je1An||Y
MOJJU) EUBH JRIAND Y

MO N0 € UBYH |EIAND|IY

mojjul Zuey4 jelan||y
MO[) DO Z ue4 v>:__<
(e)ymorning 2 v ANy

EL S MO()U} adejing ulew gs
zis - MO INO BoeINg G§
It g MOLJINQ 19108|D %O0H ¥ S
ol S uies /Mous — motjuy

8¢ igioeg|© %¥920H pue SN|BL €8
gs Mojjug Lued JEIADIIY 2S5

.S MOIINO L UEBy JBIANDIY | §

S311S 3TdHVS ._<O_00.._O.ID>I

H313IWIHIJ

NVd IVIANIIV™ E
NVJd IVIADITY %
HIIDVIO NOOH ﬁ

snNivy - .

ose

oyen
JeES| )
apiraig abruresq
ummm_uv:Ommtx_C

ayen

JjajempedH

35

e




67

‘identification of sample sites.

The sites.were sampled every three days to docu-

-

ment solute levels and their-general_pattern of variation

through the fleld season of 19§l. This frequency of.

. sampllng resulted ‘in twentv—elght sample set collectlons.

Hydrologlcelhmeasurements (Chapter 3) indicated flushing

"+ and diluticon processes associated with precipitation'and

increased discharce (Burt, 1979 Feller and Klmmlns, 1979;

: Legﬁs and Grant, 1979, Oborne et al., 1980; Reld et al.,

'1981; Walllng and Foster, 1975 Walllng and Webb, - 1980).

The three day cycle was, however, 1nsufflc1ent for detalled
appraisal.of the_temporal and soatial variability of the
svstem; pafticularlv'durlng'precipitatioﬁ events when
contlnuous records or frequent—sampllng is requlred

(Walllng, 1977). Several researchers (e.qg., ‘Burt, 1979- -

‘Peller and ﬁiﬁmins, 1979; Foster, 1978f Miller and Drever,

1977; Oxley, 1974; Pilgrim et al., 1979; Reid et al.,

1981; walling 1974; l977;'Walling and Foster, 1975; 1878;

-

" Walling and Webb, 1980) have discussed rapid‘short-terﬁ

solute fluctgations during stérm events. Houston and

s . o ) .
Brooker {1981) claimed that variations in behavior of
this nature are unlikely to affect substaﬁtially seasonal

trend assessment of -temporal and-spatiel variation of

) . . T
water concentratiomnsy : “
R - 1
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4.2 Techniques and discussion of
. landform type-site descriptions

& The landforms differ in aspect, slope,lcompF§T\__-
tion and vegetatioh_cover; The aspect of the landform
sites was determined by Brunton compass. Slope measurements
at 10m intervals up the alluvial- fans were recorded-using
an abney—level._ 300gm .grab samples we{f obtained to com-
pare the stratified sediments of the fans (Kellerhals
azd Brav, 1971). Cross—sections were cut at the base,’

at two mid profiles, and at the apex of the landforms.

‘eGraln size analySLS was performed on the sedlment samples

1ng' he dry sieve me thod (Folk, 1974). The type and
hickness “of. vegetatlon was recorded for each alluvial
Een. (Longitudinal transects were run.at 10m 1ntervals.)
Rhodamine WT dve was used to identify-the path-

-

ways ~of the streams. T;acipg was sperformed to verify

" that an output_site corresponded to the input sample.
Rhodamine WT for water_%racing has been. recommended by
Smart and Smith (1976) and Smart and Laidlaw (1972). Nestmann
et al. (1980) identified biological problems associated
with the use of Rhodami B. Omoti and Wild (1979)

" recommend gyranine; however, its use is confined to short—
term laboratory experiments (Smart and Laidlaw, 1977;
Omoti and Wild, 1979). 6ne per-cent Rhodamine WT coecen—

;,/’tratibn allowed for pathway and laé time investigation.
for the alluvial fans.. oncedures\followed those

recommended by Wilson Jr. (1968) and Hubbard et al. (1968).
: mepaed

-
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4

_4.2.1 Talus type-site

- - -

Talus is colluvial accumﬁlaiién of variable.
D~k rock debris from éxposéd rock face§ of mountain valley |
. walls. ‘Debris is’ transpor'ted by gravity, rainwash or
sﬁéw meltwater, or by avalanching snow (White, %981).
Talus has been studied e#teﬁsively in many areas: for
vample, northern Sweden I{Rapp, 1960), Soviét central
Asia (SosedoJ, 1974), the Colorado Front h&nge (wﬂiﬁe,j
lel), the Canadian Réckies le.g., Gardner, 1873; Luckéan,
1977; Rampton, 1981), and eastern Baffin Island (Church
et al., 1979).
‘ The talus (Figuref4.2) is of the rockfall type
of Whi'te's (1981) classifﬂcion of alpine mass movement
forms. Of Johnson's (1983) seven proposed talus ﬁrofiiés,
the slope is sublinear héving been produced by gravity
debri; accumulation. Rock disintegration by physical
weathering has primarily occhréd by wedging effect of
ice in jointed or fractured rock. The talus is composed
. mainly of angular fragmeﬂts\of hornblend-biptite granodiorite
gnd quartz diorite. Sorting by fractions duriné sliding
hég resulted iﬁ particle size increase with distance
travelled downslope - (surface). Grain size decreases with .
.depth (subsurfacé). Smaller paitic1es have been washed E
down.and‘sortéd.vertically. While{gg;’;;;%acg_is charac-

terized by high porosity, fine fractions Iocated near 1

bedrock hold -water longer due to slow filtratioﬁ\rates.
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Talus site, northfacing slope (513).

70
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£

Due to.the mature vegetation cover (willow, spruce and
grass) which has developed at the base of the form and

~

ﬁhe absence of fresh rockfall material, it is evident

-

that the sloée is ﬂbt undergoing significant development.
The uppex section of the £alus is characterized byféub—

sﬁrf&ce drainage (percolation flow). This develops into
.a distinct incised stream course at thg féot’of the.form

(Sy3) - :

4.2.2 Rock glacier type-site

The documentatién”of rock glaciers first appeared
in ﬁhe literature around the turn of the century (e.g..,
Capps, 1910) and hgs increased to the present. . A number
of ice type content theories have been developed to explain
the internal structure and origin of flow oﬁ the landforms.
These include glacier and snowbank ice cored systems (e.g.,
Bafsch, 1971; Johnson, 1980a; Potter, 1972), interstitial-
ice formations (e.g., Johnson, 1978;. Wahrhaftig and Cox,
1959) and relict features devoid of ice content (&ohnson,
1980b; Whalley, 1974). Rock glaciers have been classifieé
_aécording to this continuum, with debris covered glaciérs.
at one end to cemented interegtitial ice and no ice content
at Eﬁe other (e.g.; Ommanngy, 1976; Rampton, 1981; Whalley,
1974). Designation has also been_.inferred by the origin
of the rock and debris mass, such as rock glaciers at

the base of taluses or below terminal moraines (e.g.,
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'Barsch, 1971;-QOhn56n, 1§7§; 1983).
) The rock glacier (Figuie.4;3)fc$n be classified
as .either a lobate rock glacief’(Wahrhaiiié_and Cox, 1959;:-
‘ahite, 1981) or a talus derived type-(&ohnsop;'i978);
Rock~debris acquired from high aﬁglg taius has accumulated
at the base of the slope and moved outward from the Qalley
;all (compressional z&he). At this extension of the talus

(flow lobe) there is a sharp change of slope angle. The

form has 'a coarse surface litter of weathered rock blocks.

At depths of 2m fhe:e is a graduai decrease of particle
size due to summer rainfall washing the finé fracﬁions
down intd the rock glacier. The é&ainage patﬁern is sub-
surface. Seepage pf water (preciéitqtion and melt) occurs
through the rock mass‘és there are no” distinct surface
water courses. Percolation through the'rock glacier re-
surges at thHe terminus of the ﬁlow lobe (S,). Its con-
tinuous flow suggests hydroétatigwhead frog water build-
up in the rock. Interstitiai.icg (frozen rain and refrozen
melted snow) was encountered in the top 2m of the landform.
Deformation of this ice due to pressure and the weight

of the talus béhind the landform have caused the mass

movement of the rock glagier.x

.
4.2.3 Alluvial fan type-sites
In areag with high relief and glacial over- d

steepening of valiey walls, alluvial fans form where creeks



Figure 4.3
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Rock glacier, northfacing slope (53, 54). The

back-water lake (S7) in the foregrdund and -main

inflow and sole cutflow at the west end of the
lake are also shown.
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with‘raﬁid'fates of descent flow out onto the flatter
bottems of major valleys (Rampton, l98i). Several aliuvial
fans have developgd around the hgadwater lake.‘

_Thfgerof these fluvial landforms were ihvestigated.
(Figures 4.4, 4.5 and 4.6), The forms differ in a number
qf respects. . Alluvial fan 1 covers a siope distance of
540m with a frontal base of 310m, compared to 480m by
1080m and 470m by 1100m for alluvial fafs 2 and 3 respec-
" tively. The large fans (2 and 3) feature gentle slopes
which contrast the steep_slopé of the smalle£ fan (Table
4.1). The single active channels which flow the upper
.sections of the forﬁs (S5, Sgr Syq) become distributed
with dec;ease in slope angle and distance travelled down-
slope. These braided streams are surfaée to néﬁrsurface

-

flows which drain into the headwater lake (Sl,'Ss, Slo).
Thig drainage pattern ofthe lower‘ggctions is pronounced
on fars 2 and 3. ‘The vegétation which_has aeveloped on.
the fo;ms'éuggests that although small changes occur in
the stream chédnels, the landforms are stable (Table 4.;).
Depqsiﬁibn of éedimenﬁ'was probably greatest shortly after
-the Quaternary glaciations which influenced the region.
Fan sediments are tabulated in ‘Table 4.2. Gravels and
sands dominate the profiles A-C. The White River Ash

"is present in the C profile of all fans. The 1230 14C ¥R
BP volcanic deposit's chemical composition (wt %) ié

Si0, = 67.4, Al,05 = 15.1, Ti0O, = 0.5, Mg0 = 2.0, FeOQ = 2.0,

Fe,04 = 2,2, Nay0 = 4.1, K,0 = 2.5 and Cgp =+4.1



Figure 4.4
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Alluvial fan i, northfacing slope (Sl, s
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Figure 4.5 .Alluvial fan 2, ssouthfacing slope (S

8 Sg)'

. , - ! N - ' ‘
Figure 4.6 Alluvial fan 3, Gladstone-Isaac Drainage Divide (510,
Sll’ 512). (x) marks an intermittent stream.

-
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Table 4.1

“Average slope,. vegetation and vegetation ‘thickness obsemratlons
from longitudinal transects of the alluvial fanms.

Vegetation Association

Vegetation
Thickness (cm)

Slope
pocation Angle (°)

“
Al 21
AZ 14

Aq 10 -

p

B, | 18
B2 12
B3 9

)
C;' 18
c, 6
C3 7
D1 12
‘Db, .3
D3 ‘ 3

Dispersed willow
and grass

Balsam poplar,

willow and grass ‘

Dispersed spruce .

and willow

Dispersed willow
and grass

Balsam poplar,
willow 'and grass

Dispersed spruce
and willow

Bog, willow and

_white birch

Dispersed willow
and bog

Dispersed willow
and spruce

Bog and willow
Willow, bog and
spruce

Willow, bog and
spruce

3t

-10

19

11

38

32

50

Note:

Upper “section, C =

The tranSects were divided into four equal portions where
A = Apex section, B =

Lower section and
D = Base sectidn.
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Table 4.2

Particle size analysis of sediment samples from
alluvial fan longitudinal transects.

. . ‘ Sile-X - " Sand % : Gravel Z
Location <0.063mm _ 0.063-2.0mm . . - »2.0mm.
A 0 " 54 * 46

1 . i

A2 2 38 60
A3 1 43 . 56
Bl _ 32 . iy 68 i////j ) 0o
B2 2 | ) | 39 . 59‘
B3 2 50 , 48
C1 9 74 17
C2 1 44 55
C3 3 56 41
Dl 1 99 0
D2 35 61 : 4
D3 49 31 - ' 0

\
\\

Note: The transects were divided'into four equal portions wheke

Apex section, B = Upper section, C = Lower section and
Base sectiom. —

"

-

b
ho
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Denton and Karlén, 1977 Lerbekmo and Campbell, 1969). e

The lowest section (D} is composed of smaller sand fractlons

and silts. ThlS trend is strongest on alluvial fans .2 and

el

3 (alluvral fan l is prlméinly composed of sand size deposrts)
\(

Rhodamine WT dve tracing verified stream pathways {(output

and input sites corresponded) and determined flow residence
e _ B

times for the landforms (Figure 4.7). The steep sloped,
sand sized derived, alluvial fan 1 lag was measured on June
27, 1981 at 65 min over a stream course distance of 570m.

The gentler sloped "heterogenecus alluvial fans 2 and 3 mea-

B

sured on July 21 ané July 22, 1881, recorded times of 95 min
by 250m and 1153 min by 450m respectively (surface flow

measurement). RE

1

-

4.3 Technigues and discussion
of hvdrochemical results '«

. ~ 4 | | ”
The Gladstone Creek;headwaterroasin surficial
deposits are primarily'graQZl{eod sand derived from granite

‘based rocks (8i0,). The 1i.ti§dl_bgic debrie'," deposited

- during the Queternary gladdetions {Section 1.3.3}{ is
related@ to the bedrock. Tﬁe‘predomioant:minerals are
guartz, feldspar (plegioclese‘and orthoéieee_form) biotite
and hornblend JE? Kodybka,'pereonal commdoication, 1983)."
The chemical_compositioﬁ and weathering éroducts of thQ§e
minerals are shown in Table 4;5. The concentration,of in-

. organic _constituents in the streams:' is affec;ed by the

a _ avallablllty of elements and operatlon of geochemlcal

processes in this unconsclidated mantle (1.e.,_solutlon.

,-
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able 4.3

8l

Weathering produtt's of the common minerals found in

the Gladstone Creek Region (modified from

Cargo and Mallory, 1977).

Chemical Weather Products
Mineral Composition Soluble Insoluble
-Quartz SiO2 none quartz grains
Plagioclase Na.; Ca, Al, Si0 Na, Ca-,-SiO2 clay with K+
. B (silica)
Orthoclase K, Al, SiO2 ‘K (minor), SiO2 clay with K
(silica) = absorbed on it
Biotite K, Fe, Mg, Al, K (minor), Mg, clay, hematite
' sio, ' §i0, (silica) and/or limonite
Hornblend -Ca, Fe, Mg, Al, Ca, Mg, Si0 clay, hematite
‘ SiO2 - (silica) and/or limonite

© e s
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and 1on exchange). _ ‘ ..

L The output of solutes from ‘the surficial deposits

+o the watercourses is regulated by the hydrological regime-‘

(Section’ 2.3)% The general nydrological picture of the
Gladstone headwater catchment for the study period was

as follows (Chapter 3):

(1) June 2 to July 8 represented the wet
period. Snowmelt and precxpltatlon during
this time caused 1ncreased runcff flows

and peak lake storage:

{2) Tﬁe rémainder'of +he season (July 9 to
August 22) gas characterized by light
precipitation,“reduced stream discharge
and a decrease in lake storage. With

the exception of the precipitation events

of late July which resulteéd in a discharge

response on July 31, the period was drv.

The'results presented in this chapter serve
as an indicator of the effect of geomorphology on alpine
stream H&droch;mistry. The study was designed to identify
landform influence on stream hydrochemical concentration.
Therefore, the lake's main inflow (56), main outflow (Ss)
and secondary outflows from alluvial fans 2 and 3 (57, 512)

have not been considered. Hvdrochemlf’I results for all

sample sites were graphéd according to concentration

[ S VA PP L
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over time; Descriptiﬁe'statistics,were calculated for
the wet and dry periods and overqu'season (Appendix B).
Comparisons of tgg graphs and statistics were used to.
assess temporal and sp?tial solute trends. The results
.wére”tested at a 0.95 confidence interval using the
t distribution (Haan, 1977). The solute trends, (as an
increase of concentration was exhibited between'the'inpﬁt

and oqtput samples of the type-sites:.(b) output samples

) ' ~
from different landforms illustrated significant differences
in concentration; and (c) higher solute concentrations
occurred during the ‘snowmelt and precipitation periogd,
‘are presented to test the hypothesis:
‘.
The varving morphologies and .diverse lithologies
of unconsolidated deposits along ‘the valley sides
of Gladstone Creek headwater basin significantly
influence the chemical loading of the streams <
feeding the lake (Sectlen 1.2).
4.3.1 wWater sampling and analysis :
. \
The importance of sample collection in water
analysis has been expressed by Hume (1973) and Hamilton
(1976). Natural waters are mixtures containing biological spe-

cies and chemical ions in dynamic eguilibrium. Batley and

Gardner (1977) pointed out that

. . . the mere act of sampling, when the water
sample is brought into contact with oxygen and
container walls, or subjected to physical changes
of temperature and pressure, is often-sufficient
to disturb this eguilibrium.

e B

-
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A number of researchers and research associations have
recommended sampling procedures: ifor example,\Batley
and Gardner (1977), Brown et al. (1970),-Enviroﬁment Canada
(1983}, Hem (1970), Rainwater and Thatcher {(1960) and
': the United States Army Corps of Engineers (1977) i

Stream samples were obtained for all sites with

the exception of the input sample for the roek glac;er
and talus landforﬁs (83) . 'Sampiee were collected in
250ml acid-washed éolyethylene_bettles. The bottles
and caps were soaked in 6N HC1, flushed with tap water
and carefully rinsed tw;celwith deionized water. The-.
bottles were shaken dry and capped. The'containeés'were
rinsed with several‘sample aligquots before sample collec- .
éion. Throughout this rotedure.care Las exerciseq not
to touch the inside oé{ihe bottles er caps. Individual
‘containers were assigned to a speéific site for use through-—.
out the field season. Grab samples were taken at the
centroid of flow, facing the. container upstream, collectiné:,
a represeﬁtative.water sample for the sité (Batley and |
Gardner, 1977; Brown et al, 1970; Environment Canada,
1983; Hem, 1970; Rainwater and ‘Thatcher, 1960). Ogues
and Erlebach (1976) and Xleiber et al. (1978) have'dis—
cussed the 11m1tatlons of infregquent single grab, samples
representlng mean water gquality. Given the. size of the

streams and freguency of sampling, such limitations did

not exist.

vt
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Additional technigques are established for the
coilection of surface and~nearsurface water'samplest Surface
sampllng devices range from 51mpllst1c sampling 1rons
(Env1ronment Canada, 1983) to sophisticated automatlc
. water samplers which operate more frequently when solute
concentratlons are most varlable {(Q'Loughlin, 1981) A
number ‘of nearsurface sampling apparatus also exist. Stain-.
less steel'or plastic troughs can be installed at various
faepths of the soil profile or adjacent to the vegetation
mat to sample'nearsurface flow (Lewin et al., 1974; Pllgrlm
- et al., 1979). Shallow groundﬁater samplers commonly
consist of a variety of sampling p;pbes inserted into
the groupdwater‘profile (Hansen and Harris, 1980;'John
et al., 1977; Pickens et al., 1978). Patterson et al.

(1978) modlfled and simplified a coring and squeezmng
technique. Subsurface water samples are obtained by placing
short sections of sediment cores in a mechanical squeezer
and applving pressure. “

. puring June and early July snowmelt runoff con-
stituted the major input for the rock glacier and talus
type-sites (S#)., Snow samp}es were obtained from the
snowpack on the north facing ridge, located“directlp above
the rock glacier. A grab sample taken at the interfaee -
of the snowpack and ground surface Qas collected in a

12 polyethylene container (Ga;vih and Cline, 1978; Zeman

and Slaymaker, 1975). Debris present on the ground or

dust accumulation on the snow cores was not included in
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thé‘sample. Thé aliquot acted aslthe inpuﬁ samplé;fo; |
both 1anﬁforms. _other methods cf snowpack sampling include

| the removal of a snow core using clear plastic piping
(Wright ané Dovland, 1978) to the more Elabqiate use of
a field 1y§imetek,'buried in the ground prior to win£er
{(Johannessen éﬁa Henriﬁsen, 1878).
- By July 8, nc snow rehained, and pfecipitatioﬂ
" became the major source of inpug to the landforms. From
fhis date until the end of the field_season, bulk preci-
pitation was coliected to represent th;s sourcé. Bulk 5
précipitation collection refers to a combination

o

proportions of beth dry and wet fallout (Whitehead

Feth, 1964). The collector used was a continuously ©
plastic 10% container, fitted with a drain mechanism
The colléctor, with a collecting area of 0.25m?, was mounted

3.0m from the ground surface. The use of such a large

collector has been emploved by Likens et al. (1967), Lewin -
et al. (1974); Cryer (1876} and Lewis {(1981) , and recommended

‘by Lewis and Grant (1978). Following a rainfall event
fhe bﬁlk precipitation was drained into a clean 250ml
-polyethylene bottle. This procedure resulted in no signi-

.ficant loss due to-evaporation. Individual rainfall samples
were'integréted every fhree days corresponding with stream -
sampling freéﬁenc?. Combining the events which occurred
in the three dav period ensured that enough sample was

" obtained for chemical analvsis. The bulk precipitation

technique used is a modification of the polyethylene
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system described by Likéﬁs et al. {1967) and Tewis and
Grant (1978). The sfstem consists of an uﬁcovered fugnel,
tubing (vapour barrier) and reservoir.

| Numerous researchers have documented the analy-
tical methods availaﬁlerfdr water analysis (e.é., Brown
et al., 1970; Golterman and Clyme, 1969; Levinson, 1974;
Minear and Murray, 1973; Rainwater and Thatcher, 1960).
Trace metal ionic concentrations were determined by gblori—
metry, using Lamot;e‘qodel‘M-TRL colorimefers:_ The colori-.
meter consists of-; light source, sample hold;:;‘photoéeli
.and a méte; which dispiays the phorocell's.responsé{.-an
donic concentration determination is based upon a reaction
to form a colored solution which indicates the amount
of a specific séiute presentrin the solution (Levinson,
1974; sandell, 1950; Thomas and Chamberlin, 1980)}. The
intensity of the color is measured'by.the-coloiimeter.
The results are g;ven in per cent transmittancé and cali- -
brationicharts convéft these values into concentration
.of soluies. The M—TRL-Qnits are pre-calibrated, there-
fore thé p;eparatipﬁ of'standérd solutions and standard
curves iérnotfrquired.h -

}'Coiérimetric.methods were used because analysis
could be pérformed in- the field while still providing
adequate accuracy (2 pef cent transmitxgnée) to test the-
hypothesis ﬁnder inveétigation: The technigue eliminated

the need for sample transport- and storage.
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Studies have documented intefferénce§ which
chéngé the solutioﬁ'eqqilibrium after co;lection;l Contact
of the dissolVed‘fraétion;with.sﬁsp;nded sedimént can . . i
change the ion c0ncentrétion distribution,‘with adsorptidn ‘
and desorption eéuilibrium times of léss than 72h (Duke
et al., 1968; Garaiﬂer, i§74; Lorrain and Souchez, 1972;
Murray aﬁd Murray, 19725. Simila;leffeéts ﬁave-rgsulted
due to bécterial interference'(Le;ﬂénleoadley, 1967;
McLerran and Holmes, 1974). Storage Sf samples can also
cause contamination (Batley and Gardner, 1977; Benes and
Steinnes,.1975; Bernhard and Zattera, 1975; Johnson et
al.,-1975;\Rainwater and Thatcher, 1960). Filtration
or centrifugafion, to remove particulate matter, and the
addition Qf preservation reagents, to keep-dis;olved consti-
tuents in solution, act to minimize such interferences
JBatiey_and Gardﬁgr, 1977; Environment Canada, 1983; Henrikson
and Balmer, 1977; Rainwater and Thatcher, 1960).

égnorganic species present in surféce'and subsurfacg,
water is commonly classified aé major, m;nor and Egéce
constituents (e.g., Davis and De Wiest, 1966; Faust and
Aly, 1981; Gorham, 1961; Hem, 1970). An example of this
classification is given in Table 4.4. Ions from each
of these categories were selected for analysis. Specific
electrical conductivitg was measufedﬁin microsiemens ({s)
using a Lamotte model DA mulﬁirange‘conductivity meter.

-,

pH was measured on a pH scale with a Lamotte model HA .

pPE meter. Both instruments were eguipped with manual °
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Classification of dissolved inorganic constituents in

groundwater (Davis and De Wiest, 1966).

T

Major Constituents

Minor Comstituents

Trace Constituents

¢>5mg /L) - (0.01-10.0mg/L) (<0.1mg /L)
» T f
- Bicarbonate, Boron Aluminum Molybdenum
Calcium Carbonate Antimony Nickel
Chlofide Fluoride Arsenic Niobium
Magnesium Iron Barium Phosphate
‘Silicon Nitrate Berylliﬁm Platinum
Sod fum Potassium- Bismuth | Radium
Sulfate Strontium Bromide '’ Rubidium
: i Cadmium | Ruthenium
Cerium Scandium
Cesium Selenzhm
) . Chromium Silver
' Cobalt Thallium
Copper Thorium
Gallium " Tin
Germanium Titanium
Gold - Tungsten
- - Indium U%anium
Iodide Vanadium
Lanthanum Ytterbium
Lead ’ Ygfrium?
Lithium Zine
Manganese Zirconium

o
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~

i M > > 3 “v .
 temperature compensation. Ionic concentrations were mea=

sured in parts per million (ppm) . Total hardness, calcium,

magnesium énd chloride were determined'using‘titrétion
techniques. Total hardness was measured using the sodium
ethylene diamine tetraacetate method (EDTA), murexide
indicated calcium conceﬁtration (EDTA) , and magnesium

was derlved from the dlfference between total hardneéss j
and calcium. Chloride concentratlons were obtained using /
the potassium dichromate-silver nitrate method. The rqhaining
tests were determined colorimetrically. Ammonia nitrogen

by the nesslerization method (Golterman.and Clymo, 1969),

chromium, copper, flouride, iron, manganese and nickel

" through diphenvlcarbohvdrazide, diethvldithiocarbamate

spadns, bipyvridyl, periodate and dlmethvlglvoxlme methods ;
e @
resoectlvelv. Nitrate was determined by cadmlum reduction ~

' (Bendschneider and Robinsecn, 1952; wood et al., 1967)

with nitrgte being measured by diazotization. Phospheorus
fractions were monitored by ascorbic acid reductions (ﬂurphy
and Rilev, 1962; Golterman and Clymo, 1969) and silica

was determined by heteropoly: blue method (Armstrong an&

Butler, 1962; Brown et al., 1970} . Dissolved sulphate

-waé measured using barium chloride method (Kato et al.,

1955: Golterman and Clyma, 1969) and sulphide by methylene
blue. Ziﬁc c0ncentratio£s were obtained using the zincon
method. Sémples'wére analyzed within 24h of collection.
This procedure, combined with low suspended sediment loads,

involved no filtration or acidification reguirements.
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Seventeen of the 20 tests performed gave positive results,
with flouride, manganese and zinc being thé-elements.wHich

were .not present.’.

4.3.2 Landform effect

Contact between water and thé.thermodynamically
unstable minerals which_ compose the type-sites initiated
dissolution which continued until equilibrium conCentretions
were attained in the water or uncil all the minerals were’
removed. For example, during precipitétion, reaction
rates with weathered minerals would have initially- been
rapid but soon would have.decreased w%;h.effective equili-
‘brium being rarely reached {Cleaves ehiel., 1970; Freeze
and Cherry, 1979). Dissolution caused (a) the water to
acquire a different cc?centratlon of solutes as it drained
the landform, and (b) the unconsolidated deposrts to change
mineralogically. The rates and amounts of ions removed
from the landforms depended on ion mobility, ion exchange
and the flow reglme and pathway of water. a

The change of solute concentration between the
input and output samples of the type-sites for the wet
and dry perlods are illustrated in Table 4.5 and 4.6.
During the wet perlod the majority of stream 1on1c concen—
trations increased and pHE became more acidic wrth passage

over and through the landforms. This trend was strongest

on the talus where all the tests except Fe showed increases.
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The rock glacier;and alluvial fans displayved the same

. effect but for fewer solutes. This landform influence

~on stream hydrochemlstry contznued during thendry spell La-
S
with the exception of alluvial fan 1 (8 of 16 tests decreased
) “

and pE became more basic).

Figures 4.8 to 4.11 (grephs and t-tests) illus-
trate this change of solute coﬁcentration’of the streams .
which drained the landforms. These examples have been
selected since they-demonstrate.the'majof facets of solute
respdnse with passaée over and threﬁgh the forms. The
concentration of SiO2 for the talus and rock'glacier in-
Ryts and.putputs {Figure 4.8) indicates that sﬁowmelt

]

and preeiéitation passing throﬁgh these forms picked up
$i0, along its flow path. The weathering of silicate
minerals (Table’4.3) acts as the lithospheric source for
the solute. This acquisition of soluble silica in surface
aedlnearsurface water has been recorded for granitic areas
by a number of investigators (e.g., Appello, 1974; Cleaves
et al., 1970; Feller and Kimmins, 1979; Zeman and Slaymaker,
1975). The weathering of silicate minerals has,beenudis-
cussed in detail by Bricker and his colleagues (e.g
Brlcker and Garrels, 1967 Bricker et al., 1968)

Figure 4.9 presents the temporal variation of
Ca for alluvial fan l; This cation can be considered
to be essentially terrestrial’ in origin as shown by the
jandform influence during the wet period. The output
was greater than the input in reséonse to cation acquisitién

!
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from weathered mineéals encbunterea en route. The Ca
‘concentrations for both sites rose during the dry -spell
in response to reduced d%scharge. Higher concentrationsl
were achieved aue to reduced di;ution and ionger reéidenpe
time in the unconsolidated maﬁtle.- This reductibn of
streamflow, however, was greaté;.at the input sf%e of
the landform, as it ran dry on August 16. This resulted
in a_greatef Ca increase for the input site. éence, ?he
landform influence was maskedé during this period.-

The seasonal variation of Mg for alluvial fan
3 (input and output) is'presented in Rigure‘4.10. Both
the wet and'dry periods were characﬁégized by an in%rease
of stream Mg concentration with drainage through the form.
This increase of Mg, like Ca, is attributed to the releése
of ions by the dissolution of silicates. Research has
shown that feldspar can act as a mineral source of Ca,
while Mg can be derived from the weathering of biotite
and hornblend (Bricker and Garrels, 1967; Bricker et
al., ;968; Cleaves et al., 1970; Freeze and Cherry, 1979;
Garrels and Maﬁkenzie, 1967). During the wet period the
Mg concentrations were greater and more variable. This
trait suggests that flushing andé dilution processes opera-
ted and is éiscussed in Section 4.3.4 (Hydroleogical
influence) . : &
Figure 4.11 demonstrates the difference of Fe

concentration between the input and output samples for

alluvial fan 2. Possible sources of Fe, with stream



98

*¢ uey Teraniie jo jndino pue Indur ‘UOTIVIFUIIUOD 8| 3o uotravriea (eiodwd]

4

01'y @andty

-—

2geZ>n>86vi

0LS 1NdINO £ NV4 IVIANTIIY —

. Evel>n> 4111 11S  ENdNI £ NV3 TVIANTIIY e
S6'0 - JeAIDUY '
8oUBPUOD - UOLINGLIISIP —] \lffi!// : AIN
® E
1861
1snony Al0f annr
vc ’
¥
1
' 0
g
9€
1 V¥
1
- QOI¥3d AUC

Qoly3d L3N . Mdd:




*andjno pue jndul ‘z uejy [eranyie 10j

uoTIBIJUIDUOD 3] JO UOTILTABA

11'y 2andty
gIg0>"=> 1910 85 LNJdLINO 2 NVi3 TVIANAIY ===
6¢10 >">£200 65 INdNI 2 NV3 IVIANTIIY et
S60 - jessaiv] .
ajuapljued) uoI AL AISIP =) ) AN
1861
i ‘1SNONY o Alne aNnr
FAx4 ] I 0 g 92 rl Z
-)uql-uui . -- N e -o- -! Go'0
- . h / : ’ A N . . .
s S /.\ Nl CUN W AN S
hRN i/ SV e PR A L) SV SRS 0z'0
S S N A O s Vo
. LI I N T4 \ =
v\ g \ [} .
'y v o ov-o
: i v ! v,
' ' Al 1\,
v \, 090
. \ \,
{ 1 :
oo
qoOI14u3d AHQ aOo1d3Id LIM Mdd




100
.passage through the landform, include ferrous iron released
during weathering and the decay of organic matter (Cleaves
v ~ .
et al., 1970; Leonard et al., 1979 Reid et al., 198l).

+

4.3.3 Landform solute differences

The spatial variation in the.levélé of solute
concentration between these type-sites is presented in
Table 4.7. T@e talus output exhibited the highest results
for 11 of the 17 tests. The rock glacier stream was commonly
the secénd most concentrated and rated second for 10 of
17. The alluvial fan outputs displayed chemistries which
were generally more. dilute than the talus and rock glacier.
The total scores derived from the classification supported
this observation (a low score represented a higher stream
concentration). The talus and rock glacier rated first
and second highest in ;tream concentration with total
scores of 29 and 49 respectively. The alluvial fan total
. scores followed with 3 at 54, 2 at 57‘and 1l at 62.

The temporal variatioﬁ of specific conductance’
for the outputs of the landforms are graphed in Figure
4.12. The comparison illustrates and tests (t distribution)
this spatial variation which existed between the éﬁéeams
which drained the landforms surrounding the headwééer
basin. Specific conductance can be used as a genéral
“ihd;cator of the concentration-of total dissolved solids

(TDS) (Hem, 1970). Since electrical conductivity adequately
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-nijould have been llmlted to partlcles of colloidal. size

103

provided an index of stream solute concentration the values

-H¢were not converted into TDS usmng TDS = AC where A is

~

" a constant (Hem, 1970} .

. ~The talus stream registered considerably higher
coidpctivities than the other outputs. This is attributed
to a landferm influence on stream concentratlon. Snowmelt
and precrpltatlon percolated vertlcally throdgh the large.
sized surface laver of the form, Ereely washing the rock
debris. Residence time however increased as percolation
encoﬁntered the finer sized fractions which increase with
depth. HoriZOntal movement exposed the water to-additional
mlneral assemblages and a greater solute content was acqguired.
The conductivity results of the talus suggest that, due

to this increase of?inhomogeneity and decrease of porosity
with depth, throughflow resided in-the form for a longer
perlod of tlme than was the case for the rock glacier

and alluv1al fans. It is postulated that more active

weathering rates operated in this Iandform due to its

. vounger unconsolidated composition and longer water/rock

contact time. Hence,uthe operation of such geochemical
processes as dlssolutlon and ion exchange had more time

to operate (Gorham, 1961) ' Whlle dlssolutlon began imme-
dlately with water and rock contact ion exchange processes
(Freeze and Cherry, 1979; Krauskopf, 1967) through to

the sand size (Kenneédy, 1965).
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The rock glacier output displayed the second
. ™y '
highest conductivities of the streams. Like the talus,

no sﬁrface runoff -was observed on the landform. The resdiﬁé
imply tﬁat the drainage did not follow a distinct water
" course through the léndform but occurred as a slow perco-
lation flow. This seepage of wéter through the roék mass
allowed for the pick-up of ‘trace elemenfs:~.No dye tracing
was‘éerformed on the talus or rock glacier because‘thesé
landforms were cﬁaracterizeéjby no‘specific inpﬁt flow
and no distinct water course throughflows. Johnson (1978;
lBBl)_p;;”investigated throughflow times for rock glaciers
and has recorded long residepceﬂﬁiméé Eor this talus-
derived type. The sug;ésti;; that water flow through ’
the landform was slow is supported by the observed gradual
déérease of particle size with dépth. This characteristic
has béén;documentédyfqr both_rock glaciers and taluses
by a number of_researcﬁers {e.g., Bar'sch, 1975; Johnsoq:
1578; 1981; Soéedov, 1574). 1In addition, certain amounts
of percolation may have been held in the form longer due
to freezing onto existing interstitial ice (dependent
on the location of the 0°C isotherm wi}hin_the form) .
This q§}gy of throughflow, which would have been greétest
during the spring, has been discussed by Johnson (1878)
and Sosedov (1974).

) The conductivities of the alluvial fan outputs

were slightly less than that of the rock glacier stream

and considerably more dilute than that of the talus.
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These surface and nearsurface streéﬁs of the allyvial
fans had less‘opportunity to pick up solutes. The dye
ﬁracing‘indicated that drainage travel times did not exceed
2h (longegt residencé-tiﬁe was 115 min over a stream boufsé
of 450m). TheTst?eper upper sections of th% fans were
characterized By surface flows which had limitéd contact
with the unconsolidated'mantlgl This drainage on the -
lower sections, however, developed braided nearsurface
characteristics and expePienced an increase in'rdck/soil
contact. It is inferred"ﬁhat solute acqﬁisition was greater
in this zone which was Tless steep and compoged of smaller
sized sediments.

" Although Ehe fan d&ainage chemistries were very

similar, the total sco;és of Table'4.7:imply that water

from alluvial fan 1 was slightly more dilute than Qater

from 2 and 3.. While ‘this trend &id not show in the conduc
tivity results (allﬁvial fan'l was greater than Z.and

3); it did occur in 7 of the other 16 tests. This observa-
tion may be explained by the following geomorphic differ-

ences between the forms:.

(1) Allqvial fan 1 was steeper than the other
fans. . Greater slope angles were'méasured

. . for this fan for.all sections of the

longitudinal transects (Table 4.1).

(2} At the base section of the forms where

.slope angles were'the least (1 = 12°,
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2 =3, 3 = 3°), particle size analysig
(Table 4.2) indicated higher silt frac-
tions for the larger fans (1 = 1 per

cent, 2 =j35 per cent, 3 = 49 per cent).
r ' .
These differences influenced the degree of stream concentra-
¢ion by affecting the residence time of water passage.

¥ -

The residénce.time measurements obtained for*the three
X, . .

fans (Section 4.2.3) support this claim.

- A\
4.3.4 Hydrological influence

-
”~

Comparison of stream solute levels between the:
wet anéd dry periods of 1981 indigate thaﬁ the hvdrological
regine affétted tbé solute levélgi Higher concenérations
and increased vér;ability‘were‘recorded'for the majority
of'tésté during the "time when snoﬁmelt and7precipita£ion
events dominated (June 2 to Juiy 8).- Tables 4.8 and 4:9'
il;usﬁraté that solute concentrafion aﬁd variance decreased
with the lower diséhafée'assdciéted with the drier periddl'
The Cl'concéntratiohs of Figﬁre 4,13 illustrate tﬁis general
trend of decreasing so;pte concentration and variability -
- which . .occurred ddgiﬂg tﬁe study'period. Three'processes
appear to have been respoﬁsible for the higher solute
levels during the wet interval: (a) accumulated ions
in the snowpack were released during spring thaw;

. (b) soluble materials held in the unconsolidated deposits

during the winter were flushed out by the heavy rains
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of June; and (é) t éource-area for the streams changed
during the dry spell. The variébility in solute concén-
trations is‘at;ributed~to the operétio?'of dilution pro-
cesses. ‘

During the wet §pell;“snowmelt contributed to
streamflow. By July 8 no spow%§émained on either of the
north or south facing ridges which baﬁk the headwater
basin. As shown in Tabie 4.8 the aligquot from snéﬁ samples .
. .displaved generally greatér concentrations than the bulk
prec;pitation coflections. This suggesﬁs thatlthe contri-
bution of dissolved solids made by snowmelt to the water-
courses partially caused the higher wet periocd values.
.Subsequéntly, dissolved ions which accumulated in the
snowpack during the winter were releasedwduring this spring
thaw {Section 2.4). ’ “

The hegvy spring rains alsoc promoted the.hiéh
concentrations since they caused a theorough flushing of
the unconsolidated deposé&s. Soluble material which accu-'
mulatdd in the landform surface and nearsurface lavers
during the fall of 1980 was held throﬁgh the winﬁér and
flushed out by the Juh@ 1981 rainstorms. Although Sept-
emﬁer*IQéO was wet {7 davs of rain), October and Novembexr
only experienced 2 days of rainfall (Environment Canada,
1980).‘ Weathered, leached and decayed organic materials
were redissolved or washed out of the unconsolidated mantle
as newly infiltrated water displaced the older water?

This process, where stored water 1is displaced by fresh

2 ee T

e



%

4y

v

o~

111
rainwaﬁer, has been discussed by Hewlett and Hibbert (1967)
as subsurface translatory flow. Water stored ip the pore

spaces of the landforms during the winter had longexr time

to reach an equilibrium concentration of.solutes and,

therefore, when flushed into the streams, contributed
to the higher spring dissolved ion levels. High stream
soluté}concentrations in the spring, caused by snowmelt
gnd/or flpshing processes, have been recorded by several
researchers (e.g., Church, 1974; Feller and Kimmins, 1978;
Leonard et al., 1979; Schreier et al., 1980; Zeman, 1973).
The third hydroloéical process which may have
influenced the high solute values of the wet period is
the possibility of changing source areas for the streams
(Cleaves ig‘al., 1870; Toler, 1965; Walling and Webb, o
1980). During the spring, runoff (snowmelt and preéipiéa—
£ion) from the high élateaus of the Ruby Range contributed

to streamflow. This stream source was highly mineralized’

since it travelled a long distance and was 1in contact

" with rock and soil material for a long period of time

prior to reaching the headwater landforms. In contrast,

during the dry warmer period, runoff from the plateau

_areas was reduced and streamflow consisted of inputs from

local sources (i.e., melted seasonal ground ice and direct
precipitation). These streém sources had a dilute solute
concentration due to limited cohta&tﬂﬁith weathered pro-
ducts and contributed to lower stream dissolved ion levels.

The discharge behavior exhibited by the alluvial fan 1
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stream supports this inference. At the apex of the E;n i
(input_site 32)' the flow reduced and ran'dry o; August
16. However, at the baseﬂbf the form (output site'sl);
the flow remained constaﬂg'throughouflthe-study period.
It follows.that durigg,the‘dry period the input- site (Sé)
commbnly displaved higher concentrations than the output
from the alluvial fan (S,). Subseguently, limited evi-
dence of a landform influence for this stream was recorded
during this time (Table 4.6).
The high variability. of stream solute levels-
duriﬁg the Qet period sugge$ts that dilution processes
also operated. Tﬁe 1owé:~sglute values can be explained
“by thé following dilution processes: (a)-streams were
dilutéd by the contribution of precipitation which possessed
a low concentration of ionié species; (b) increased -.surface
rggoff and rapid throughflow resulted in shorﬁer fesiéence
time and reduced &ontact with the lithologic debris. The
Mg concentrations for the alluvial fan 3 stream shown
in Figure 4.10 is a good example of the high variability
) which ogcurreé during the wet Qeriod. .Standard deviations
" for the input and output sites were 10.6 and 13.2, compared
to 5.3 and 5.6 respectively for the drier spell. It gs

postulated that the high values are associated to flushing

effects, while the lower ones are attributed to dilution.
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5.1 Summary

The objectlve of this thesis was to 1nvest1gate'
the influence of geomorphology on alplne stream hvdro-

chemistry. The"investigation was accomplished by testing

- the . hvpothes;s that dlfferent landforms affected the hydro-

:'logv and hvdrochemlstrv of the streams which ran over

and through the forms in dlfferent ways. .

A water balance studv was conducted between
June“3;ehd August*Ql 1981 to obtain.thehgeheral hydérolo-
glcal picture of the headwate; lake. HydrOIOgical‘pata-
meters were mohltoredgto proy;de~ant1ndioation of flushing
and dilution prooeSSee which ocoutred to the streams which
route the iéndformeﬂ Throughjthe application of a water
balance eguation, thejlake water budget components were

determined and the following observations were made:

(1) .~ Re51duals suggested that the headwater
lake was partlally fed by lateral 1nflow
and groundwater inflow, and characterlzed

by a subsufface;outflow;

(2).  precipitation had the strongest affect

on the seasonal regime of the lake;

(3) = measured catchment response indicated

lags between the main surface inflow,

114
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surface outflow and storage fluctuation;
{4) a positive relation existed between lake

storage and subsurface outflow.

The\contribution made by runoff from. the landforms
surrounding the lake was not isolated in ‘the water baletee
.equation. _fhis lateral inflow was one of the ungauged

) peremeters and was assumed to follow the general hydro-
loglcal reglme trend. The results duriné the study period
lllustrated that the regime could be leldEd into a wet

and drv perlod. Snowmelt and precipitation between June

2 and Julv 8 caused the increased stream discharges and

high.lake storage of the wet tern. Reduced stream flows
and a deEtease of lake storage, due to limited precipit;t}pn
events between Juiy:9 and August 22, distinguished the
driei‘term,f

.Between June 2 and August Zi; 1981, hydrochemical
analy51s was used to gauge the landform effect on stream |
solute concentration. Flve streams were monztored which
drain the different landform types. The spatial and
temporal ionic concentratlon behavior of the streams was
used as an lndlcator of landform influence on sclute dynamlcs.

‘The following-solute trends were recordedgas evidence

that the landforms did affect the stream hydroghemistry:

[ .
(1) An increase of concentration was cbserved

between input and output sites of the
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landforms; and

-

(2) "stream outputs from "the léndforms exhibited

“;{ significant differences in céhcgntration.

This downstream increase of streih‘ibnib concentration is
attributed to the acguisition of;;oluteslas the streams
passed over and thrqugh‘thé landforms. . The differences
betﬁéen the stream;é;t§u£ concentraEiong suggested that
the landforms exhibited different Qegrgéé‘of'influencé;
controlled by .dthinage residence tige.

A third solute trend of higher concentrations’
and inéreasgd solutgAvariability océﬁrred during the Qet .f
period guggésting that the hydrological regime also influenced
tﬁ¢h§tream solu;e levels. Spring flushingﬁéf'éccumulated;
ions“in the sﬁowpack"aqdriﬁ the uﬂéongoiidated dépoéits;

- and the possibility of changing'sou:ée areas may have

caused ‘the higher solute levels. Solute‘diluﬁion associated

with increased discharge .resulted in ihe'lower'concenttgtions.,

» The operation of these processes during the wet period
contributed ﬁo,ifé:highéﬁhsol@£e values and increased

soiute'variability.

5.2 Discussion

“‘Although water chemistry studies have focused
on-the various factors which contribute to solute concen—’
"tration, limited research has gqsféd if landforms located
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wi;hie the seme drainage basin affect stream ionic concen-
t?atione. The influence of contrasted terrain on solute .
1e§els_for larée study areas has been documehted.' For .
example, Walling and Webb (1980). have explained %ﬁé solute
spatial‘éariations in the Middle and Upper Exe basin,
'Great'Britain; by contrasts in relief and variatioﬁs in-

_, the underlying geolegy (watershed area: 601 km®). Foggin
and Forcier (1977) have suggested that the solute concentra-
tlape for. flfty headwater streams in Western Montana are
controlled by baSLn parent material composition and morpho—
metric character. However, few studies have uncovered
landform igfluenees on etream chemietry for small basins.'f
Burt (1879) studieé the Geriation of solute concentrations
‘Of soil and stream water during throughflow events et
Bicknoller Comﬁe, Somefset, England. Working within a

study area of 10,000 m;, his results displeyed'different
stream chemietries associated with the base of a hillslebe
hollow and the adjacent spur zones. Burt has geggested

that hydrolqgicai and solutional process differences between
£he slope:types account for the development of‘the two
distinct solute environments.

b Apart from studies like the Bicknoller Combe
example, limited reseerch has been conducted which eonsidefs
such questions as (a) Do landforms exhibit a control on
solute dynamics? (bi Do different landforms in the same

drainage basin affect stream solute concentration? These

two guestions have been addressed in this thesis for the
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headwater baspn of the Gladstone Creek Region, southwest

~v. Yukon Territory. . The results imply that landforms should

be considered when assess;ng the . solute dynamlcs of small
alplne streams. This landform varlable joins the group

of factors (e. g., geology, hydrology, blota, etc.) which
interact to determlne stream ionic concentratlon. Addi-
tional research is required before we-can attompt to evaluate
the extent to which eaoh‘of these.,affect solute concentra-
tion. At present, our knowledge remains at the identification
'stage due to difficulties in isolating, monitoring and

rating these various factors (Garrels and Mackenzie, 1967;

Gorham, 1961; Wilson, 1979)-.



L L

APPENDIX A

HYDROLOGICAL RESULTS




120
Table A.1
Stage/discharge, main surface inflow.
Stage Above Datum:
Date Time Low Point in Stream Discharge
~ 1981 P.T. Bed (m) (m3 /sec)
June 3 1245 -293 1.21
7 1030 .283 1.03
9 2100 .283 0.90 .
12 1000 , -314% 1.41
15 1215 .398 3.89
.18 1000 414 4,23
22 1030 .527 8.77
23 1615 .482 5.61
27 1300 .378 3.31
o f ,
July_ 1 1045 . 344 1.89.
4 2200 .369 2.30
& 2130 .378 3.21
9 1100 .393 3.94,
13 1030 T .387 3.13
16 * 12245 .369 .2.58
19 2200 -350 1.79
21 1245 .387 2.24
25 1200 .347 1.84 .
27 1230 .378 3.32
31 2145 414 3.83
Auvgust 3 800 .393 3.20
6 1715 .393 2.54
9 1245 \ .357° 2.03
12 2130 - .341 1.68
14 1315 .323 1.47
17 1015 .293 1.27
21 1015 .293
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Table A.2

-

Stage/discharge, surface outflow.

122

Date.

7

Stage Above Datum:

Time ° Low Point in Stream Discharge
1981 P.T. Bed (m) (@3 /sec)

June 3 1215 597 . 3.25
7 1000 . 399 1.66

9 2030 .396 1.55

12 930 427 1.80
15 1145 .558 ‘2.75‘

18 930 .658 3.98

22 1000 725 4.51

23 1545 .838 5.64

27 1230 -753 4.74
July 1 1015 664 3.54
4 2130 570 2.60

6 2100 607 3.12

9 1030 .661 4,11

13 1000 .655 3.75

16 2230 .607 3.02

19 2145 .512 2.18

21 1230 .582 2.35

25 - 1145 .515 2.21

27 1200 549 2.54

31 2130 .607 3.09
Aygust 3 730 .588 2.93
6 1700 .558 2.56

9 1230 503 2.26

12 2115 457 1.74

14 1300 448 1.90

17 1000 414 £ 1.49

21 .375 1.24

/ L
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Table A.3

Calculation of Parameter Ic, June 3 - August 21, 1981.

Date Is P E Os bs  Tc=Il+Iss-Oss \
1981 (@) (@) (@) @) () (z®) ‘.
|
.June 3 68 W00 273 000 -30 300 174 700 i
4 54 000 208 000  -18 200 135 800 .
5 39 000 16 900 161 000 - 6 100 99 000 '
6 42 000 5 400 142 000  -12 100 82 500 i
7 76 000 26 600 118 000 6 100 21 500 '
8 151 000 0 134 000 © - 3 000 -20 0Q0 :
9 49 000 0 . 124 000 - 3 000 72 000 !
10 30 000 0 112 000 -12 100 69 900 ﬂ
11 42 000 2 400 " 106 000" 12 100 73 700 _ L
12 126 000 . 0 106 000 12 100 -*7 500 :
13 177 000 0 134 000 18 200 -24 800
14 250 000 10 300 174 000 48 400~ -37 900 ;
15 327 000 600 237 D00 42 400 -48 200 !
16 332 000 13 900 269 000 . 12 100 -64 800 :
17 339 000 21 200 296 000 42 400 -21 800
18 356 000 3 100 320 000 - 0 -39 100
19 347 000 10 300 600. 321 000 -12 100 -47 800
~— 20 330 000 1 800 900 317 000 0 -13 900
21 327 000 13 300 200 308 000 24 200 - 7 900
22 581 000 8 500 .200 372 060 90 700 =126 600
23 533 000 8 500 1100 453 000 24 200 ~63 200
24 .429 000 0 1000 465 000 -12 100 24 900
25 363 000" 600 400 447 000  -36 30B: 47 500
26 . 304 000 3 000 1100 427 000  -18 200 102 900
27 284 000 0 1000 402 000  -36 300 82 700
28 260 000 0 500 385 000  -18 200 107 300
- 29 206 000 0 300 364 000 -36 300 122 000
30 194 000 0 1200 341 000 =12 100 136 100
’ : -
July 1 185 000 0 700 314 000 =24 200 105 500
2 165 000 0 2300 277 000  ~12 100 102 200
3 148 000 4 800 600 252 000  -24 200 75 60Q.
A 194 000 12 700 200 249 000 . 12 100 54 600
5 247 000 1 800 500 257 000 12 100 20 800 ‘
6 267 000 "0 600 273 000 - 30 300 36 900
7 296 000 . 700 296 000 30 300 31 000
8 296 000 ; 700 314 000 18 200 36 900 T
9 296 000 1300 321 000 .0 26 300
10 296 000 : 900 3214000 0 25 900
11 305 000 800 325 000 . 0 20 800

12 303 000 500 329 000 =36 300 - 9 800
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Table A.3 - el
(Continqed)
Date Is P - E 0s As  Ic=Il+Iss—Oss
1981 (=) (@) (m®) (@) (m3) (m* )}
. B ﬁ‘
July 13 284 000 : 700 316 000 0 32 700
14 272 000 700 304 000 -12 100 20 600
15 267 000 1300 294 000" - 6 100 22 200
16 247 000 1100 292 000 =12 100 34 000
17 247 000 1000 269 000 -12 100 12 800
1§ 238 000 800 240 000 -18 200 -15 400
19 214 000 800 222 000 0 8 800
20 296 000 : 400 226 000 18 200 - -51 400
21 298,000 500 256 Q00 T =41 500
22 267 000 300 256 Q00 -18 200 =28 900
23 238000 300 .-241 000 0 3 900
24 214 Q00 900 220 000 -12 100 - 5 200
~:.25 . 197 000 1200 202 000 0 & 200
26 201 000 - -100 202 000 12 100 13 200
27 247 000 700 226 000 0 =20 300
28 211 000 1100 237 000 0 27 100
29 199 000 500 240 000 0 41 500
30 206 000 i 400 233 000 30 300 . 57 700
31 342 000 400 268 000 12 100 -63 500
August 1 327 000 600 288 000 o] -38 400
; 2 318 000 700 289 000 0 -28 300
3 305 000 800 269 000 - 6 .100 =41 300
4 296 000 200 257 000 0 -38 800
5 315 000 - 800 261 000 - 6 100 ~59 300
6 303 000 . 1000 253 000 =30 300 . =79 300
7 279 000 1000 237 000 0 . =41 000
8 243 Q00 800 224 000 - 6 100 —-24 300
g 211 000 1200 208 000 - 6 100 -7 900
10 199 000 . 1000 188 000 - 3 000 -13 000
11 197 000 700 170 000 -- 3 000 -29 300
12 175 000 500 160 000 - & 100 =20 600
13 126 000 1100 150 000 - 6 100 19 000
14 122 000 700 136 000 =12 100 2 600
15 93 Q00 1500 120 000 -18 200 10 300
16 64 000 . 200 110_000 0 46 200
17 54 000 . - 100 120 000 -6 ¥0 . 60 000 ‘
18 54 000 500 124 000 - 6 100 64 400 -
19 54 000 800 114 000 0 60 800
20 54 000 106 Q00 3 000 55 000
21 49 000 100 000 - 6 100 44 900 °©
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APPENDIX B

HYDROCHEMICAL ANALYSIS
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ABSTRACT

- This thesis invegtigated'the-influence of ged-
morphology on stream hydrochemistry for the headwater
lake basin of Gladstone Creek, Yukon Territory (61l°24'N/
138°24'W). Landforms éffected the.h&drochemistrf and
hydrology of the sﬁfface_aqd subsurface streams in different
ways. Betweep'Jﬁne 2 and August 22, 1981, the spatial
and temporal solute behavior of the streams indicated
thatl(l} an increase of stream ionic conceﬁtration occcurred
with the surféce and subsurfacé drainage, (2) landform
types e;hibited different degrees of influence on streém
ionic concentration, and (3) higher solute concentrations
occurred during the snowmelt and precipitation period.
Hydroloéical parameters were monitore@ to provide an indi-
cation of flushing and dilution processes through the
application of a water balance equatioﬁ. The water balance
record g;lustrated that the regime could be divided into,

a wet aéd dry period. It was determined that landforms
exert some control on solute dynamics and that different
landforms'in the same drainage basin have variable effects_
on solute concentration: The results imply that detailgd‘
landform descriptions shéuld be perfofmed when aSse;éing

the solute dynamics of small alpine'basins..
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RESUME

? L'objet de la présente thése était d;ex iner _
I 1'influence de la géomorphologie sur l'hydrochimie des
; cours d'eau issus du bassin lacustre supérieur du Gladstone:
Creek, dans les Territoires du Yukon ({61°24°N/138°24'0). -
ée relief_affecte'1'hydrochimie et l'hydrologieidézﬁ

eaux de surface et souterraines de diverses fac0ns.

Entre le 2 Juln et le 22 aolt 1981, le mouvement spatlal

et temporel des éléments dissou ns Ir'eau lndlqualt.

P

{1) gu'un drainage en su:face oy souterrain ntraine une

-~

hausse de la concentration ionigde de ltea 7 gue le”

\_Jj’relief influence de facop variable la concentration
ionique; ef (3) que 1la concentration du soluté est plus —

elevee au moment de la fonte des nelges et par temps de

plule. On a surveillé les parametres hvdrologlques afin

d'avoir une idée des mécanismes d'élimination eé @e dilu-

tion par -l'application d'une équation sur le bilan\hydrique.

Le bilan hydrigue indigue qu'il ‘est possible de séparer

le régime fluvial en périodes humide et séche. Le relief

a un certain effet sur la dynamigue des substances dissoutes

et la présence de lits différents dans le méme bassin

‘) ) - - -
entraine une variation de la concentration du soluté.

-
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Les résultats impliquent qu'on devrait procéder & une

description détaillée du relief au moment d'é&valuer la

dynamigue des substances dissoutes dans les petits bassins
alpins.
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