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ABSTRACT

Sclute response is examined in the partially urbanized water-

shed of Chippewa Creek in the city of North Bay, Ontarioc. Solute con-
centrations were monitored for eight sub-basins within the watershed .

“and are statistically related to a series of explanatory hydro-temporal

.
*

and geo-urban variables. Comparisons are made between the relationships
derived for the three flow regimes, springflow, stormflow, andéd lowflow -
at the rgial and urban sites. As well storm-period response is analvzed

by studyVéf an individual storm event and solute vields for the ‘three

"
-

flow regimes are calculated and compared.
Resung‘show that both temporal and spatial variations of solutes

exist in hi;;ewa Creck solute loads. Moreover this variability is con-

vtrolled principally by hydrologic conditions and solute supply which are

both functions of the physical and human character of the sub-basin
[

studied. Within-site urban and rural sclute responses are generally
quite different on the basis of magnitudes, controls and intensitiestf
controlling processes over the three flow regimes studied. Solutes de-
_—/
rived from principally surficial sources (i.e. Cl ) exhibit flushing
responses; whereas, those derived from principally sybsurface scurces - .
. ++ e s i C o s
(i.e. Ca ) exhibit dilution responses. Intensities of these responses
are found to vary over the three flow regimes and between the rural and
urban settings. Between-site or dowéEZf;am variation in solute con-
. ) o o
centrations is found to be a function of degree of ruralness or con-
versely the degrec of urbanization present in the subebasins as defined

by a series of geo-urban variables. Solute export is shown to be

greater from the city environment.
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CHAPTER I

Introduction

Subject of Research ' :

The subject of research for this thesis is streamwater quality
where quality refers to the condition of the water in terms of dissolved

constituents. Hem (1970) in a landmark paper has discussed the various

~

aspects of the chemical characteristics of natural waters in great detail.
He defines and develops the nature of water quality from the perspective
of the nature of the dissolved constituents, their detection, their

sources and their variabilities. More specificelly this thesis research

addresses the topic of variability of these dissolved constituents or
solutes. Solute variability is studied within the environs of a partially

» - o - . N . - N . .
urbanized watershed and the research is directed to detect differences
B .
in solute response within differing urban environments.

o+
The relevance of water quality studies to geographers and geo-

morphologists has been emphasized by many suthors {Douglas, 1972; Gregery

end Walling, 1973; Walling, 197L, 1975 and 1978, for exaﬁpige. Strean-

- - ' j - »
water quality reflects both the physical and human aspects oingiver basin
development and management and can, therefore, be an excellent e?viron-

mental indicater. Concentrations and speq}es of dissolved constituents

By

can reflect the chemical character of incident precipitation into the
- . ' - - 3 ? . - .
basin, the geochemical processes operating within the basin,the dhysi- .
o ; - © LT
cal character of the basin and the degree and type of human act®ity

1



-

in the basin. As well, water is a vital resource and its chemical guelity
often restricts its use in both une home and industry. In order to better
rlan for water use and conservatiop, it is necessary to realize and te¢.
understand thé many sources and controls which operate within a watershed
tec generate a specific and variable watgr gquality. Likewise it is im-

portent to understand these sources and controls in the study of the
. - ~~
. ~ . . .
den tion rates on land surfaces through chemical weathering and ercsion,
& '
often the concern of the gecmorphologist. Such rates are often calculated

from the total dissolved constituents exported from watersheds in T -

.

Much work has been done on the quantity of water in streanms,

-
(%]

he nature of flooding and flood predictions (see Chow, 196%4; Ghorley,
1069; and Dunne and Leopeld, 1978, for example). A great deal of research
has 2lso been conducted on the supended lecads of rivers. Authers such

as Guy ané Ferpuson (1962), ¥eller (1962), Guy (1970), Guy and Jones
(1972) and otheérs have pioneered and developed the étudy of the role

of sediment in the urban environment. Less work has been done o% the

chemical quality of water in streams. However in recent years more at-

I

tention has been peaid to this aspect {see Chapter II). Spatiel diversity

of streamwater quality has been addressed by Miller (1961) and more re-
— .

cently by Welling and Webdb (1975) as well as others. tudies of the

temporal aspects of solute variation have been investigated by many

authors such as Korven and Wilcox {196L), Pionke.and Nicks (1970), Edwards

(1973), Walling (1975 and 1978), for example. The temporal veriation

in solute concentrations has more recently come under 1nte“91ve scrutiny

~
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with the introduction c¢f zutomated equipment so that storm-period variance

as well as long-term variance can be measured reliably.

The study of streamwater gquality is not restricted to geogrephy

-

and geomerphology. Many studies have been conducted by ecologists con-
cerned with nutrient budgets (Likens et al., 1977), by public health
r -

- - A . - - Y L
and housing agen€ies interested in pollution aspects {Waller, 1971) eand

by geologists undertaking.geochemical studies (Krauskopf®, 1967; or
M oY D =

Garrels and MacKenzie, 1967). However geographers end geomorpholopists

-

appear to be the most interested in the spaiial and temporal wvariability
v 1 -
-

of solutes in streamwaters.

Although 2 great number of studies have been done on urban water-

s i~ -

o

sheds they have for the most part concentrated on streamflow or sediment

aspects (Gregory, 19TL; Hollisy 197k; Guy, 1970; and others). By com-

parison much less research has been done on chemical water quality and
) 4

- its spatial and temporal varisbility within the urban setting. Most

research on the chemical quality of streams, édrainding urban watersheds

has dealt specifically with the problems of deicing selts (Boecker et al.,

1971; Huling end Hollacher, 1972; Wulkéwicz and Szleem, 197h; and others).
2 3 3

Discussion and research of a more general nature on urhan solute yield

o’

has been presented by Leopold (1968), Koch {(1970), Waller (1971), Dunne

and Leopold (1978) and octhers. Generally speaking most of these studies
report the increases in concentration of solutes in the urban, setting

as compared to rural background values. Few have attempted to quantifly

" the relastionships between solute variability and o de-

ct

rbanization or

~

termine if the temperal relationships of solute variation establishei
in the rural, undeveloped watersheds apply in the urbanized watersheis.
S

-~
hY

@ _\_ | C
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Thus the rationale for the research contained in this théﬁis

. becomes_Avident. Itedis essentizlly undertaken to try to bridge the gap
frOm rural to urban ik solute studies, to try to examine in an urban
setfing the validity of temporal ané spatial concepts establfshed for

the most part in undeveloped rural wetersheds. Moreover the subject

of research is azlso wvaluable in terms of the future pldnning of urban
2ctivity such as sewage dispossl, landfill coperations, build%zg_activity

ahd in general urbanization itself as it relatesvﬁo the chemical quality
of water draining from such environments.

.

~

Objectives of the Research Programme

The thesgis addresses severzl aspects of chemical water quality

in the Chippewa Creek watershed. Cenerally it researches selected solute
responses in an urban watershed in an zttempt to gquantify the relation-

ship between degree and type of urbanization and the dissclved load of

-

Chippewa Creek. Hore specificelly it is concerned with the variability
of individual chemical constituents making up the diszsolved load within
the urban setting. Such variability mey be introduced by either the

-a
human influence in the watershed cr by the natural physical controls
introduced by hydrologic, biologic, geclogic and climatic processes or

° .
by both. Thus variability is analyzed both from the human and the physical

&

The thesis problem oOr purpose then is to investizate and %o explain

the varigbility and nature of selected solute outputs from differing

L

T
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n

‘.

human and physical environments within an established urban setting.

Both spatial and temporal solute varia ability are examined and statisti-

cal relationships developed to provide explanstion for,E;e presence and
‘

the degree of variation in solute loads in Chippewa Creek

-

1.2.2 The  Approach r

-

A sméi_ partially urbanized watershed within the city of North
o T :

Bay, Ontario was selected for investigation of solute veriasnce. The

investlgathn was cerried out through =n extensive multi-year samp%ing
programme on the small urban watershed of Chippews Creek lyingxwithin

the city of North Bay, Ontério. Eight different samplin g_si?es were
selected on the creék effectively dividing the major watershed into gight

D

sub-basins for gauging, sampling and ccmpariSon. The design is essentially

modelled on the multiple-watershed approach often used in hydroloeric

and’ water—-qualitly studies where the catchments studied are in a smail
uniform climatic condition (Gregory.end Waliling, 1973). In the
nultiple-watershed approach the sub-basins or catchments are subjected
to different treatments and comparisons made. However it is not often
possible due to time constreints to cause or allow the respective treat-
- s ' .~ . - -

ments tQ occur. Thus in the approach used in this thesis, the treatments

"we o " ‘\- . . . .
are "imposed’ on the sub-basins by virtue of the selection of the gauging
and sampling sites within the urban setting. In fact the choices were

. r

made arbitrarily to ensure different types and degrees of urbanization
or human activity per site. -

Analyses on samples were conducted in the laboratory in.zccordance

with accepted procedures (see Appendix A) vielding values lor selected
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solute anti chemical parameters at the eight sampling sites. Variance
in these values is investigated by statistical regression technigues
to determine the influence of temporal factors (hydrologicel, seascnal
and diurnal effects) and of spatial factors (geological, pedological
and human effects) on so*ute variability. In order to dezl effectively
with the hyd*o*o ical influence, the data is partitioned into groups
correspogding to springflow, stormfleow and lowflow hydrologic regimes.
The investigaticn cf spatial variznce of solutes leads to the
quantificatidn of the urban.lnflueqce cn solute variability. Initially
the watershed is considered in two sectlons, urban and rural, and tem-

poral variance is studied

ct

o examine the possible differences due to

these distinctly different setiings. Then =2l eight sites are examined

&

for spatial or downstream variebility tc determine the influence of

differing degrees of development. Conclusions are made based on the

solute variation.

The Scope

The scope 6? the thesis is somewhat limited by the constraints
£ time, labour énd equipment. The water quality sampling rrogramme
was limited to cpproximately two years. Samples were collected‘in ice-
ree periods only to eliminate sampling and gauging problems of the

winter menths. Watershed characiteristics were determined as acdurately
.

as possible from existing data or from zbbreviated field -survey. Full

£
3
ct
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complete soil survey and analysis,
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were not possible due to time and labour limitations. <ontinuous streem -

gauging was carried out only at two criticsl sites, one maerking the transi-
=

tion from urban 10 rural and the other at the streem mouth, due to the

vailability of gauping equipment. Likewise laboratory analyses were

restrictéd to inorganic elements and were also conditioned by aveilable

time, lsbour, and eguipment.
The thesis research is =lsc restricted in space. Study is con-
fined to 2 single small watershed in Northern Ontario. o comparison

watersheds in alternate climatic or peclogic environments have been moni-

s

£

“tored to test or to compare Lo the Chirvewz setting. However comparisons
g~ by [ =

.

are made to existing studies found in the literature. Thus the univer—

L

ality of the thesis results may be rather restrictive. This problenm

The thesic

%7}
+
[ &]
o]
]
o]
5
+
e
3]
w
fl
H
&)

i into six chapters. Chapter I is an in-

troduction to the Bubject of research znd a

[&]

tatement of the problem.

Chapter II is a discussion of the principles of solute dynamics,

.
ct
oy
o
ct
}J
3]

-

the processes and interactions which occur in the watershed that ulti-
mately control the concentrations of solute in streamwaters. Follow-

III. Watershed characteristics are considered in the context of the hydro-//__,_,w—’
N

-

logical, geological, biclogicel, chemical and human conirols on solute (
variability. Only data relevant to these controls is presented and dis-

rcussed. Chapter IV outlines the deta collection and analysis procedures.
Selections of chemiczl constituents, sites and sampling freguencies are

S
rationalized as well as a general presentetion of the results. Chapter

V describes the methods of analysis of the- results presented in Chapter IV.
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1

The total data base from two years cof sampling is partitionéd by flow,
time and spatial charzcteristics and the vagiability of chemical consti-
tuents ahalfzed. Finelly Chapter VI draws the thesis together'in con-
clusiohs about the findings of the research. Sugrpestions are zlso mzde
with respect to possible further investigation of the thesis subject.

References znd appendices round out the thesis with supporting informa-

tion and technicel description.

$a

o

v
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IAPTER II /

Soiute Dynamics: Sources and Controls

)
)

Introduction

H

Many authors have reported studies dealipé with the inveEtiga—
tion of stream water chemistry. Many are inventories; others report
-
specific investipgations of solute response Or variation in streams to
watershed charseteristics such as geology and soll types. Recently

stream water quality studies have become guite sophisticated with the

seeking of interrelationships amongst/ the ami® espects of solut
}

-

[#7]

production and transpori to an

Fad

Solutes Tind their way into streams from many sources beth natural

”
[$:]
ct
)
31
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o]
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O
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o
il
w
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chemical weathering of rocks and soils within the
supplying the.stream. Additional arounts may be added from the prée-
cipitation (rain and snow} falling onto the watershed snd channel.

Biological cycling of nutrients at and near the soil surface also com-—

licates the controls on the solute lcads of waters ledding streams.

kel

As watersheds become more developed the human-induced solute lcads aug-

ischarge

jo N

mont and in some cases dominate the natural lcads, tharcugh the

(22
")
I
D
o]
ot
(]
-
ct
]
1
o]

ugh the use of fertilizers,

O

within stream waters (for example, Walling

Y4
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- Although fresh waters vary greatly in solute composition, Gorham

(1961, p. T97) notes that few ions account for the totai’solute load

in most natural waters. He listg caleium, magmesium, sodium and potassium
as the principal’ecations and bicarbonate, -sulphate and chloride.as the
principal anicns. 3oth lists are in descending order of sbundance. e

also arpues that ionic proportions in natural waters may not reflect

the proporticns of cossituents in the unéerlying rock. As an exanmple
—

he notes that the provortion of calciwn in some Finnish river waters

is nearly Tifty per cent more than in the local bedrock from which
- ‘
they drain. This fact sugrests sources and controls other than the

rock substreta are cperating on the chemical guality of stream and river

s

waterg.

Apart from the differential effects of the spatially diffuse
sources méntioned above,certain geomorphic, hydrologic and chemical
processes can also control the levels of sclute concentraticns in stream
ers. For example, degree of slepe can 2ifect resi@ence times ef

water and weak acids in soil and 2t the bedrock interface (Pitty, 1971}).

-

A short residence time may reduce ion concentrations or produce selec- .

v

+tive solution of rock constituents. However, a longer residence time

2|

nay provide an equilibrium of dissolved constituents, or an average
fresh water'" toward which 2ll fresh waters would trend if given sul-

ficient time for the ion-exchange between water, soil and rock to run

Eydrolegic processes can control delivery of solutes from soil

e
3
2

£

rock horizons ¢ stream waters as well as the concentration of those
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solutes within the channel water. Increased stream discharge dilutes
concentrations of certzin ions and concentrates others (Likens et al.,’

1967). However, recent studies have uncovered more complex reletion-

s -
r

ships between hydrologic factors and stream watdr solute concentrations.
Concentrations exhibit a2 "looped” relationship (called hyste*lsws) with
stream discharge when monitored over both the rising and falling stages

of stormflow (Gregory and Walling, 1973). Response of solutes to storm-

flow may also be COTDllC&ueG by flushing effects within the basin (Welling

ané Poster, 1875). Seéasonal effects likewise =zdd veriance to the pattern

™

of soiute concentrations in stream waters. Johunson et al. (1969) and

B a*ds and Thornes (1973) have identified distinect seasonal trends

in soclute data from rivers in the United States d England re-

5

spectively. Variation in vegetaticn and precipitation patterns with

-

on appear to enhance or reduce the cencentrations of specific ions

ta

[ce

0l

i

n stream waters. Concentrations of certain ions in stream water may

likewise be controlled by the thermodynamics and-chemical kinetics of

chemical reactions taking place both in the stream itself and the soil/
rock substrate of the watershed. Chemical weathering of the rock and

soil, ion exchange in the s0ils and the various chemical reactions in -
stream waters, both abilotic and biotic, will produce -variability of

B 0y

ionie concentrations through time (Lee and Hoadley, 1967).

]

A final source of variance may well be due to the gecgraphically

distinet man-induced sources of solutes such as rozd selting

]

landfill

kd
sites and sewer outfalls. Spatizl diversity of or variable delivery

from such sources in a watershed will certainly produce spatial variability

S~

-
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of solute concentrations in stream waters (e.g. Wulkowicz and Saleem,
197&). Thus the sources and controls of solute supply %O streams may

be summarized under the following topics: etmospheric supply, weather-

ing\gﬁ,poéﬂg_znﬂ’gcéés, biote, hydrolegy, time znd human systems. These

toples are discussed in the following pages in some detail.

e

-

Atmospheric Sugoly e -

Although the mejor sources of ions in natural waters are the
soil and rock in the watershed, it hes been shown by many studies that

the atmosphere can be & scurce as well. Gorham {1961} examines in great

detail the contribution of precipitetion chemistry in the determining
: ' )

»—g,--

W

of stream and lake water solute concentraticons. He identifies certain

$

£y

lakes in Britain where rain contributes nearly all-of the chloride,

sulphate, sodium and potassium to these natural waters. Many of the

recchemical studies done on small watersheds in the eastern United States '
g

have determined the impeortance of precipitetion inputs to solute con-
centrations in stream waters. For example, Cleaves et 2l. {1570) found
that 38 per cent of dissolved solids entering the watershed of Pond
Branch in Maryland were from precipitation sources. River water quality
» . - 3 ‘ kY

studies in New South Wales, Australia by Douglas {1972}, have also re-
vezled that precipitation suprplies between 25 and 70 per cent of the
. - -
total solute lcoads. Conversely many studies have shown atmospheric f
supply of solute to be minimal (Xramer, 1976; Miller, 1961; Feth, Roberson
and Polzer, 1G64; Scheider et al., 1679).

Selutes are supplied by the atmosphere in varicus ways. Basically

; ~ . :
most are "washed" from the air during precipitetion events while the

'
/

A B
f .
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is apparently a large factor in supplying “ions to streamwaters in in-

dustriel areas but diminishes to minor importance in rural, forested
areas (Likens et el., 1967). Snowfalls appear to be less efficient
at clearing the air than is rain althoug snowmelt in the spring can

cause acute depressicn of pH in ?trgamf? ers (Jeffries et al., 1979).

In many cases the dissolved cons%&tuéﬁés in rein gonstitute the dis-
solution of the nucleii of rain droﬁ formation and some researchers

' suggest thet the invarieble presence of chloride in rain (from sea sal@)
1is due to this phencmenon (Kutchinson, 1957). Gorham (1961} further
suggests that ell major anions in natural waters may be cycled through

the . atmosphere in a geseous state. FHe notes carbon dioxide, ‘sulphur

dioxide, and hydrogen chloride as probable sources cf bicarbonate, Eul-

‘

phur and chloride respectively in precipitation. Gorham alsc discussesci_ ;
- \"

the sources of these stmospheric solutes.
¢

Sea spray may supply chioride, sulphate, sodium and magnesium -
ions/gg the air and precipitation in maritime areaé?tends to ﬁisplay
chloride/sodiwn, chloride/magnesium ratios similar to ses water. How-
ever, inland sites show less influence from the see and ¥ influence
from soil dust or industrizl activity. Soil dust appears fotbe 2 major
contributor of calci;m, potassium and silica to rain water. Pollution
both industrial and domestic, contributesboth cations and anions to
the atmosphere. Smelting operations contribute principally metals and
sulphur compounds t¢ the atmosphere. Smoke solids (soot)‘collected
from London chimneys by Gorham (1958a) were found to be especially

rich in calcium, sulphete and-chloride.. Thus solution of the dust
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particles and chemical combination'of atmosrheric gases with rain and
snow both work to alter the chemical composition of precipitation

Of note are the reactions between atmospheric gases and Drec1n1-0
tatioh. These reactions generate various acids such as carbonic, sul-

huric, and nitric acids. Hence, rainfell is most often acidic with &

L]

pH value usually less than 5.6 which represents the equilibrium between
002( ) and water in the atmosphere. Values lower than 5.6 indicate

the presence of other acid radicals such as Cl™, NO3_, and SOh-“; whereas,

values higher than 5.6 indicate buf fering *oy airborne carbonates where

- + - - - -' - - - —_—
free ¥ ions in atmospheric moisture would combine with CO3 end a
& D .
metal to produce a more stable bicarbonate cownqaig; The .acid radicals

may be produced by volcanic activity, incustrial poilution znd in the CS;{

‘rase of NO3- even by rhoto chemical processes i;hE}e atmosphere (Hutchinson,

1957). 1In the absence of polluticn, blcarbonat ney predominate as

. . . l. .. . .
in the snow analyses reported by Miller (1961).(‘ﬁc1d1c rain produced

-
Sy . .

by combinations of zcid redicals a2nd free ¥ in the rzin, upon reach-

t'n;‘

ing the mineral surfape of the earth promotes the chemical weathering

of rocks and 50115, however,isolutlon of soil CO (g) by the precipita-

tionr on percolation llkely plays & more impogﬁgj;\ role in this respect
P 4 -
(G.av-v bl ang hrist, 1 6") /
arrels and Christ, 16635). / N
1 4
\ L o
The ﬂnfluencefz Dre01nltatlon on the~ariability of stream water
guality is obvious. hlr masses derived Irom dlfferf); source areas - ‘//?
: "
- - 1
. { ..
may generate dlfﬁerent chemical qualltles ¢f rain ang snow. Thus, for ~

each precipitation event the chemical character of -ge precipitation
mey be different, thus introducing veriability te sﬁ%eamwater chenistry

a

over time (Jeffries et el., 1678, 1979). In addition the elevation
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at which precipitation occurs may also influence its chemical quality
(Gorham, 1961; and Likens et. al., 1977), particularly that guality con-
trolled by anthropogenic sources of solutes. All of these possibilities

have the potential to produce variance in the chemical quality of stream-

waters if the chemical load of the precipitation is of major dimension.

Geochemical Weathering

Fresh rock at the earth‘’s surface is altered through a complex-
of interacting physical, chemical and biélogical processes which are
collectivel? called weathering (Ritter, 1978). The result of weathér-
ing is the destruction and re;ombinatién of rock and itsrmineral com-

ponents into an unconsolidated blanket of debris called regelith or

into a granular rock called saprolite. Further weathering of the regelith
produces the finely divided and nutrient rich surface cover. which forms

the mineral component of soils. Certainly the characters of weathering

products and resultant soil and rock solutions will be a function of

rock and soil type within the watershed. Several studies (for example,

Miller, 1961; Feth et al., 1964; Garrels, 1967; and Walling and .Webb,

1975) have shown that rock and soil lithology has a strong effect

on the chemical guality of streamwaters. However, this relationship
is true for areas of more or less homogenous climate. When the scale
of studies increase (i.e. glebkal), climate plays a more dominant role
in controlling water cuality. Nevertheless for small experimental

catchment studies litholegical homogeneity or heterogeneity will

necessarily influence streamwater guality.
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Weathering occurs‘both/as physical and chemical processes; how-
T —— -

/" . s . -
ever, the two are not necessarily mutually exclusive. For example, the
SRR

. ; '
disintegration of rocks into figgfparticles greatly increases the sur

face areas for ion exchange and ?hemical bonding (Ritter, 1978). BSecause

this thesis concerns itself wi??fsolute éynamics, fur rther dlscu551on
of weathe*lng.ls confined. t; cherical asnecus. Chemicél wéathéring
oceurs both as geochemical weathering-(the 53c0mposition of rocks to
saprolites) and as pedochemicel weathering (Fhe formation of soils).
These two processes are discussed in greater detail in the fEEEB&gng
paragraphs as re1evant sources of icns for stream waters. )

" Rock type is a significant factor in determining the quantity
and gquality of solutes aveilable for stream transport in the drainage

basin. The chemical composition of the rocks and the presence, guality

cenédition the chemical

and movement of water in the subst;&tum Wi
b

Aflow. The presence
-,

of water is critical to the decomposition of rock. It is supdlied 39
b))

composition of groundwater and ultimately strea

the rocks 1q1t1&* 1y by the vertical percolation of precipitation iatc
exposed rock meteriasls or as durplus soil moisture from overburden.

- - f + - ' - - -
dorizontal movement of this water in rock will =lso expose additional

mineral assemblages to the weathering process. Ultimately these ground

—

waters enter the siream channel as baseflow or as seepage Tlow depending

on the saturation levels of the soil and rocks as dictated by the water

#able levels (Dunne and Iecpold, 1978).

/

When water pen rdr ates into the mineral components of rocks by

. . s : -
seeping into smell ijﬁctu-ﬂs or along cleavage planes, chemical T'eza.c:\,:Lonsdzf////

(

/
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oq&ﬁr at the atomic level. Undisturbed, exposed mineral surfaces are

not electrically neutral many have negative charges due to domina-

; -
"%EBh oﬁ\oxygen moleculed at these surfeces (Henm, 1972). The negative
. sites wiltl attract the dipolar water molecules thereby splitting then

!
. - N . -~ I
intd HK and O~ ions (Ritter, 1978). These K ions are free to repleace

~-

.

,Ollt?a’\/—fA
7

mineral\cations through ion exchange thus releasing metallic ;onSrtg
combine w;%h the OH ions producing hydroxyls. As hydroxyls ¢
. . . ® \

the pH of the\fl id surrounding the mineral changes and eventuéliy reaches
eq . . o . . : s as S T TN
an equ111br1um\;} abrasion pE velue which is alkaline or acidic depend- -
ing on the mineray being decomposed (Ritter, 1578). Thus chemical

- ! - . - - - - . -
weatherinp can also be defined using equilibrium concepts as Krauskop?f

\

(196T¥ has by stating that "ueaihering [iﬁlfihe\gggifach to equilibaium

L
, gir and water'. \\__h\\—\

The chemical weathering s;atem thus involves the reactions be-
{

N
) and wHter (Heoljand between the resulting gas-water
/

£ afsystem involving
|

ween geses (CO
2
I
system ané the minerals within the rocks. These various reactions have
”"\\ slready been discussed in earlier pages. Whether and how the resctions
will occur and at what rate they will occur are of impertance in bdhe

///) ceneration of solutes for streamwaters. The reactions occur because

(o]

ertain elements are unstable in the presence of others and therefore
reccmbine ?o form more stable configurations. In nﬁtural waters these
~eactions are often icnic in nesture. The extent of these reactions

is reflected in their equilibria relationships an reaction rates.
Chemical equilibria of weathering and natural water sysfems have

been investigated and discussed by meny authors, especially in the study

@
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of the weathering of carbonate rocks (i.e. Garrels et 2l., 1960;.'
Gerrels and Christ, 1965; Krauskopf, 1967; Langmuir, 1968; Stumm and
Morgan, 1970; F;eeze end Cherry, 197%; and others). éasically equili-
brium is 2 dynamic balance between the reactants and the préducts in
a chemical reacticn. This statement translates into the law of mess
action which states that the driving force of a chemical reaction is
related to the concentratiogs of the reactapts and products (Freeze

and Cherry, 1979). In chemical notation it can be written as below:

BB + ¢C == cdD + eE : 2.1
where b, ¢, & and e are the number of moles of

chemical constituents B,.C, D and E respectively.

Equation 2.1 for eguilibrium situstions can be written as:

L4

N ) R 3

' K == 2.2
SRR € A
where X is.the equilibrium constant and the brackets
indicate concentrations. An example is given below for
the solutioé of carben dioxiée in water and isltaken
.from'xrauskopf {1967).
COQ(E) + H20 - IZQCO3 2.3

This reversible reaction represents a heterogeneous eguilibrium
situastion (i.e. combining two different phases--gas and liquid). At
some pcint in the resction the formation of HECOﬁ occurs at the same

. 3

rate as it reverts back te CO2 and H20. The rezction is in balance
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or at equilibrium and an equilibrium constant can be derived.

[32003] ' [cone. ;>f Product]

I

i [002] . [HQO] : EPrcduct of conc. of reactants]

Chemical equilibrium can alsoc be studied within the context of chemical
thermodynamics {e.g. Krsuskopf, 1967; Morgan, 1967; Camp and Meserve,

197h4; andé Statham, 1977). All chemical reactions either consume or

cive off energy and a chemical reaction can be written as...

. A

products - K reactants = A H 2.5

.
N

I3
»

h

Where H is the enthalpy or heat content or total f{ree energy

H is the change in enthalpy.

If the total free energies of the products and reactants are
not equal the reaction will proceed in the direction of lower free
energy (Statham, 1877, p. 2%). So if A H is negative, the example
reaction of 2.5 above will proceed towards the products of the reaction.
In an eguilibrium the energy change on both sides of the regction must
be eqﬁal and opposite (i.e. A E = 0). If one is exothermic then the
other must be endothermic with the same amount of energy involved.
Thus when the tgmberature of the eanvircnment housing the chemical reaction
chenges, the equilibrium rmust shift to reduce the effect of temperatﬁre
chenge. If environme{;al\temperatures rise, then the endothermic reac-
tion is- encouraged and the excthermic reaction depressed.

The importance to this thesis of the equilibrium concept iIs the

efggtt of chadging equilibrie on the fluctustion of streamwater chemistry.
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Many geochemical reactions sre very slow and mey take long périods

to reach equilibrium state under natural conditions, for example, -
the. hydrolysis of potassiun feldspar (Krauskopf, 1967). More soluble L

compounds such as NaCl may readily reach an equilbrium in sequeocus

solutions. The interesting aspect of equilibria is that changing e€n-
viromments and concentraticns of reactents and products can change the
direction and rate of the reactions. For example,in the reaction of equation

2.3 above, if more 002 is added then meore HDCO3 is produced. If CO2

is reduced then the equilibrium shifts left &ndﬂiecoﬂ concentrations
3

ere lowered. If z base (5a0H) is added then some H2C63 will be used

up and the resction will go to the right thereby using up more 002.

With added hest the solubility of CO2 is lowered and the reection goes

to the left. In sddition equilibriz

’—“\l
1 -
wéj// other ions in solution. Th

of.its own ions is azlready xaxiie solution from another source and con-

can be upset by the presence of

colubility of a2 salt decreases when one

versely the solubility is enhanced when ions different from the salt

All of these sdjustments to equil

[

bria have led to the formula-

tion of Le Chatelier's Hule (Krauskopf, 1967, Pp- 18) which states

"4 chemicel equilibrium responds tO any
disturbance by trying ito undo the effects
of the disturbance.” i

e

-~
Thus if temperature is raised in the system the equilibrium change will
favour the concentration of the side of the reaction reqguiring the
creater amount of heat (encothermic) to procecd. ror most salts the

-
solubility increases as temperature rises end +herefore the concentira-

Ak o

tions of dissolved ions increase. Wnen pressure is increased the reaction
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that gives e smaller total voluhe Wil
ch&hges do not affect solid and ligquid equilibrie appreciad

exert g ma*ked influence on equilidria involving ges (Morri

In the end, products of weathering will be condit

-process of destruction, the weathering environment and th
Sme silicates may recombine to form clay minerals if the P

4

are svailable and other decomposed mineral components may b

and transported away by percolating soil or rock fluids.

locaticn of water the weathering env1*onme 1t

cl'

in that it prevents chemical equilibriuwn from being achieve

moves weathering products, changes pH and brings in new reg

may combine with those escaping the mineral surface. The r

ji=1

cal reaction is proportional to *the flow rate of these wate

there is £ upper limit to the effect which 'is bove‘“ed by

possible weathering rate of the mineral surfaces (S

The processes of chemical decompesition are outlined

texts: Marshall, 1964; Xrauskopf, 1667; Statham, 1977;

1973, The common chemical processes involved i

and others.

-
-~

decomposition of rocks are oxidation anc reduction,

- e
51s na

and ion exchange. ch ©

may operate together ultaneously. Oxidation occurs when

up electrons tc oxygen and it takes place in presence

+tion occurs below th in th

errous iron is one of the easily cxidize

d elements

1 be favoured; however; pressure

ly and only
s, 1976).
by the

e abrasion pH.

roper cetions

e dissolved

This trans-

ig important

d. It
ctants
ate of chemi-

rs5:; however,
the maximur
1977).

in many
Ritter,

n chemiceal

iroly-

i.J

ut zl

o

en element

" - .
ot gir in

e absence

combined with oxyren becomes forric iron. Virtuall 11 common minerals
and elements are soluble to some extent in normal ground waters and
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when atoms are dissolved {rom a mine

such as the chlorides of sodium, pot

the sulphates of mégnesium and calcl

to form true ionic solutions (Gregory and Walling, 1973).

aluminum oxides and ferric iron are

sroundwaters and usually remain behl

ral, it collapses. Sgluble salts
essium, magnesium end calecium and
um are readily dissociated in water
However,

not easily dissolved by normal

nd as residues in soils and decom—

-

posed rocks. . - ~
Hydrolysis is especially important in the decay of silicate nin-
Cerals. If free acids are lacking in the weathering environment, then
+ 7 +
water can dissociate into B and OH o provide the necessary H ions
for ion exchanpe as outlined earlier in this section. A typical reac-

-
w

tion between olivine and water is ¢i

L

o

MgZSJ_lOh + LH

T

nus & magnesium si

b

cules produces two magnesium

of silicic acid. This re

because pure water is not a good donor of
Py [}

dissoeiated as evidenced by its low

+ 3y
CLV

are added to water the reac

Carbonic acid, produced by the

o

o* rocks and soil

ig evident from the

ca®e combined with four ilonized
ons, four hydroxyl-ions an

action in Bjuation 2.6 is o

y rain and Trom the upper soil

y the major scurce of hydrogen ions

ted Trom Rloom (1978) below:-—
+ _
+ LOH™ + H 810, =

e+
wWahe

er mole-

d 1

P

a c

H

olecule

s

')

verly simplifie

™

jons. It is not easily

conductivities. However when acids

ity of water and silicate in¢creases dra-

[t

ot CO

5 from the atmos-—

&

solution

horizons b percolating soil
Y k
the

Tor

ce of carbonic acid in



in most natural waters, even in waters draining cnly igneous ro
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>

{(Corham,’

- /
0.03 per cent 002

PE of rain to 5.6 or less.

sure sensitive being more sol

greater

=]
a1

AN
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every temperature and pressure there
changes in the system will drive the

air pollution acidifies the rain with
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. . .
Solubility o;.” 002 is t
uble in colder condit

than one atmosphere. The reversible reactions betw

<

are as follows:

o+

* (aq)

hydrogen
ion

ko4 —
“2?93(aq)'*‘_ *

carbonic
acid

.

~

1661; Miller, 1961; and others). The atmosphere contains only

by volume but enbugh CQ2 is'dissolved to lower the

emperature and pres-

]

ions and under pres-

oen

ECO.,
3 {ag)

bicarbenate
ion

molecules then

the equation is driven lelt and fewer bicarbonate ions may be formed

[SH
3

o]

e resultant

t
.

and

iple mentioned earlier.

9]

£o left because CO,

()

n short supply. Simi

(=]

drive the reaction Lo th

produce environments

drainage waters.

larly rises

iquids and increase solubilities
- ——

e

where C0O, is

Thus, if temperature ris
1

1

in pr

so that an incre

¥

right. Thus higher temp

2
o - - Lt . .
therefore sreater or fewer H ions to lepl%fe met
minerals and greater or fewer HCO ions to reace

ions.
F
gt

essure tend to driv

The reacticns are also sensitive

pressure and react according to Le Chatelier's Prin-

es, the reaction will

hecomes less soluble in water and therefore is

e gases into
ase in pressure would

ergtures and pressures

more or less soluble in water and

allic¢ ions from

with these displaced
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' When carbonic acid is added to water, it dissociates readily
. S £ - - "+ =] 3 l
to provide even greater concentrations of H to renaer hydrolysis even
more effective in the decomposition of silicete minerals. For example

equation 2.6 above now becomes:

\

+4 - -
Mgz.Si + LCo + LE — 2M + Ly . + H,5i 2.8,
85530 (g)* HC0a()* *H20(aq) & (aq) 5005 (g B4 0 (aq)
N carbhon . DAEResLURn anc gilicic acid
olivine dioxide water bicarbonate - iP'SOTutiOP

jons in solution

The results of the reaction are soluble products of weathering

\\\~/and these are transporied eventuglly to stream.channel waters by ground-

water percolation. Also as the carbonic zcid is consumed the solution

becomes more alkaline due to the dissolved hicarbonates produced.
o "

Another very common weathering reaction occurs.between feldspar

-

and carbonated water, in this case potassium feldspar {orthoclase) and
i -

50

an example is presented below from Bloom (1078):

2¥ealsi + 2H + 9H —> A1, 53 H
(2181 305(5) * 2p®03(aq) * 0(aq) 2510508 (a0
. carbvonic ; kaolinite 2.9
crthcoclase . water
. actid : clay
+ -
: L, 81 + 28 + 2HCO
L h{ag) (aq) 3 {ag)
*silicic acid potassium and
in solution bicarbonate

in solution
»

Calcium and sodium feldspars hydrolysize readily in carbonated water

to produce 2 c¢lay mineral, silica in solution and a bicarbonate in
LY

. solution. Clay minersls are siable excest under most humid, tropical

conditions and remain as residues of weathering to form major constituents

47]

. of soils. A summary of the weathering products of the minerals comnstituting
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granigic and similar rocks is given in Table 2.1 (p. 26).

Dissolution of feldspers is not-a simple, unifcerm process. Lerman
(1979) discusses in detail the steps in the chemical decompésitiﬁn of
feldspars of all types and has identified four distinct phases through
which reaction mechanisms péss es dissolution progresses. They eare
as follows: I ~

. o . . .
(1) Surface sclution, ¥ catlon exchange (duration & 3.minutes)

(2) Concentration of solution rises as a low power function
of time (duration of up to 50 hours)

(3) Increase in concentration obeying the parabolic rate law
(@uration up to 20 days after stage two)

(L) Concentration increases linearly with time (duraticn up to
30 days following stage three)

During the first two stages more cations are released then silica but

. .
as time progresses the dissolved constituent; in the ground flulds
eventually téke on the samé proportions as in the original rock. Thus
it could be argued that the "average fresh water" of Gorhem, discussed
earlier, should contain the same proportion of the various soluble con-
stituents of the regional rock and soil given a sufficient residence

- .

+ime. Thet the ionic concentration £ this water remains proportional
in its travels tc the streanm channel and the sampling site is doubtful.
Many controls act to cause variatior in the original ilonic concentra-

tions. These contrcls are discussed on later pages.

Another factor in the removal of

il

ons ‘rom rock surfaces is the

relative chemical mobilities of the vericus cations. Certain CETT
are more readily exchanged than others. These mobilities are a functio)

of ionic radius and certain external factors such as the action and
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residence time of leaching sclutions {(Lermen, 1979), the YE of the
groundwater, the Eh of the weathering environment and the processes
of fixation, retardation and chelation (Ritter, 1978). The relative
mobilities of mejor ions and compounds ere given in Table 2.2 (p. 28)-
e e hg hd ‘ - * - -

The pHE will condition the concentrations of ions in groundwater
. . i ot -
in that pE is a measure~Qf the aveilable E present. In areas of suf-

-+ a 3 : - = s a -
ficient rainfell the E is in good supply and is easily replenished
to produce continual exchange with mineral caticons. For this reason
soils in humicé regions are often low in highly mobile elements such
s .

as calcium, sodium, megresium and potassium (Pitty, 1079). -Not only
does pH affect the actual chemicel weathering process but it can also

ive concentrations of the weathering products in soil

%nd rock solutionsNand ultimately streamwaters. Introduction of acld
" -

- .. - i s ) L3
waters via resinwater pe lationd, organic sources or other mineral
. - . - - ¥ ..+ -
breakdown (sulphides) he concentrations of ¥ ions and

expedite weathering to preocduce more wveathering produats 1nc7uu1ng HCO T,

hY -

S~

Thus, the groundwaters will become 2 more Qasic co*utﬂoq. Iir. waﬂgr&

, weatherifig is sii/ed ‘oe-

containing excessive OB icns are introduce
o . . - N 3

cause the ¥ ions are used up neutralizing this strong bdase snd are
not. free to displace cations from mineral surfaces. Thus changing the

\ <

\1
pt of the weathering envircnment will produce variable concentrations
of weathering productis.

The effect of the Eh (redox potentizl) on ion mobility is to
' -

control the release of less mobile elements such af iron and titanium

i’
(Ritter, 1978). The Eh cof. the weathggéng envircnhent _is often controlled
¢ | R

N
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by the presence of water. When soils becom

waterlogged, for example
el
oxygen is lacking and reducing conditions become prevalent.
. ot
Some ions, especially X , may become fixed in the weatherln
. - -
environment and displey mobilities less than expected. In th& case
o -+ . L3 . L3 3 s . ~
of ¥ , the ion often is adsorbed to clay mineral surfaces or absorbed
in clays with expandable lattices sueh as chlorite, illite, micas, ver-
- L4

miculite and montmerillonite. Retardation of mobility occurs due to

the thin coating of the weathering surface with such compounds as AL{0QH)

3o
prohibiting the efficient transfer of other icns into the surrounding
©luid. Thi% is especially significant in the initial phase of orthcclase

nydrolysis but becomes less of-an efflect in lower DH where Al(O}i)3 is
) -

Another control on ion mobility to be discussed here is chelation.
Complexing zgents are produced by the alteration of humusAinto humic
or fulvie ecid. These agents can ;heaxincorporate inte thelr ring
structure werious metallic ions including those which may be extremely
ismobile under normal conditions (Ritter, 1978).. ften the complexing

agents become soluble on oxidizing apd carry the metals with then in
. v 2

the vadsge and grounéwater sclutions.
"\ O
In summery, then, the chearacter of solutions emanating from rock

and soil “o feed streamflow will be to some degree & legacy of the

L
P

. N i N . .
chemicel makeup of the rock1 the nature of the weathering environment

the rates and equilibria of chemical decay and the rates of removal
0¥ weathering products. If any of these factors change over time or

space, they will potentially introcuce variabi}ity in the chemicel
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BEven so, there are

e —— . . - .

character of streamwaters drzining such materials.
’ ~

additional controls operating to introduce further variance and these

possibilities are discussed in the following sections.

Pedochemicel Weathering and Ion Exchange

The processes of pedcché&fﬁal weathering are similar to those

for rocks. The various chemical reactions described earlier operate
i Precipitation, with its in-

-
aLs

n soils.

[¥s

N <.
to further change the miner

A4 . .
ions, percclates into the upper layers of soil and

(generated by organic decay) to beccme even more

2
+ > -~ . - - -
ions, this water begins to

ith a generous supply of E
mentioned

decay the soil minerals threough solution and exchange procegses

are often c¢lay minerals,

earlier. The proaucts of the chemical reactions
soluble compounds and free cations in sclution. However, the Ireedom
of tné cations to move away with scil moisture is often restricted in
that they are adsorbed onto negatively charged clay and s0il varticle
clay or soil to adsorb

surfaces (Marshall, 1%6L). The a?ility ol 2
+
and

o8

cations is called its cation exchange capacity {CEC). Both

—_ *
- metallic cations are held and the relative amounts of each will govern

o
The ratioc of metallic cations to

the pE of the scil water complex. ra
the total CEC multiplied by 100 is called percentage of base saturation
BS) and the higher its value the higher the soil pH because most

ES

(c'
ns rather than kE

"

Fl : .
the surface sites will be occupled by metallic io

LR

o}

ions. . ]
— - ~—+ - - - - N - - - - -~
f a2 wealth of E ilons exist in the surrounding solutions then,

they will exchange with the metallic caticns ing them from soil
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and clay particle surfaces into these solutions. These cationé are
then transpofted away by movement of soil moisture and ground waters
{Eunt, [972). The above processes are not restricted to clays alone.
Kennedy (IQ65) has measured sizeable CEC values in sand-sized particles
from :ive; bottoms. The CEC oE séils is commonly expressed in total
milli-equivalents of icns per 100 gms. of solids. The values obtained
for soils will indicate the behaviour of soils to selutions’ percolating
through them. Low % BS values would indicate few cations are available
ﬁo displace adsorbed H+ to form bicarbonate§ and raise the pH of the

.

soll; therefore, a poor supply of such cations would be available to

-

stream waters. On the other -hahd high % BS values would indicate_gooa

cation retentiQn by the soil and subseguent supply to stream waters would

occur when pH values drop low enough from percolating precipitation to
exchange sites- into the soil solution or ground water. .Lai
ané Jurinak (1971) confirm this fact and state that the concentration

of cations supplied to the soil solution is cdirectly proportional to

their volume held by adsorption to soil particles. As base saturation

and soil pH increase, ﬁore metallic cations are available to the soil
sclution throughlrelease by cation exchange. -
Movement of dissclved censtituents progresses vertically in the
soil through eluviation in the uppér lavers and illuviation in lower
lavers. These processes p?oduce the scil horizons common to more mature
soils. The rates and amounts of ions removed from the soil depends
again on ion mobility, the cation exchange capacity of the soil parti-

cles, presence and movement of water and the scil pH.
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2.5

D

Biolomicel Nutrient Cyecling

As discussed earlier, pedochemical weathering is)an important
geologic source of natural water sciutes. The products of weathering
in soils are not eﬁtirely free to migrate downgradient with soil waters.
Not only do the chemical controls discussed earlier provide constraint
but also plants, through their roots, selectively remove ions from the
soil. Rootlets hold a negative charpeand water Iilms surrounding them
are high in £" ions which are exchanged for néeded cetions {Hunt, 1972).
Wutrients required and taken in are Elassed as macronutrients and micro-

nutrienti. They have been identified by Miller et al. {1966) =as:

Macronutrients Micronutrients
- )
Carbon Manganese
HEydrogen / Copper
Oxygen /’ Zinc
Nitrogen i Molybdenunm
- Phospherous i Boron

Potassium ” f Crloride

. Calcium A Iron
Marnesium .
Sulphur -

These nutrients are taken into the biomass in varicus guantities at
different times and by different species. Thus, énnual as well as
seasonal and even diurnal cycles can be present.. Duvign;aud and Denaeyer-—
DeSmet {1070} identify two ﬁajor pathweys of cycling of nutrients within
the feorest ecosystem: the biolegicel "clésed" cycle and geochemical
"oper" cycle. The biologicazl cycle involved® {1} uﬁtake by root systems
(absorption from.the soil); (2) retention (increment of nutrients .in the
woody biomass); (3) restitution or losses (release of nutrients back

to s0il via leafl litter, organic debris, or washing by throughfall and
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stemflow). Thus the intersction among these three processes will con-
trol on an annual, seasonal or diurnal basis the availability of cheni-
cal constituents to surface and subsurfece waters.

The geochemical system (wtiii'ifso includes the hydrological

system) involves the input and output &f fresh mineral elements -from

ecipitation, from rock and

]
the cycle. Principal inputsdoccur from

soil weathering and from the atmosphere Fhxougn nitrogen-fixation by

\

plants. Losses fTrom the cycle occur in drainage waters (both surfeace
T e R . ; :
and subsurface) ané through biomass harvesting. ©

M

Of interest to this particular thesis is the returh of th
nutrients to the soil by throughfall and stem?low and decomposing littér
because precipitation, in "washing" the forest of leaf excretions and
dry zerosols, carries with it these dissolved nutrients into storm runof?f

and groundwater recharge. Throughfall and stem®low weter quelities

S

in a Horthern hardwood forest have been studied by Eaton et al. (1973}

.

+ w

helr results show that throughfell beneath maple was enriched in Na

'3

¥

S0, ", and Cl™, more so than for yellow bireh or beech. Yellow birch
L .

- . ++ . . :
produced higher Mg concentration; whereas, beech produced higher

velues of N0, than either of the other two species. Stemflow adde
~

o8

little to the total loss from trees.
Variations of note in the quality of throughfall occurred princi-

and precipitation quality effects. Con-

fd
o
b
(=]
e
2.
[+
o
ct
—
t
)
I
w
O
sl
{0
}LJ
o
licr]
'.“
o]
]

. -+ N . ;
centrations of Ce znd Mg remain- constant dyri

August but reach their maxima in September

arter which they decline . Values for X, S0, and Na were variable

L
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cor the swmmer and reeched mexima in September like Ca  and Mg .

+ - . . . .
However, ¥ and Cl1 were low durling summer anc ilncreased to maxima
following leaf fall. Leaf aging by physical demage or through physio-
. . ' . . e -
logical changes also increases the concentration of ¥ in throughfell
during the growing season.

‘

ZTaton, et al. (1973) also report that the amount of nutrients

‘
s

leached per unit quantity of\ggfﬁﬁ}s grester during low intensity rain
and also in the first few hcurs(éé leaf wetting. Thus as the storm
progresses throughfall concentrations decrease, apparently due to o
shortened residence time and diminishing nutrient supply on leaf sur-

faces. Generally the leschability of elements from trees during the

summer occurs in order of importance as:

st
e

&
\/
[9)]
\V
o=
\V4
5
\V4
&

> > P . - 2,10

Thus the solute content of precipitation can be significantly increased

py and Gregory end Walling (1973)

2
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report 18-fold, L-fold and 3-{old increases in potassium, calcium and
sodium respectively. Stemflow solute loads tend to be higher than that
of throughfalls but parallel the throughfadl in seascnal variation
(Eaton et al.,.lQZS). Generally stemflow effects are considered minor
in thet only Tive per cent of the precipitation percolating through
the forest cover occurs as stemflow.

0f significance alsé in the biological controls on solute varia-
bility in stream watprs'is the cecomposition of forest (loor litter.

Accumulation of nutrients occurs in the rooting zone of the soil slowing
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down the cycling of elements and causing uptake from lower soil hori-
zons and the weathering of parent rock (Duvigneaud and Denaeyer-De Smet,

1970). As well nuitrients are leached from the forest litter to be

.

[ 5

carried downwards into soil horizons or laterally on surface towards

-
drainage courses during overland flow. Rates and volumes of nutrients

released have been reported by severzal authors {(Atiiwill, 1968; Cosz

et 2l1., 1973;

L—I

ikens et al., 1977; and Holker, 197G, for example).

)
'
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Attiwill, from studies in Australi
”

Mz from leaf litter and loss of 60 to

80 per cent for ¥ and Ha which are easily leached but the others,

beings bound in plant structure, are released more slowly durling de-
composition.

Gosz et a2l. (1973) report statistics on the Hubbard Brook con-
. . - . ++  + ++ .
firming these Tigures. . Total release of Ca |, ¥ and Mg per year

as a result of leaching and a slower relezse occurred through winter

. .y . S
and summer due 10 decomposition. Conversely, outputs 1rOM\tne water—
; T

! ~
. . . . R P X
shed wvia stresmflow were high in spring runofi. Overall 1t&:as>concluned

that the release of nutrients in the litter contr;bﬁted very yittle

to the streamflow export of nutrients from the watershed. Reldase/ of

4+ . . : ; . ;
Ca cccurred evenly throughout the year with o small peak in autumnn.
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1ittle was released through the rest of the yeer during decomposition.
. . . ++ e .
Magnesium was intermediate between Ca and ¥ in releasse pattern.
Movement of released nutrients is bound intrinsically to the
nydrologic processes occurring et the soil/litter interface. Precipi-
tation and snowmelt can be stored in the litter, penetrate the soil
or run laterally over the ground surface while tfsporting the released
nutrients. Weter storage in thé litter can be significant in iow in-

tensity, low volume rainfall. Hocker {197 D. 252} reports thalt from
ki -

93.7 to 11.1 per cent of rainrfail of magnitude 6.4 m. (0.25 in.) to
27.9 mm. (1.10 in.) respectively can be stored in hardwood leaf litter.
Thus under low volume storm conditions released nutrients likely remain

in the litter: whereas, during larger volume storms less water is stored

&

P

and more runoff occcurs. Maximun transport of litter nutrients would

ot

occur during larger storms especially in the autumn subsequent to leaf
;b

.

when soil infiltration occurs, nttrients are transported down-
ward and ere not immediately available to streamwater. MeColl (1969)
reports a fifteen houyr time lapse betlween the onset of a typical storm
and the arrival of the wetting fréét at the 120 cm. depth in the soil.
Thus transport of litter nuirients is sliow. Tn additicon the nutrients
react with the humus soil layers and plant roots to be absorbed from

s

or released to soil and rock solutions_dependiiﬁ.; chemical activity

rurther slowing or inhibiting release to streamwsters.
i

.
Biological controls. on solute fovement in the watershed can also

be present in the channel 'itself. Aquatic organisms by removing nutrients

]
3
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from streamwaters change concentrations of dissclved con;tituents and
cause chemical r?action when the system attempts to regein equilibrium
F
(Lee and Hoadley, 1967). Thus abiotic equilibria are upset by biclogic
metabolisms which tend to produce changes in pﬁ end in the precipitation,
complexation, redox and sorption reasctions of streesmwaters on 2 diurnal
and seascnel basis (Cleaves, et al., 1970). Although it is generally
accepted that biologic cycling of nutrients (esvecially carbon, nitro-
gen and phosphate} does influence the chemical composition of natural
waters, Tew studies have led to reliable estimates of the extent of
this influence (Lee and Hoadley, 1967).

rom the above discussion on biclogicel controls on inorganic

23}

nut&ients, it is apparent that (1) the overall contribution of inorgenic
solutes %o streamwaters from throughfalil and leaf litter is generally
small; (2) the periods of maximum contribution of icns to streamflow
occur during storms producing overland flow especizlly during the autumn
and to a minor extent during the Spring and summer; (3) biological re-
cycliﬁg can produce conditions which could cause variability in streanm
water solute concéntrations both temporally (seasonal and hydrologi-

cal events) and spatielly (special distributions and densities).
4
Hydrological ContrOls
/
5 Ay . . 5 . e moxn s
The role o+ precipitation in solute ceneration and variebility

has been ‘Fiscussed earlier in Section 2.2 (p. 12 ) dbut its importance

is reviewed again here in light of hydrelegical considersetions. FPre-

. . ; ‘s I - .
ipitation not only contributes a good supply of H Ions and & minor
t

0

supply of other cations and anions. but also provides water for the
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transportation of weatherlng products from forest litter, soils and
rocks. Precipitation (rainfall and snowfall) is chemicall} agegressive
having a pH usually lower than 5.6 and can sttack minerals to produce
s0il-and rock solutions containing the solutes of weathering reactions.
As soon as precipitation enters the bicmass, it begins to change in
chemical quality and by the time it filters downslope through the soil

and rock to the stream channel, its aggressivity is substantially

L3}

e
duced (Chyurlia, 19T6);} If the watershed is rather -heterogeneous with

respect to vegetation, soil and rock, then these solutions will arrive

2t the stream with different chemicéi qualities. On the other hand, if
precipitation finds its way tc the channel over the ground surface,

it will arrive rzther dilute and relatively free of the solutes of

weathering products. Thus the ultimate chemical compesition of the

1

stream waters will be a function of the mixing of the waters from the

various sources, precipitation, groundwater, scil water and overland
flows. The Ilow paths of streamflow source waters affect solute loads

differently. Generally concentrations sre most dilute in precipitation
and increase progressively for overland flow, soil water and ground-
water sources. At low discharges a constant meximum concentration of
dissolved constituents is achieved in stream water; this maximun is

then diluted by rainwater and runoff during storm events. At some point
diluted concentrations leveltoff to the actual concentration of the
incoming storm waters (Gregory and Welling, 1973). As well, further

variations and complexity are introduced o this simple relationshinp

by the biological recycliing processes discussed carlier.

-
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The relationships between dissolved constituents and discharge,
known as dilution models, héve been investiéated and reported by many
suthors (for example, Lengbein =nd Dawdy, 196L; Korven and Wilcox, 196k
Jomnson et al., 1969:; Hem, 1970; Lelson, lQTO;hEdMards, 1973; Edwards
and Thornes, 1973; Oxley, 1974, Walliﬁg, 1974; Walling and Foster, 1975
and Welling, 1978). The simplest model, = two-COmpénent mixing model,

has been reviewed by 1 (1959), Langbein and Dawdy (196L4) and Pinder

Tl

e

nd Jones (1969). It is an inverse hyperbolic function and has been

fo

verified by Gunnerson (1967), Korven and Wilcox (196%), Nelson #(197C)

+

and Pionke and Nicks (1970). The relationship is extressed as follows:

¢ =8

. 2.11
where C is the concentration

a 1s the constant

b is the slope of the relationship
The slope can vary for different ions and Helson (197C) nctes seasonal
changes in slopes indiceting that the degree of dilution varies under
¢iffe ring'watershed conditions. Ee suggests that when b.= 1, C is
directly properticnal to Q; when b 3 1, the acéruel of stream load (C)
is greater than water (Q); and when b < 1 or negative, stream load {C)
is diluted by incoming water {Q). This model of dilution is very sim-
plistic and dogs not zcecount for other possible sources of variance
in the hydrologic envircnment, especially during stérm events. There-
fore, the dégree of explanation offered varies from 36 to GB8.5 per cent

r
(Pionke and Nicks, 1970) and therefeore, the behavicur of irndividual

ions is often not in total correspondence to the relgtionship expressed
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by Equetion 2.11. tIn fact it ofEen beccmes linear in form (for example,
" the results gf Johnson et al., 1969; Cleaves et al., 1970; Oxley, lQTh;.
Smith and Newson, 1974 la.nd‘Chyurlia, 1976).. On the other hand, many.
relationships become more complex when the normally expec%ed dilution
dur;ng a storm event is-precéded by e rise in concentration (Welling
and Foster, 1975). For example, a summary of ion response during storm
events is given below in Teble 2.3 (p. L1+ ) for several studies.

The éimp;istic dilution model of Equéti;n 2.1]1 assumes z constent
source concentration and dges not consider such sources of variance

such 2s the heterogeneity of runoff production, hysteretic effects,

Co. 7 . ' R - . .
seasonal effects, chemical biffering, flushing effects and biclogical

e a“. .

effects, 21l of which are capeble of producing scatter agbout the line —\\\Ni,____
defined by the above rating equation (Gregory and Walling, 1973). Thus
Equation 2.11 is often nct significent and often explains considerably

less than 100 per cent of the variance in C.

In order -to explain the relationships between concentration and

discharge b several authors (Johnson,.lQéQ;.Hall; 1970; and Welling,
1974) have gésigned and investigated more.complex dilution or mixing
models. Basicélly these models involve the conéiderétion of concentra-
tions ﬁt the sources of [low to streamwaters, someholding them constant
(Wélliné, 197L) and others allowing for & variable concentration at -
source (Hzll, 1970). Essentimlly both involve the-relgtionship of

Equation 2.12 belcow:
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TABLE 2.3 .

EFFECT OF TNCREASING DISCHARGE ON EENIC CONCENTRATIONS

T IONS
AUTHOR(SD
Fl E—iCO3 Ca Na K Mg T.D.S.
Korven and Wilcox . ~ - - -
(1964)
Lrs
Johnson et I - = + -
al, (1969)
’Cleaves et - - + I + + o
al. (1370)
Edwards (1973) - + - + -
£
wWalling and ' 'lr - ++ -
Foster (1975) -
' T
Walling (1978) - - - + - =
Key
- dilution

= strong dilution
+ concentrated
++ strongly concentrated

I inconclusive
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L]

QU € = (@ X T} + (9, X C,) # ... Q. * <) 2.12

where Qt and Ct are total flow and concentration at time of

sampling. .

and Ql' Q2 etc. and Cl, C, etc. are related to different sources

. for flow and concentration.

Different sources of flow have been used in varicus watersheds to obtain

"the best explanation of concentration variations. Walling (1974) has

employed various combinations of quickflow and delaved flow déﬁ%ﬁ%rges and

concentrations.of solutes to get as high as 53 per cent explanation of

solute concentration variance by discharge. A further universal explan-

ation by discﬁarge is.not likely possible due to the influence of other

environmental factors and due to the difficulty of measuring the ever-

changing chemical qualities of the various flow components (Edwards, . 1973).
Ancther tyvpe of variation is introduced by hysteresis (Toler,

1965;‘C1eaves et al., 1970; Oxley, 1973; Walling, 1973: and Walling, 1978)

where, for a similar discharge on the riéing and falling stages of a

storm eventy the solute céncentrations will be different. Concentra-

tions may be lower on the rising stage to produce anticlockwise hysteresis

- '

(Toler, 1965) or higher on the rising stage to produce clockwise hysteresis

(Walling, 1974). The lattef seems to be the usual case and can be ex-

plained by the flushing of accumulated éoiutes from the watershed in

the initial runoff thereby delaying the subsequent dilution. However, in

the case of anticlockwise hysteresis, changing source areas for the flood

waters cause a larger concentration on the falling stage where waters

come from more distant parts of the watershed and have had longer contict
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with soils and litter (Cleaves et al., 1970) Thus initial storm

+ -

effects and changing source areas can iw duce Nrther variance to
sclute concentrations in streamwaters.
The result of the above events is that peak discharge of water
seldor coincides with the peak concentration of a particular solute.
A —————y . .
Walling and Foster (1975) have investigated these response lags illus-
LY
trated in the chemographs of ionie species. Some icns peak prior to
hydrograph peak while others peak after -the <low peak. Response lag
- . ! \.’ - Ll )
times for ions are apparently related to the logarithms of the hydro-
«

" ‘
graph rise (MD/S), preceding flow level and a season index.

The compl relationship between discharge and sclute con-
centration has been well documented {for exemple, Douglas, 1973; Edwards,
1973; and others) and in e tempts to improve on the relationship, re-
searchers have used seversl other hydrclogic parameters as independent
variables to explain variance in solute concentrations. Edwards (1973)
hes used the volume of rain, the mean discharge and the maximum discharge
of the week pri@r to the collection of each sample to try to increase
the explanation provided by Just instantaneous discharge alone. No
significant increases in explanation resplted for the catchments that
he studied. Pionke ;nd ficks (1970) have used measures of precipita-
tion and anteoedent conditions, as well as streamflow in a study on
West Bitter Creek and Beaver Creek, two ephemeral streams in Okiahoma.

. — 2
The best individual predictor was the maximum daily precipitation (R" = 0.51)
\

which explained nearly twice the variance than that of flow. Using

2 multivariste regression involving monthly:precipitation, maximum dzily
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»

precipitation, antecedent precipitation, pan evapcration and distance
to rein gauge, they were able to increase the £0t31 explanation)to 65
per cent. This study was undertaken on ephemerzl streams lacking sus-
tained baseflow, conditions under which precipitation would provide
greater influence. However tﬂe.inclusion of antecedent cqaditions has
some merit even in perennial stream studies in forested arezas where
nutrient levels build up in the soil, leafl litter and bioﬁass to be
flushed out in storm conditions.

Seasonal solute variance, altﬁough streongly tied to biolegical
cycling, can 21so be induced by hydrological'effects. Several studies
allude to sessonal veriance in ion concentrations. Many of these studies

\

¢ Ld
~ > L] . . -
have been executed in geographic locations where the seascnal cycles

are not 50 diverse and strong aes in Canade (for example, Deuglas, 1972,
Edwards, 1973; Lewirn et al., 19Tu; Oxley, 197:i). More relevant to this
thesis research are those studies dﬁne by Drake and Ford (1574) in the
Alberta foothills and by Cleaves et ;l. (1950} and Likens et al. (197T)
in the Hubberd Brook System of New Hampshire.

++ ++
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Basically the cations (Ne , Ca , Mg , K ) display two peaks,

a mojor one in the soring {late March to early May) and a mincr one
in the autumn {October). The spring peak is likely due to the Ilushirng

action of the spring melt
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biomass and £0il layers. Similarly the cutumn peak results rom storm-
waters Flush™g readily-dissolved constituents from decaying leaf litter

and alsc due to the lessened demand of the biomass on the nutrients

in s0il and rock waters. During the summer months small variations
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cecur due to storm dilution effects and diurnal effects again related

to biologic uptake (Cleaves et al., 1970). Bicarbonate displays low

concentrations during the winter months and begins to 5*&dual‘y build
up in the spring and summer to peak in the zautumn. On the other h;nd
Cl” shows little variation because of the undeveloped nature of the
watersheds in question.
A ;1nal control on streamwater quality is chemical bufferin
end it is discussed hgre using the definitions below taken f{rom Camp
and Meserve (1974). 1In natural waters any electrolyte (HaCl) which

e - .t —~
ionizes in water to yield or tco react with neither H or OE 1is con-

.. vt
iCl ilonizes to yield H or

e

sidered to be a-neutral salt. However if

o combine with OH thena it is considered to be an acid. When NaOH

-

icnizes to produce QH | or VachB ionizes to produce CO, which
3

. A, : W aa . .
ceombine with B to reduce acidity, they are called bases or slkelis.

. . - . . . .. .+ i
Wnen a substance such as ECO ionizes to yield either H or OH |,

3

for example, .

. \

it is called an aronolyte o;\aqg teric substance. Thenc CQ is

- N

"I‘

a buffer supplying acidity when alkeli is added and- supplying alkali

«

when an acid is added. Thus changing pH values in the stream environ-
ment will have an etfect on the concentrations of bicagbonate and will

intrcduce veriability of this anion over time and srpace. 7

; ‘ ~

—
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Other buffering actions occur within both the watershed and the

stream channels as well. The CEC of the watershed soils often works
~ .
tc produce a constant supply of cations to streamwaters (Likens et al.,

1967). Similarly the suspended anéd bed loads of gtreams can'exert
buffering action through CEC. Kennedy (1965) reports CEC values for
sands from 0.3 to 13 meq. per 100 g. and notes that in streams less
than 30 cm. deep, the bed sediment-yay heve greater concentraetions of
cations held by adsorption than the.actuél streamwater‘i%self.  Presum-
ably as the DE ané chemical guality of the streamwater 'thanges, the

.
exchangeable cations(iﬁ bed Ipad and suspended sediments will be adsorbed
[}

“

or released to stabiﬁize the/lonic concentrations in the water itself.
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cepts of chemical kinetilcs and thermodynamics have been discussed earlier
and they epply to in-channel waters as well as to groundwaters. Thus

with changes in concentrations of chemical congituents, temperatures

o]

r pressures, chemical reacticns will shift in order to maintain their
ecuilibria. Certainly, of the factors” controlling solute concentraticns
in natural stream waters,saturation indices of the various dissolved
species ar9~import&nt {Freeze and Cherry,_l9T9). When saturation con-

diticns are achieved, lons pair and may precipitate as solids. In

netural streams,/ﬁggre rressure is relatively constant, temperature
-+

w

and concentration changes msy work to bring azbout such phenomenz. Tem-.

perature and concentration changes are often brough about by the influx
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of waters from divergent sources to a reasonably uniform baseflow so
that chemical changes are often associated with chenging discharge con-
ditions.
T
In summery .then, discharge volumes, source, antecedent condition
and temporel behaviour all tend to influence or control the varisbility

of solutes in streamwaters. The degree of control varies with season,

Fgeographic location and general climatic regime.

Human Activity and Development

Against o background of dissolved solids from the natural sources
0% atmospheric and geologicel environments, solute loads are also genera-
ted from humen activities in dra@nage basins. The majority of solutes
provided te streams by human activity come via ground, soll and surface
waters and a smaller portlon is transported through the atmcsphere f{rom
industrial and urban sources. Thus few portions of inhabited dreinage
basins escape the effects of human activity. The azddition of dissclved
solids from human activity can occur in hoth rural and urban settings.
In the rural settings, agricultural wastes and fertilizers, solid waste
disposel, septic tank and tile field systems and highways all centribute
to the enrichment of stream waters by dissolved conqtﬁsggﬁig.
arming practices enrich stream weters with both suspended and
dissolved solids (Coker, 1968). Apart from the pollutants delivered by

stream waters are 2150
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enriched by liberal use of fertilizers. Chyurlia (1976) notes the‘addi-

- ) ++ =~ v+ * - ~ ~ - )
tion of Ca and ¥ dons to the solute load of Randboro Brook from

fertilizers containing phosphates and carbonates of these metals., In
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addition he also notes higher concentrations of chloride and nitrate
E .

ions in waters from fertilized portions of the watershed in question.

In areas where irrigation is practised, water

rivers from irrigaztion ditching is often more
tered the irrigation network.

concentration of

to ten

report

-times the

increases

ey
.‘-‘

Galegar (1G69)

minerals in returned irrigation waters

returned to streams and
saline than when it en-

reports increases

initial concentrations, and Dunne and Leopold (1978)

in the order of twenty times in the Sevier River in Utah.

Solid weaste {garbage) disposal sites contribute excessive con-

centrations of solutes to soil and groundwaters and ultimately to stream-

waters

. Many

5]

uthors (Anderson and Dornbush, 1967;

Schneider, 1970;:

and Cherry et al., i@SO) have reported drametic increases in the solute

content orf

from S

groundwaters downslope of

uch sites is high in permeable

landfill sites.

soils.

Pollution potential

Organic matter in the

refuse decomposes to preduce CO which combines with infiltrating pre-

cipitetion to produce carbonic acid. The acid acts on refuse,

nd

5]

o]

o)

the

ved an

centrations of 260 mg/l

landfill operation

cks to release cations to the groundwater so thet waters

tend to be hard.
@ carried to the water table.

ana

{1975) in a survey of 45 landfills
lues:
max. min.
++
C&+ 2300% 1C0
Na 1100 25
Y TL0 2.4
i
Mg 1102 68
¥ gll values a5 ng/l.

.

S0l

(B gl

addition salts are disscl-

Schneider (1970) reportis C1° con-

hardnesses o §00 mg/l at some sites.
C .

in Illinois reports the fcllow-

max. min.
c1” 1820 75
S0, 2000 0
Hardness 6500 %30



L

Parameters deemed sensitive as indicators of landfill leachate
contamination have been identified by Anderson and Dornbush (1967).

i + : : i o
Chloride and Wa contentrations prove best with nitrates and specific
conductance providing less confident indications of pollution. 1In
their study, hardness did not differ significantly from background due
to biological extraction of nutrients and precipitation of carbonates

but in other studies (i.e. Schneider, 1970) it has been singled out

o]

2s a significant indicator. Chloride concentraticns in ground waters

f

can be increased fifty times the background values by landfill conte

netion. Chloride is not readily adsorbed by soil and is not biclog

1
ct

ecycled to any extent so it can be expected to travel = considerable

distance downstream of landfill operatlions.

Control on dispersion of solutes from landrill sites are clinate,

soil permeability, slopes, elevation of water table and permeability

of soil cover on the refuse itsel’, Concemtrations of solutes from

the refuse seem to depend on the water table elevations. The higher

the water table the larger are concentration velues (Anderson and Dornbush,

1067). Humid arezs zlso produce greater volumes of leachates and high

o
Q
3
Q
1=
o]
a4
A
%)
ct
[ n
o]
3
Lir}
o]
e
0

olutes. Generally, pH 07 groundwater is lowered

by leachste through the introduction of carbonic acid, especially during

!

wet conditions when large volumes of leachate are produced {Fungaroli
and Steiner, 1971). Conversely pH is higher during dry periods. Thus

Mlow rate of fluids through the refu

(4]
[
v

is a maejor factor controlling

i of leachate.

P
Dowvnelepe from landfill sites, leachate concentrations are

attenuated to various degrees by soil adscrption, chemical

‘g

recipitation,

e

!
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dispersion processes, biclogical uptzke and dilution by recharge. Only
Ne™ and C1” ions travel the furthest and Anderson end Dornbush (1967)
report é return to background values for all but Na+ and C1l~ for e trayél
distance of 1200 fee£ below a landfill site in their study. Thus there
is mo doubt thet landfills offer a source of solutes Lo groundwaters and
ultimately stream waters through the production of leachates Irom refuse.

Septic tank disposal fields also can contribute solutes 1o ground-
water sources of stream water flow (Leopold, 1968). 0Often return of
waste waters to the drainage basin in this faghion can increase the
dissolved load of percolating ground waters drematically during the
early growth of towns and suﬁurban areas. Leopold (1968) reports that
although soils may remove over 90 per cent of the bacteris in sewage
effiuent over the first few feet, diséolved solids such as nitrates,

_ N
phosphates and chlorides will move easily through the solil to logal
watercourses.

However more recent wbrk by Brandes (1975) shows that the phos-
phorous content of erfluent (10-20 mg/l in the tank) is reduced to 0.1
me/1l over 10 feet in clay soils and to 0.37 mg/l over 65 feet in sandy
soils. Similarly nitrates had little effect on increasidg the concen-
trations of solute in groundwater. On the other hand he found that
chlorides (30-80 mz/1 in tank) exnibited little attenuation except due
to some dilution by recharge. Thﬁs:most of the chemical constituents

£ sewape effluent from septic tanks appea

0]
Lk}

to be reduced to very small

',‘.l

concgntrations after 60 feet of percolatio

r

13

through the scll excepdt

for” chloride which moves freely in the scoil environment.



McGauhey (1968) notes that ammonia from effluent can displace

ot ++ + . . ]
the Ca , Mg , and Na from soil to be carried away by percolating
groundwaters. In fact when sewage is applied to a seil the result is

an increase in concentrations of anions and cations normally found in

- - L+ ++ 3 ++
, NO, and Na , Ca and Mg .

3

It is epparent from the sbove discussicn that septic systems may con-

sroundwaters such as the SOL__, HCO,
tribute to groundwater sources of solutes to a maximum distance of about
65 feet.

The final malor sources in the rural environmen:t due to human
activity are the highway and road systems. Deicing salts are being
applied to highways in ever-increasing amounts and such salts find
their way into surface and ground waters rather eesily. The two salts
commonly used are sodium and calcium chlorides. McConnell and Lewis
(1672} report that upwards of nine million tons of deicing salts were

used in 1970 in the United States alone. These salts are removed Irom

road by infiltration to ground water,; by surface ruﬁoff and by win

or moving air. Between 25 and 50 per cent of all salts used are szid

to enter the groundwater often producing "chemical banks" in soil which
: -

discharge slowly over the ensuing years {McConnell z2nd Lewis, 1972).

The same authors also report chloride concentrations in highway runof?f

to 10,250 pom in Wisconsin and as high as 25,000 ppm in Chicage when

a major storm required excessive salting. Groundwaters along highways

near Boston showed valués approaching 250 ppm cf chleride. Not only

do deicing salis add sodium, calcium and chloride to soil but Ja

being more reactive than other metals, produces ion antzgenism in the



soil by saturating the adsorption sites of the soil at the expense of

-r+ ++ o ++ - B - ' - ‘.
¥, Ca and Mg . Lakes have also suffered the increase in road

salting; for example, Leke Ontario has shown a three-old increase from

9 to 29 mg/l for c1” since the turn of the century (Ontario Ministry

of the Environment, 1975). Road salt is used universally throughout
North Americe Tor éeicing roads.‘f?he rates of application vary and,

in Ontarié, the Ministry of the Environﬁent suggests an application . +
rate of L00-500 pounds per.twc lane mile. With such rates in practice,

+

. : ; . . + .+
there is no doubt that road salting must uwitimastely supply Ca ., Xa

1
and C1~ to streamwaters. . In the urban setting deicing salts also pro-

vide large ouantities of these ions to natural waters. Many authors

(Wulkowicz and Saleem, 19743 Huling and Hollacher, 1972; Broecker et al.,

[

p-4

071, and others) have researched the effects of salt on stream walters

(=Y

n the urban setting. Wulkowicz and Saleem (1974} report that 55-T2

per cent of the 20,260 tonnes of NeCl and the L0 tonnes of CaC12 ap-—

plied to the Salt Creek basin of the Chicago metropolitan area were
removed by April 30 of the study yeer. Another 10 per cent was removed
in *he next six months andé the remainder was held due to lag mechanisms.

Concentrations of Cl depended on the amount of salt appilied, the tem-

perature, duration of precipitation events and the dilution capacity

of C1~ depended on (1) percentage of area as

=

£ the gtresm. Remova
streets, (2) highway density, (3) population density aend (L) road salt
a4

application per unit area. Meximum values of Ci” measured were in the

range 600-T50 mg/l. .
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Urban settings provide other soﬁrces of solutes to increase
streamwater concentration of dissolved solidsas well. Several authors
(Leopold, 1968; Waller, 1971; Gregory and Walling, 1973; Dunne and i
Leopcld, 1978; and others) ﬁave discussed the increase in pollution gnd
dissolved solids genersted by urbanization generally. In a more

" specific study, Koch (1970) reports increases in disséivgd solids up
to 3-L times naturgl concentrstions in streams of Nassau County, Long
Igiand. His results are listed in Table é;h. Obviously urbanization
has produced a marked increase in the concentration of ions in local
Stregmwatérs. Most of the change he attribu£es t¢ the thousands of
sept;c tanks and & few industrisl sumps that had enriched the soils
of the study area for years. A section of the study aréa which hgd been
sewefed since the 1950's still produced high va_ﬁes, in scme cases egual

to or greater than adjacent azreas with active septic tank installations.

TABL:‘ e.h ‘ . F\_._-——\/

++ + + ++ - —_—— - - "
Ca Na ht Mg HCO3 SOh Cl NO3 Hardness ©pH

.~ Rural * 5.2 5.3 0.7 2.6 k.2 7.8 7.4 1.5 23.5 6
. R RN
Urban 18.5 29.0 4.1 L.2 28.3 38.2 33.3 19.7 + 7.6 6

U

PV

* average concentrations in mg/l computed from Koch (1970, Table 2,
p. <191} e

’ o
Other studies (Gorham, 1961; Scheidt, 19T1l;. Waller, 1971; and

others) have reported on the myriad of chemicals ihtroduped inte runoff and R

streams from the urban environment. Dustfall, street litter, oil and grease,

’ . A
particulete rubber, leached asphalt, sewage and industrial wastes and

-
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contaminants to waters from urban catchments and although the increased
runof? from urbanization should normally dilute solute concentrations,
often urban scurces tend to increase these concentrations to levels

greater than background or netural value.

Summary of Controls

In the last seven sections, it has been shown that the solute
load of streamwater at z given point in space and time is a.result of
a complex interplay of physical, bilological and often human influences.
Not only do sources of solutes themselves differ bu; the hydroiogical
and biological pathweys by which they reach the stream can aléo intro-
duce changes to the originel concentrations at the soil/groundwater
and m;neral interface. Within the channel itself further changes can
occur dué to chemical adjustments of the streamwater toc incoming solu-
tions and tempersture changes downstream. On tor of the biophysical
control often the human influence is added and certainly within urbani-
zed areas this aspect often overpowers the "normal” rural variance of
solutes in the streamwaters. A brief summary of the controls is out-
lined below. ' ' ‘ 4

Precipitation may introduce both spetial and temporal variance
to streamwaters in a watershed; If the watershed is.large, the quality
and guantity of chemicel constituents in the rainfall may vary from
site to site or from time to time depending on air mass source and mave-
-ﬁent. Over smallgr watershedé this. effect is of little coﬂsequence.

The watershed itself by virtue of either its geological, pedo-

logical and morphometric heterogeneity can produce spatial variance
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in streamwater quality. A heterogeneous geology will produce differen
emounts and species of dissolved consituents at differing locations
in the watershed. The rates of chemical decay of minerals and rocks

may veary over the watershed. The morphometry may serve to slow or ex-—

ct

pedite the precipitation falling over the watershed to the stream channel
a2s runoff interflow, throughflow, or groundweter flow thereby affecting
the resicdence time of solutions in s9il, recks or litter. The CEC of
50ils may very from rplace to place depending on the pafent material
and local conditions. All of these aspects wili condition the amounts
of solutes poduced, transported and given up to.streamwaters.

Chemicael changes occurring both in the uplands and in the channels
of the watershed can introduce both spatial znd temporal variance in’
solute loads. Temperatures and concentraticong of scurce waters entering

along the streams mey produce changiﬂg equilibriz in channel waters
and during storms, newly infiltrated waters will cause shifts in-equi—
librie in the solutions attacking mineral faces in soil and rock. The
fact that chemical weathering and equilibria are not uniform cver =z
basin preclude spatial wvariance in solute production and transport. OF
course seasonal influence meinly through annual climatic changes will
introduce a temporal héterogeneity to chemical process as weil.
Biolegical processes within the watershed will introcduce both
spatial and temporal fariance in solute release to streams as well.
Spatial variance will ve 2 function of the presence or ébsen;e of the

vegetation and of its type and quantity? During the peak growth in

the biomass, nutrient uptake will upset the delivery of solutes to



streams and may even affect the concentrations in the streamwater it-

self; therefore, seasonal and even diurnal cycles may be developed in
S

solute concentrations in streams. During leafl fall increased nutrients

are available to stormflow which runs overland through the leafl and

forest litter. Thus biological uptake, and restitution can provide

7
[

strong controls on solute movement to streams.

ﬁydrolpgic controls operate throughout the watershed. The move-
ment of water from watershed to chﬁnnel follows several different path-
ways overland and through the litter, soil_and rock. Thus water is .
given up to the channel»at different rates‘;rom ditferent sources and
it is the mixing of these waters and their solute loads that determine
the ultimate solute load at a point along the streanm. Water is not
given up uniformly in space or time from the wateréhed. Thus both
spatial and temporal variance can be expected due to these nydroliogicel
controls. .

Finally anthropogenic influences may produce spatially distinect
sources of solutes in the watershed and channel through land use and

-

waste dispgggﬁgpractices. some of these sources may even introduce

a temporal variance: *for example, the daily habits of human%/ggg_pgf—~—~’""_""‘—_"'

reflected in sewer outfalls and their conccﬁ%tant solute leoads giving
:

a diurnal veriance to streamwater gquality.
= * - R
In the following chapters, & research wheme is,deye&gped to
identify and gquantify these controls on solute variastion in the waters

of Chippewa Creek both in the rurel and~the urban settings. Spatial
~

and tempcral veriability are investigated systematically, based on the
T =)

principles established in this chapter.

«

e

P‘x
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to 46%23'30"N and Longitude 79°287130".

CHAPTER IFI,

The Chippewa Watershed

Location and“Extent ) -

_The study area, The Chibpewa Watershed, is situated at North Bay,

Ontario, approximately.331 km. rorth of Toronto, Onitaric (see Figure

3.1). Chippewg Creek, the principal stream draining the Chippews water= 'K)”“
shed, empties into Lake Hipissing situated in the upper reaches of the

French River and Georgian Bay watersheds. The stream flows from a pre-

dominantly rural setting in the north to an urben setting in the south.
L

Its basin is entirely within the city limits of North 3ay, 3 city of

50,000 people, but cnly approximately 25 per cent of the watershed was

fully urbanized st the time of sampling for this study (F%gure 3.2).

2 e Q

The zreal extent of the basin, 61.23 km™, falls between Latitude L6

18'N

.

. »

The eareas of both the total wetershed and the sub—basins.(ﬁescribed
later) were calculated from city maps haying a scale of 1:1,800 b&
cumulating the area of a system of grid squares and planimetéring gdcly
shaped arees using a Coradi polar planimeter. i . .
Physiopraphy

The physicgraphy (Figure 3.2) of the Chippewa Basin varies from

a relatively flat lowland arez bordering Lake Nipissing to & rugged,

‘upland area in the source regions. The lowland ares is characterized

2T
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i .
by subdued topography ¢reated by the waning waters of the early stages
of the Upper Great Lakes (Prest, 1970; Lumbers, 19Tl; Harrison, 1972].
Elevations renge from 196 m. 2.s.1. near Lake Nipissing to 229 m. &.s.l.
or—sirand lines assoc ated with the post-glacial development of the
Nipissing basin. The gtrends and old lake-bottom topography have been
dissected by present creeks draining from the upland in the north te

s o. )

produce moderate slopes having an average value of 1.67.
The upland area is separasted from the lowland by an escarpment

produced by fault activity which began during the late Precambrian and

which accordi to Lumbers (1971), was gctive to the late Ordovician.
b

3

his upland‘area is an old peneplain of Middle Ordovician Age which
wes subsequently buried by Paleozoic sedimentation and then exhumed bTY
post-Ordovician erosion, Pleistocene glaciation and recent riuvial ac-
tivity (Lumbers, 1671). Elevetions in the uplend part of the basin
generally range from 229 to 381 m. 2.s.1. andé the average slope is

) L L0 '
epproximately 3.167.
Slope velues in the watershed ancd in the sub-basins represent

average slopes s calculated per the Wentworth technique (Mon&hov:ﬁf
o . .(“a/.
and Wilkinscn, 1971, p. 134). Data for the technique w =Tollected
from sccurate maps of the urban ares, having a contour interval of 2.5°
feet. Date Tor some of the rural sections were necessarily teken from
smaller scaled maps (1:50,000) due to lack of coverage at larger scales

in the upper watershed. Values are presented in Table 3.12 later in

Section 3.7 (p. 118).
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The Chippewa basin has a length of 11.09 km. from stream mouth
to the most distant point on its drainage divide. The basin is some-

what pear-shaped and form factor of F = J%—(Gregor& ané Welling, 1973,

-

-

p. 51) is used to quantitativel& describe its shape. The value of the
form factor for the Chippewa basin is 0.35, a low value which predicts
quick drainage from the basin and its extremeties to the main channel.
The drainage pattern is essentially dendritic and of fourth oraer as
classified by either the Horton or Strahler stream ordering systems
{see Cregory and. Welling, 1973, p. L3).

‘The major valley in the basin has been formed by Chippewa Creek
and i¥s ancestor.. The creek is deeply incised into the ciocial sedi-

e

ments of the upland area to create a valley with e maximum depth of
about 69 m. where it opens out onto the lowland. The creek apparent ¥

has excavated ¢ drift-filied preglacial valley, part of & preglacial
topograchy which was scomewhat subdued by deposition of drift. Channel
cradients over the 15 km. watercourse average 10.86 m/km. Shellow
-

gradients of 1.91 m/km gear the mouth gijs;waylto 3.81 m/km up over

. ‘ - f ”
the escarpment to 11.43 m/km in the uppex reaches. The escarpment
divides the basin nicely into twe sections of differing physical endé
urban character.

Channel gradients for the total stream lenpgth and the reaches
in each sub-basin werée obtained principally through & levelling survey
£ the streamthalwesusing a Wild N2 level and engineering rod. Some

rea ches were profiled from maps mentioned above and very accurste floed

plein maps made available through the Forth Bey-Mettawa Conservation

/'\
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Authority. Channel gradients are summarized in Teble 3.12 later in

Section 3.7 (p; 118).

Geology

3.3.1 Bedrock

The bedrock geclogy of the Chiﬁpewa Basin is feirly uniform in
compositicn {see Figure 3.3). The most common rock type is biotite
gneiss conteining mainly biotite, cuartz and feldspar with minor horn-
blende in several variations (Lumbers, 1971). Minor &mouq}s of
migmatitic biotiie gneiss occur in the southern portion of the basin
along with 2 single occurrence of migretitic and gneissic biotite granite.

Modal compositions of the rocks in the Chippewa Basin are sum-

marized in Table 3.1. Principal constituent minerals consist of quartz,

-

[

of

plagioclase, K-Teldspar, biotite and hornblende and a great dea
overlap appears between the composition of the varieus biotite gneisses.
The relstive abundance of these minerals appears t1¢ be nearly equal
throughout the basin. However rccks above the escarpment are reported

to be richer in alkalic feldspar and lower in caleic feldspar than those
below the escarpment {Lumbers, 1971). Thus the underlying bedrcck can

: o+ F e ++ ..

be expected to be a source of the Na , ¥ , Mg and Ca ions studied

in this thesis.

\

T™wo fault zones are found in the basin. An esst-west trending
fault, the Mattawa River Fault, is responsible for the escarpment which
divides the basin into -north and south portions. 4 small, NW-SE'trending
fault above the escarpment, possibly near = shear/iqglt off the main

w

Mattawa River Fault, is the structural control for the Chippewa Creek
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Figure 2.3
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RANGES IN MODAL COMPOSITION OF BIOTITE GNEISS AND

6L

TABLE

-

2.

1

MIGMATITIC BIOTITE GNEISS RELEVANT TO THE CHIPPEWA BASIN

VA?IETY OF GNEISS

SAMPLES

QUARTZ
PLAGIOCLASE.
PLAGIOCLASg (%An)
K-FELDSPAR
BIOTITE
HORNBLENDE
KYANITE

GARNET
MUSCOVITE
OPAQUE MINERALS
APATITE

SPHENE

“ SCAPOLITE

OTHERS

* OVALUES IN %

Y
21
15 - LD
30 - 55
17 - 30
6 - 17
10 - 20
0 -3
0 - 1
0 -5
‘0 -1
0 - &
0 -1
0 - 1
1.0 -\E.

25

25

10

-15

19

(2>

1

5

Lo

50

22

25

15

v

(3

15 -

25 -
10

m°§?£i8335f35559mb€?§,:1971, p. 12, Table
f - . e - .

K\\\_ ,

\\7>¥
)

-

40

25

20

15

(42

25

i0

15
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drainage. The channel in the upper middle reach appears to be following
this fault or l;neament (see Figure 3.3).

The rocks of the basin seem to bDe compact with limited fraciur-
ing at depth. Drilled water wells on the escarpment tend o be unre-
liable and many dry wells have been drilled in a major subdivision in

the eastern part of the basin.

Above the Nipissing Great Lakes shoreline (about 230 m. present
elevation) rocks appear to be deeply weathered, moresc than below this
elevation. Reasons for this deep weathering are unclear (Lumbers, 1971);

however, it is apparent that the rates of weathering have been greater

on and above the escarpment than below. '

3.3.2  Surficial Geolomy’

A great deal of the bedrock in the Chippewsa Basin is buried
beneath thick deposits of locally derivéd glacial drift {Lumbers, 1971).
Harrison (1972) has mapped and classified the drift coverﬁin the Horth
Ray area (see Figure 3..L). iHis mapping indicates that the upper part

)
of the basin is covered mainly by glacial till and glacial gravel.
He describes the till as a hétércgenous mixture of non-calcareous ha-
tgrials from silts to large boulders. The gravels, which also contain

sand, cccur 25 kames, eskers and undifferentizted cutwash deposits.

In the lower part of the basin to the south, lacustrine sands®andé beach

—

sands and gravels are interspersed with the glacial till. w areas
occupied by swamps and peat are underlain by lacustrine silts, & legacy

¢ former elevated lake levels. Lithologic composition of the drift
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reflects the local bedrock for the most peart bu%dgpme boulders in the
drift have been “ransported from the Huronian Supergroup to the north-

and west of the North Bey area (Lumbers, 1971).

3.3.3 Geomorphology . S ~
. 7 .
The majcor feature of the study area is the Chippewa Valley occu-
pied by Chippewa Creek. The creek has cut deeply into the glacial till,
sand, and gravel and in scme places has eroded to bedrock. Other lea-

tures include terraces, and terrsce remnants, beaches and lake beds

which were built by the early proglacial and post-glacial lakes in the
Nipissing Basin.

The stream channel itself is floored wifh materials derived from
+he local glacial and lacustrine deposits. Thus, differing amounts ot
sand, gravel and boulders with minor amounfs-of 3ilt make up the bed
material of the creek. Limited size analyses of bed materials are pre-
sented in Figure 3.5. t ﬁhe stream mouth near Oak St. (see Figure
3.17, p. 115 for street index) bed materizl is principally medium ﬁo

fine sand; whereas, upstream at the Alrport Road, medium sand is secondary

+o.a dominant gravel or larger bed material. Grain size variance is

"not large and is attributable likely to particle size attrition down-

stream. However the calibre of the fine bed load is small enougn to
adsorb ions from stream waterégﬁKennedy, 1965).  Few deep pools exist
in the creek channel although many existed prior to Hurricane Hazel,
o storm which, in 195L, caQ;ed severe Tlooding and erosion in the

watesshed. Since that time the channel has shallowed and widened with

the influx of sediments.

Vg
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Figure 3.5
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Soils .

3.4.1 Existing Soil Date - ‘
Soil maps of the North Bay erez and the Chippewa Watershed speci-

fically have yet to be published. However a preliminary map is avail-

t

- able through the Ontario Institute of Pedology et Guelph, Ontaric.

Data taken from this map are displayed for the Chippewa Watershed in

-
r

igure 3.6. Generally the so0il groups in the watershed are predominately

.

-

umoferric podzels and they display physical and chemical characteristics

H

v

typical of so90ils developed on the Canadia; Sﬁield. They usuzlly have
a thin orgenic L horizon at surface and are underlain in turn by &
light grey loasmy sand A horizon and 2 yellowish or reddish brown B
horizon, paiing at depth into an i;i-defined C horizon of parent material
(Hoffﬁ%n; et al., 1962). Ai.well some gleysols exist in poorly-drained
areas. |

The main soil types are ?he-Muskosung gravelly sand& loar; the
Mcnteaple sandy loam; the Wendigo sandy loam; the Wemys sandy lcam;
and the Collins loam inclufiing also two complexes: The Rock-Monteagle
and the Muskosung-Wendige. Other minor typves inclucde the Kenabeek sandy

loam; the Meatbird sand; and the Smoke fine sand. Cenerally the soils
in the Chippewa Watershed are ;andy ané non—éalcareous with good drain-
age except_for the égl}ins, Smcke and Kenaéeek soils which tend to be
finer, poorly d;ained and calcareous. However samples taken by this
suthor have nct confirmed some of this preliminary scils mapping
especially the‘presence of the Colliﬁé soil type over the extent dis-
played in Figure 3.6.35 illuétr@teg.ﬁy'soi;s described at Sites 6 and T

~

oy
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in +he next section, 3.4.2. As well no calcareous soils were found,

confirming Harrison (1972).

2.L4.2 Sampling end Description

As was discugsed earlier in Chapter II,s0il physical and chemical
character determines the chemical quality of scil water which ultimately
contributes to streamflow. Thus scme knowledge of the chemical mekeup,
especially cetion exchange cepacity and base saturétion is necessary
to.consider the contribution of soils %o varigtion in streamweter quality

in the Chippewa Watershed. The dearth of quantitative information about

-,

soils in the Chippewa Basin necessitated a sampling and analysis pro-

gramme to determine the chemical nature of soil cation exchange proper-

»

ties. A limited number of samples were collected as it was not the
purpose of the thesis to undertake = comprehensive solls study.
eted to open face cuts and pits where

.

horizons could be sampled accurately within th»ir boundaries. A mini-

e

Sampling sites were restr
mum of two sites were located in each of the surficial sedimenpary
seguences classified and mapped by Harr%son'(l9T2). Ho?ever only one
Asample was taken from the Teat bog (unit 10 in Figure 3.4, P- 66 ) pe-

.
cause of the uniformity of its sedimept character and reletionship.
The sempling sites are located on Figure 3.6, »- 70.

The scil ecolumns at the various sites are displayed in Fipure
3.7. With the exceptiocn of the peat bog 1]l sites dispiey typicel pod-
zolic characteristics of spils developed .on the Canadian Shield. Soil
horizons are usu A1y reacdily identifiable on the basis of colour changes

from horizon tol\horizon. The eluviated A horiZons tend to grey or

e
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greyish brown colours and the .illuviated B horizons tend to yellowish
and reddish browns due to deposition of iron oxide and often the 3

horizons contain hardpan, a hara compact sandy layer cemented together
- ¢

with ferrous oxide. The presence of this hardpen layer appeared to be
) [

restricted to elevations Yelow-azbout 225-230 m. a.s.l. However a more
intensive sampling programme is reguired to determine the universality

of this stetement. All sites except the peat bog (site L) gisvlay
poorly developed organic L horizons of 0-6 cm. depth. The A horizon

- =
thickness varies with forest or field, .being thicker under the open

. . ' . . R |
©ield areas. Often -the B horizons merge into the ¢ horizons with just

.

'//J’ a paling of célour. Water tables appear at eonsiderable dépths near -
nedrock at most sites and the upper horizons appear to be well drained
due to the hiph permeebility of the granular soil materials and regelith.

\‘///ﬂ’Thicknesses of thescil horizons vary within the study arez but
the soils appear to be physically similar throughout wi%g,ghe eﬁception

- . '\

\ce or absence of gravel, a hardpan ma&grial

~

of gite 4 and the prese

in some horizons and not in others. Very little clay exists near sur-
face and only,site 1 had clay at Gepth although not zll sites were ex-

amined to bedrock. The only really snomalous soil condition occcurs

at site 4 in a bog formed on the bed of an abandoned channel or lake

—
within the Yorth Bay outlet which functioned in the waning stages of
! ‘ .

4 =

the Nipiising Great Lekes phasg'of the Creat Lakes (Prest, 1970). Here

“the L | r};on is well dewveloped and up to 60 cm. thick and it is under-

i
et / . .
het appears to be silt end fine silt-sized material. g
oy

. .
. . . . N “\\



The chemical character of the soils was alsc investigated.
Procedureé and methods are discussed in Appendix B and the raw dat#
is compiled in Teble Bl, also in Appendix B. Several conclusions can
be drawn from the soil dats with respect to the influence of soiis on
streamwater quality.

As developed in Chapter II earlie;, weathering in soils and the
concomitant redistribution of soiutes in soil profiles may have a dis-
tinct effect on the chemical nature of s0il walers and subsequgntly

+reamwaters. If the chemical characteristics of goils cdiffer spatially
over the watershed then one could expect'a corresponding variability
in streamwater quality. . |

. . .
Thus the analysis and discussicn of the Chippewa soils will be
, - : e
to attempt toO estabk{sh whethner the soils could vossibly contribute
o spatial variance in streamwater guality.
A S~

- Perusal of Table Bl reveals several important aspects of the

4

oils in the Chippewa Watershed. First, with the exception of the bog

4]

1 of site 4, all soils are acidie and non-calcarecus. Z3ase satura-

i
$

o
tion of the scil is for the most part quite low. This fact denotes

that the majority of the exchange sites in +the soils are occupied by

4 ions. Calciun seems O be guantitatively +the most important 10n

of the’ bases measured:ancd generally its concentrations are low’ These
relatively low cation exchenge capacities, low pi and base saturation
levels of the Chippewsa watershed soils can be expected of soil develop—

ment in such sandy, permeable and well-drained

bt

surficial materials.
The results obtained here correspond well with re

sults obtained in

.

N
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similar sc%ls‘(Monteagle, Wendige, Kenabeek, ete.) studied in Parry

Sound Distf-ic;t at sites 50 to 150 km. to the southwest of North Bay

(Hoffman, et -al., 1962). Rapid infiltration and throughflow of acidic
precipitation and soil waters would tend tc.remove solutes quickly. As

well the relatively coarse granular meterials do not provide exceptionzal

-~

surface area {(as compared to clay) for the adsorption and retention

of ions.
The exceptionszl soil at site 4 is guite diffgzg;t-frOm the others.

-

A thick organic L horizon and an underlying silt provide mere adsorp-
g I T

tion sites and hence the CEC, base saturation and pH are all high
then surrounding solls. This particular scil assocization is likely

the result of soil formation on an 0l@ lake or stream bed aqd its dis-

-

tributicn is restricted to sites channels of the North Bey

outlet of the HNipissing Great Lakes wh{ch were active about L4200 year
A
Soil chemistry varies with depth in the watershed. Highest bafé
saturation values often pceur in the first 5-10 cm. of the s0ils where

orpanic materials abound and then a;E?\considerably

-
ct

¢ begin to rise
again near the water tables in the C horizons. The greater base satu-
. e e . T .
ration levels in the A horizons, principally due to.Ca , are likely
the result of the decay of plant and leaf litter (samples were taken -

’

after leaf fall). Calciun is slow tc be released from tlsaues as 1

ct

forms an integral part of plant structure and is not gquickly leached:
. ~
-
N .
- like potassium and magnesipum. Thus it seems reasonable at hi
- ;

*

values should exist in the upper levels of the A horizorn. High values
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in the A horizon are explained by the bresence of hazel brush leaf
litter. Low values occur in the absence of hazel brush litter in the
presence of grass or moss. However the universality of this relation-

ship could stand further testing.

-

Base saturation values in the B horizons.are low indicating

extreme leaching of soil nutrients from these permeable sandy and
gravelly horizons. Values in the C horizons tend to increase close

tc the so0il water table where nutrients are being concentrated and
g c

[}

transperted in soil water and groundwater fron surrcunding soils andé
o - ¢
pessibly from bedrogk sources as well. -
The significanc& of this vertical varistion to streamwater quality

is of note. BSolutes from the scil enter streams via normel throushflow

in low streamflew conditions and via subsurface stormflow during and
b - :
subsequent to stormflow conditionjs. Thus these waters will, in times

of %zzﬁkow, be principally in contact with the lower soil horizons in
1

the 3§f€?§hé’ and during stormflow will aiso be. in contact wivi

\\ .1n s with the

.
uppermost horfizons. One might expect different sclute delivery to
- -

i1 .
streams frcg,ﬁhese twWo sources and Tlow regimes in view of the vertical
@ -

~

variation of base saturastion levels. '

L]

In addition the spatial heterogeneity of the besé saturation
PO
levels in the soils of the watershed may also pro%?ce variable stream-

water solute concentrations at various watershed sites. | As base satu-

\’
- . . - - \ - .
ration levels increase, pH increases and more solutes beccme: available

-

to-the soll water system. Therefore large spatial divergences in base

seturation should produce similar diversity in streamweter qualities.
4
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Average base. saturation values for the A, B and C soil horizons
in the watershed are presented in Table 3.2 (p. 78 ). Froﬁ the data
there annea*s to be scme common relationships albeit iﬁ a somewhat
limited number of samples. Certainly the largest value for BS in the
A horizon cccurs at site L and is & result of the decay of piant materials

. 4deaving e residual of calcium and magnesium to be aisorbed. In the A

> 3 - 3 > - -‘
horizon next highest base saturation values occur generzlly in the soils

/ developed on urban tills; whereas, values in A horizens of rurel tills

and rural gravels tend to be lower except at site 5. This site may

be artificially high due to gravel and sand pit ope“atio.;_ In the C

S The nature of A horizon differences might be expected in light

rural settings infiliration rates are likely higher due to tree cover
(=3 o v

and 2 thick litter layer; thus, A herizons tend to be better le&chéﬁ.

5
In that
the soils of the Chippewa Watershed are capable of supplying limited

solutes (bases) to streamwaters. Generally most adsorption sites are

. ’ . s ~ 13 s
illed with r ions and svils zare zceidic. Thus few metalliic cations

"‘.\

would be availakble Yor exchange into soil waters. Of course bor soils
. . . . ++
are the exception where g sgalth of adsorbed cations, especially Ca
; .
are availadle for exchange. Even so for the generally limited supply
. 3 - 3 -. ‘:. - - - -l - *
it eppears that there is a difference in possible solute availsbility

4

.‘.
-
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TABLE

3.2

SUMMARY OF BASE SATURATION VALUES OVER THE CHIPPEWA WATERSHED

N\

"HORIZONS ¢~)
\
g

A B o

SITES BS  cas % BS Ca % BS Ca

1 U 21.0 33.6 13.4 0.71 18.0 ~  11.02
- 2 U 25.2 40.3 "5.9 0.24 10.3 12.22
- 3 U 28.7 46.5 21.5 1.56 10.9 12.00

5 R 22.7 69.5 8.3 0.59 30.9? 68.907
|
w6 13..6 12.9 30. 1.65 19.8 18.00
=z 7 10.0 9.8 5. 0.12 16.8 29.90
]

g R 5 3.0 4.2 0.22 20.22 61.702

A3 9 7 2.0 6.0  0.18 | 13.3 7.82
= 10 R 3.0 8.1 0.19 12.4 8.42
\
o | \
Z:11 U 3 19.2 1.5 0.06 5.0 N 18.90
w . '
Jr. -

j]
o2 4 U 57.4%  -265.9 - - 97.3 257.90

: concentrationsjzn mg /1
c- . R Rural site

U Urban site

? Doubtful value

o
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from the verious soil materials of the watershed. Waters passing
laterally through the A horizons of soils inteo tﬁe creek will likely
receive more solutes from urban tills than from rural tills, gravels
or urban sands. Soil waters at depth tend to be more equél in magni-

et
tude of BS; however, it is possible the rurel gravels mey provide slight-
ly larger solute lozds than urban or rurasl.tills and urban sands at
depth.
In sﬁﬁmary, it’ appears that éhe % BS5 and the amount of exchange-
able calcium in Chippewz s;ils are dependént o the types c¢f parent

materials on which the soils have Tormed. The extent and spatial varia-

bility of these parent materials within the watershed and in the sub-

A
.

hasins mey influence the chemical quality of soil waters which ulti-

.

mately find their way into stream waters. One might expect this diversity
”
¢ 30il character to produce spatially variable streamwater qualities

in the watershed znd this contribution should be zccounted for 1

1

1 any

model or discussion of solute varisbilisy within Chippewz Creex.

1 part of the Great Lakes-

The study ares is within the norther

. -
St. Lawrence Forest Region in 2 transitional zone south of the Boreal
Forest Region. Thus the rlora consists of & mixture of coniferous and

deciduous trges typical of these two regions.
Fizure 3.8 shows the patterns of tree cover within the water-

shed. The information was derived from the most gtcent Ontario Forest

Inventory maps (1959) and was modified by information fror a repord
X . . R . .
iighwe Corridor (Proctor and Redfern, 1975) and
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from recent air photos. , S
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Within the city, trees are limited to isolated clusters or in-
dividuals 'although some lesser vegetation in the form of hazel brush,
alders and grass exists along the creek channel itsel?,

Cassells Street to High Street. (see Figure 3.17, p. 115, for street
N 1

(¥ A

ndex) has some mature birch, elm and maple close to the channel which
(} -
n places form 2 continucus canopy. The reach from High Street to the

He

B&—Pass and on to Milani Road is flenked on both banks by areas of

fairly dense alder brush with a few elm 'and birch but, Sor the most
, ” e ‘
pert, vegetetion within the urban section of the watershed is sparse

and is restricted to a2 few trees ang mostly grass.

- v

(’Eﬁ‘\\\‘North of‘the Airport Road, thd watershed is well vegelated by
~_

species of both deciduous and coniferous trees. A densely stocked

The reach from

mature maple-birch association occupies the upper Chippewz Valley above

-

the escarpment. Conifers such == balsam, cedar, hemldck, larch, Jack

By

shed but not as dominant species. In the extreme upper reaches, black

Il

spruce dominate the bo re the source areas for

[ 523
[13
8]
Io T
Y
3
m°
| 3
7
[p]
i
{0

Chippews Ereek.

L]

p-e

General speaking the forest cover of the watershed is princi-
X & ) : i

.

R C L, " I /. . . . ..
pally decidubus. Thus the ololégIEEldrnytnms of season’w1ll likely
control to some extent the availability of nutrients to tream water

. .
?

from the biomass.

ot
[ 3]

Earlier in Chapter II the biological recyeling of

autrients was discussed and in light of the prin
3 h .

"
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ct
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solute generation ‘rom the biomass in the Chippewa Basin will likely

ey
H
|9
H
i
'4

.
-

,‘ o
show 2 great deal of variation,‘gspgzially between the urban an

L .o . o 1s .. . R
sections and possitly between agreas of d4ife ring dominant species,

» also populate the rural setting of the upper water-
! .



3.6

)

J

8z

Hydrology of tie Chippewa Basin

3.6.1 Precipitation

The average annuel precipitstion for the study area as measured

-

at the North Bay Alrport at the N.E. edge of theﬂghippewa Basin is 979.2

mm. OFf this-total T05.8 mm. felis as rain and 273.4 mm. as snow (Annual

Meteorologicel Summary, 1975, Nerth Bay). Monthly#total precipitation

aﬁerages calculated over the 30-year record kept et North Bay show that
summer maxima values for June, July, August, September, October and
Noyember tend to be higher than thosg of Januéry, FeBbuary, March;
April, May and December. Average summer month rainfalls range 5etween
86.4 mm. and 115.8 mm. )

Qccasional storms have produced heavy reinfells in the study
ares and one such storm occurred on July 2L-25, 1977. About G8.5 mm.
fell in a twelve-hour period. This sterm was calcuiated to be a ore
in twenty year storm and it produced é one in five year flood in
Chippewa Creek (M.M, Dillon, 1977b). Over the yéars there have been
many storms of nearly ecual magnitude and tﬁéﬁe events have choked the
creek rapidly'with runoff and sedimént. .

Quantity of precipitationmay determine the input of solutes
to a drainage basin as well as - the rates of chemical weathering of
soiis and rocks (see Chaptéi II earlier). Variation in rainfell amounts
may ultimately be responsible for variation in sireamwater quality over
both short and long term bases.

A small survey was conducted to determine the effects of the’
eleyation changg introduced by the egcarpment on the rainfell gquan-

tities in the Chippews Basin. Data from three permanent pauges at the —
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Jack Gerland Airport, King Street in the city and at Nipissing University
and from two other temporary gauges are presented in Table 3.3 (p. 84).
Cn the basis of the data, there appears to be & minor difference between
total guantities above end below the escarpment for the periods studled
and for storms of:different magnitudes. However the differgnces are

small enough to be the result of instrumental error, measurement error

*ﬁ\\\br’local environméntal conditions ebout the gauges. Thus for the pur-

poses of this s?udy, the reinfall quantities with their resultant solute
— -

_loeds are assumed to be equally disversed over the watershed and there-

fore contribute little to spetial variability in solute loads to stream-

- &

water in the. basin.

3.6.2 Streamflow

3¢
Hoe

storical runcf? and streamflow data were extremely sparse for

the Chippewa Basin and the North Bay area as a whole hefore 1974, In

-November, 19Tk, the Inland Waters Directorate of Environment Canada

established & ccontinuous.stage recorder on Chippewa Creek near the in-

i

tersection of Fisher and Chippewa Streets (see Figure 3.17 p. 115 ) and

data is now available for flows on a antnly ané annual basis. A summary

{
of flow data is [1ven in rT1able S\,/(n// 5 . Stage recorders used

Eey

(

in this study were installed in

-

5 and up to the establishment

of these and the Environment Cansda.gzuges, no continuous meonitoring

w
LI

had been undertaken so far as is known. -

Gauging of the creék was carried QBL_bx_Lhﬁzéuthor in the summer

*

of 1973 using stalfl gauges at sectlo 1s rated by the flost velocity

technique {(Leopold, et al., 1964, p. 187) for a study concerning the

- . ) . : - - —
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TABLE 3.3

TEST OF RAINFALL VARIABILITY:

- (A) PRECIPITATION TOTALS FOR TWO GAUGE SITES, 1973

STORMS KING STREETl ‘ AIRPORT2 VARIATION
JULY 15 97.8% 104.6 6.8 (6.5%)
AUGUST 23 93.7 103.4 9.7 (9.38%)
(B) PRECIPITATION TOTALS FOR TEST GAUGES, 1978
DATE OF STORM SITE 11 ’ SITE 22 ¢ SITE 31
AUGUST 23-24 L1 ,4% 40.9 36.6
AUGUST 28 29.0 26.9 29.7
SEPTEMBER 9-10 6.1 7.4 5.3
SEPTEMBER 10-11 6.9 6.9 7.6
SEPTEMBER 14-15 51.8 54 4 52.6
TOTALS 135.2 136.5 131.8
(C) VARIATION -
SITE 1 SITE 3
SITE 2 1% 3%
SITE 3 3%

* RAINFALL IN mm.
]

= ! SITES BELOW THE ESCARPMENT

2 SITES ABOVE THE ESCARPMENT

{(for locations see Figure 3.17, p. 115)
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— ,
selection of a new by-pass route eround North Bay. Values for discharge

at these séctions-are given in Table 3.5 (p. 87 ). This gauging pro-
gramme was alsco carried oﬁe; into the summer of 1G6TL when sampling began
for the present study. ‘

Information on the hydrological. character of the watershe@ was

also almost non-existent at the inception of this study. One study

done by the auth

(Rees, 197L4) on the watershed of Trout Lake, a basin

lying to adjacent to the Chippewa Watershed, reports a

mean annuel runoff figure} of 35.1 per cent for the year 1972. In view

of the proximity of Trout Lake

to the study ares, it is likely that

this figure applies as well to the physicgraphically similar, undeveloped

parts of the Chippewa Watershed. g \\“’/’fﬁuﬁ\\\

Because continuous streamflow data was not available, it was

therefore necessary to collect such informetion on Chippewa Creek over

For a series of geuging stations, corresponding to

the study pericd.
the sub-basins to be studied, sections were surveéyed and checked’ periodi-
-
cally over the study period for changes in cross—sectional areaz. The
u

sections were subsequently rated with an 0tt C1 current meter and ro ing
curves and;egquations were developed. For eaech water sample collected,

a gauge level was recorded for which a dischax¥:e could be derived from

f
the rating equations. Airpcrt Road and Oak Street sites were fitted
= L
with continucus stageé recorders, an Ott type X and an Ott type XY re-

spectively (see Figure 3.9). All other sites were rauged with staffl
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E FIGURE 3.9
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Each geuging site cross-section wes surveyed with a2 wild N2 level
and a stadia rod. Elevations were taken to the stream bed at one foot

intervals zcross each section and then plotte@ to scale on square graph

paper. Staff gauges were established at all of the sites and related

to temporary benchmarks nearby for relocation purposes if sites were
vandalized.

Continuous recording gauges were established at Airport Road and
. s X - .

Qak Street in plywcod boxes on top'of verticel corrugated culverts
buried near the bank and connected to the mid-channel by a four-inch
plastic pipe (see Figure 3.9 p. 88 ). These two recorders were

calibrated at various intervals with the staf? gauges at their respec-

tive sections. \ .

An example cross-sectional plot of 2 gauge site is given in

igur

'xy

T

3.10-(p. 90). Over the study period certain cross-profiles
having a mobile bed were checked through & re-levelling programme and

th

(12

results showed thaet although there were small changes in configu-

ration of the bed profiles, the net change in cross-sectional area over

the study pericd was extremely small or neglizible. Unfertunately there

3
dvents

ct

was no way of easily determining possible chanpges during storm

and their effects on the sectigral sres and resulting flow calculations.

As an example, Fipure 3.11 (p. .91 ), sPws the magnitude of the profile

changes at Oak Street, one of the sites having = mobile, sandy bed.

L4
For each rauge site an area-depth curve was established by de-
termining the cross-sectional areas from the plots of the sections fer

increments of depth. A plot of cross-sectional area against mspuge height

(Rigure 3.12, p. 92 ) allowed the quick determination of area for the

N
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Figure 3.11
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gauge heights associated wiph later velocity measurements used for the
determination of f%ows.
° Zach section was rated for flow by méasuring the mean‘water
velocities at various gauge heights and then using the formuls Q-= AV
where Q = flow in cfs or cumecs and A is the cross-sectional aree at
o .

the time of velocity sampling determined by using geauge height and area-
depth curves menticned above; and 7 is the average stream velocity across
the section.

Velocities were taken at several points across the stream at
the sites several times over the study period for as wide a variety
of water stages as possible. Most of tﬁe veloclties were measured with
an Ott Cl current meter employing the regular methodology as described
in Chow (1984} and Grover and Hérrington (1966) but in high flows = float
tachnique hed o be used and a small, weighted fishing bobber was used.

loat velocities were measured over = specific distance for several runs

across the channel and corrected by a multiplier of .8 {Leopeld, et al.,

196k, p. 167). Thus the upper ends of the rating curves mey be question-—

able as tc sbsolute values of discharge bul relatively (from site to

site), there seemed to be gfood correspondence of discharge values down-

Rating equations were developed by the regression of flows (Q)
. . L oa\n
and gauge levels (d). Power functions of the form y = m{x) seemed to

; . 3 . oo 2 )
produce the best fit and geve the best significant R values. The re-

sults are in keeping with the relationships between stage and discharge
[ .

reported in the literature (Chow, 196L; Gregory ané Walling, 1973:; Dunne
k3 s » =]

and Leopold, 1978; and cthers).
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.

fhe results from thg regressions were graphed and an example
plot is given in Figure 3.13 (p. 95 ). The rating eguations are sum-
marized in Table 3.6 {p. 96 ). These rating gquatiogs have been used
to determine the Qalues éf discharge for tﬁe stage at ;hich each sample
was collected at the éampling sites. -

The character qf stream flow in Chippewa Creek is variable depend-
ing on the quantity and quality of rainfall from stormé and on thé chaf;c4.
ter of snowmelt in the spring (see Table 3.4 p. B85). Several storm
hydrographs were constructed from the continuous gauge date at both Oak

treet end Airport Road. The precipitation character andé resultani hydro-
graphs are shown in Figures 3.14 and 3.15 (p. 98 and p. 99 ).

Flows from the urbanized pert of the watershed (Cak Street gauge)
build to peak more quickly and with grester volume under all watershed
and storm con@itions than at Airport Road. This is a result of the
éreater impervious area end lower infiliration rate; in the city. With
dry antecedent conditions and & low intensity storm (Figure 3.1k p. 98 )
lag times are.approximately five times smaller at Oak Street than =t
Alrport Road but under wet antecedent conditions, the rural part of the
wvatershed loses some of its storage capacity and the Osk Street lag time
is only about one-half of that at Airport Road.

‘ During high intensity storms and dry conditicns (Figure 3.15,
P. 06 ), Oak Street Ilows pesk again much more quickly then Airport
Road flows. Oak Street lag time is about seven times shorter than at
Airport Road and of course volumes are significantly larger at Qek Street

even though its watershed area is by far smaller.
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TABLE 3.6 -

SUMMARY OF RATING EQUATIONS -

SITES " EQUATIONS
OAK ST. Q = 0.06-a> 2" 1978
] Q = 0.05 a8 (1975 OND

THIRD AVE.
. U o -3 .3.88
CASSELLS ST.- Q = 0.17 x 1077 &
8Y-PASS . g = o0.6u at®?

‘ . .1.38

AIRPORT RD. Q = 2.@& :
GOLF CLUB RD. Q = 1.18 at-3"
MARSH DR. - Q= 0.15 g2-38

CHWY. 11 N g = o0.27 a7’

Note: Q is in cfs !
4 is in inches
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The Ozk Street flows show a sénsitivity to the vériations in
rginfall intensity during storm events and small peaks occur both before

F4
and after the mein peak flow. Those before can be eguated to the varia-

- .

tions in rainfall intensity (Figure 3.1L, p. 98 ) with each peak occur-
ring from 1.4 to 2.0 hours after its corresponding burst of rain under
dry wetershed conditions and about 2.8 hours after rainfall bursts under
wet watershed conditiogs.

The minor peazks occurring after the meain peak at Oak Street are
attributed to the arrival of peak flows from the rural sector upstream
of Airﬁort Road. Under wet and dry watershed conditions the rural péak
passes ?rom Airport Road to Qak Street in 2.0 to 3.0 hours respectively
but epparently can take T.4 hours after intense rainfall (Figure 3.15
p. 99).

The Airport Road flows also display muitiple peags of a more
subdued nature than those at Ozk Street under low intensity étorms.
However with high intensity storms Airport Read flows display a sharp
peak imﬁediately (within one hour) after peak rainfall. This peak is

. - .
likely the result of runoff from roeds and ditches in the first 1.5 km.
upstream of Airport Road. t takes about three hours for this pggk to
reach QOzk Street below.

In summary, then, Chippewe Creek azppears to be a relatively ~
flashy stream in its urbanized resch in both low and high intensity
sto;ms. In its rural ;éach, the stream is flashy for high intensity
stornms and QECumulates runoff reletively slowly under low intensity

storms. Cversll the surface storm runoff tends to reach the channel
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rather quickly-from basin extremeties and this action will have remifi-

1 3

cations with regard to the concentrations of solutes in channel waters.
It is cbviocus that waters in the main channel are a mixture from differ-.

ent runoff and throughflow sources. Areas close to the channel will

yvield waters quickly while areas further away will yield waters more
stowly. THesidence times of soil and surface waters will vary throughout
the basin thus causing variability in solute =2ccumulestion and transport.

In the urbanized sector, surface runoff is primerily the way inlwhich

1
L]
storm waters reach the channel as shown by short lag times. Thése waters
/

v,

can be expected to be dilute and thus will likely tend to dilute stream-
water solute concentrations. Water which enters the stream channel more

g 1
slowly by way of throughfldg}through the A, B and C horizons of the soil

-

will likely be more concentrated than surface runoff and may slightly

édilute streamwater concentrations or in fact increase them. Thus

stormwater by arriving at the channel through different spatial and \
temporael pathways in the Chippewa Waetershed, will likely' cause variance.
in solute loads within Chippewa Creck water.

The rate at which sub-surface stormflow reaches the channel is

. -

more difficult to estimate. A close scrutiny of the continudus gauge

record% at Ock Street revealed that two minor, subdued peaks in stream-
¢

flow occur on the &vArage at L0 hours (S.D. k.4S) and 6T hours (S.D.

\\

21.49) after majd& storm peaks. After consideration of possible causes,

I ) I

it is concluded that these hydrograph rises gre due to sub-surface
stormflow from the very granulan and permeable sands and gravels of the
watershed. Again it is also likely that the first peak is due to in-

o

creased sub-surface stormflow from the surficiel materials of the urbanized
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10l

~
-

-

watershed sector and the second due to increased sub-surface stormflow

from those above the escarpment end Airport Road. Although not quite -

so preminent because of gauging sceale, similar peaks follow major storms
R . ~

on the continuous pauge.sheets at Airport Road. However only a single

subdued peak is present at about 55 hours (3.D. 5.2) after mostlpajor

storms. This fact seems to lend support to the above statements concern-

ing the sources of flow produding these peaks’

~

T

Hewlett and Nutter (1970), Dunne and Leopcld, (1978), and Freeze
and Cherry (1979) discuss the phenomena of sub-surface stormflow at length

and they note several points of interest to this study. Flow rates for

~ . T . ’ ’

sub=surfage s=Ormflow are much slower than Hortonian overland flow rates

and pesk sub=-surface {lows will arrive at the channel with qonqﬁderable.
' ’

lag relgyﬁve to surface storm runoff. 1In fact lag times often exhibit
values from 1-30 hours or more in permeable materials. A§ infiltrated
waters percél&te downward, the siope of the water tzble increases toward
the channel and with a concomitant increase in sub-surface flow rate
to the channel. Some well loB-data is aveilable for the upper part oi‘\\y
the Chippews Watershed and groundwater contours have been interpolated
into this data (Gore and Storrie, 1977; Shrubsole and Desjardins, 1981;
and éherry et al., 1981). Hydreulic gredients were determined from these
contours and the average gradient was 'in the érder of 20.6 m/kﬁ. This
grad%ent is relatiYely steep and = high tg?Oughflow rate cen be expected

if permeabilities are high. However, these gradients will Tnecessarily

e somewhat less in the lower reaches of the watershed.

-

!
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The surficial materials in the watershed are described in Sec-
tien 3.3.2 (p. 65). They consist mainly of clean sands and gravels
with some silty till, all vefy permeable materials. Permeabilities in
m/day for such materials are reported by Dunne and Leopold (1978, p. 206)

s

as follows:

. S
(1.- mediun to coarse sand 10 - 3,000 -
2. sand s.nd-gravel--—‘ 0.3 - 10

3. gravels 1000 - 10,000

b. glaciel till © 0.001 - 10 ‘

Thus the length of time reguired Tor throughflow to reach the Chippews
Channel will vary depending on the materiels present. Generall the
oY by n b
distances of travel from divides to channels in the Chippewa system are
‘from 30C to 2000 w. and from 100 to 1000 m. in the rural and urban set-
tings respectively.
Thus in view of these distances and rermeabilities,fthe hydro-

.

graph peaks discussed above could very well represent the arrival of

the sub-surface stormflow peak and the conseguént flow increase in the

[

channel. s wall, these lag times give good approximation of the time

required for all infiltrated waters to reach the channel from more dis-

tent parts of the watershed. Waters arriving in this fashion would have
travelled through and contacted several different soil types and hori-
’ ~

zons. Thus it could be expected to be more concentrated in solutes than
e

.surface runcf?.

. | ¢
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3.6.3 Chemical Quality of Precipitaticn

The chemistry of precipitation in the North 3ay area has been

researched by Kramer (1973, 1975, 1976) as part of a'larger study deal-
ing with Northern Ontario. His investigation cf the chemical character

of bulk precipitation extended over e period from December 1972 to March

1976, a ﬁeriod which partially coincides with the sampling pericd of )

this study. Data selected from Kramer's summaries are presented in
Teble 3.7 (p. 104 ) for the North Bay area Trom December 1, 1972 %o
October 25, 1975. . :

Generally, most parameters are of very low concentrations and

have small standard deviations. The largest means are total P, HCOB-

-

and 80, . These parameters have terrestrial sources from dust (collec-

o

h . P—
tor was near to agricultural area) in the case of P and HCO, and
’ . 3

smelter activity in the case of sulphate and from data at another site

+

near Sudbury {130 km. distant) display a seasonal variance with summer
maxima {(Kramer, 1975). Other parameters are generally low reflecting
the inland.location of the North Bay ares.

The mean pE of precipitation is 4.86 which is considerably lower

than the 5.6 value representing equilibrium with atmospheric COE' The

presence of SC,  end to @ minor extent other acid radicals tend to pro-
-
i .

duce pE values lower than CO2 equilidbrium value. The pH maximum of 7.60

is likely the result of bdbuffering during periods oF increased atmospheric

alkalinity provided by air-borne dusts and particulate matter. However,
y

or greater than 68 per cent- of the samples, pi values lie below natural

-y

precipitation neidity levels.



TABLE 3.7

PRECIPITATION CHEMISTRY, NORTH BAY AREA

(DEC. 1/72 TO OCT. 25/75)

-

MAX. MEAN

pH 3.75 4.86
cl 5.77% 0.46
g:iiiculates 0.15 0.02
Na 3.75 D.14

K 3.70 0.3&;L
Mg ' 0.450 0.10
Ca ' " 6.60 0.50
Alk. 103.10 7.70
sio, 0.21 0.05

P (total) 235.0° 46.0
NO, ' 0.83 0.66
NH, 14.70 0.42
so4' ‘ 13.65 3.60
?E&hgg?d' 168.0 2270

* 311 parameters in mg/l except PH ané Sp. Cond.

+ Data gummarized from Kramer (1976).

MIN.
.60
.06

.003

.1¢ E-O1
.05

.10 E-01

.50

.10 E-01

.26
.01

.80

DEV.

.97

.48 E-03
.38 7
.56

.49

.40

.37

.40

.40 E+0Q
.55
.78

.24

.43 E+00
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The pH of the snowpack also has an influence on the pH of stream-
waters in springflow periods. Jeff}ies et al. (1979) found pH values of
4.0 to 4.5.for the snowpack of Central Ontgrio in 1977-78. They estimated
that a 2-13 fold increase in'H+ occurred'during melt conditions and that
between 36 and 77 per cent of the vear's export of H+ from the study
watersh;ds occur{ed in April alone.

The significénce of precipitatién cﬁemical quality to streamwater
quality has been discussed generally earlier in Chapter II, Section 2.2

~

(pp. 12-15). Certainly at the Chippewa Watershed location, concentations

3 ’

P and So4h_; Even maximum values are small for most solutes and it appears

of dissolved constituents in the precipitation are low except for HCO

that rainfall does not account for much ¢f the solute locad in streamwaters

of Chippewa Creek. The contribution of rainfall chemistry to solute con-
—

7 c}ntrations are variability is discussed again in detail in Chapter V.

'
4

3.6.4 Groundwater Quality

Background data on grougdwater quality is virtually non-existent for

-
.

-the Chiggewa Watershed except‘SOE’a few isclated test samples taken by
the Ontario Ministry of the Environment and a series of tests on the
leachate from_the landfill in sub-basin 7. One such set-was taken and
analyéed for several wells in the vicinity of Sunshine Lane in the ex-
treme north end of the watershed (see Figure 3.17 in Section 3.7 p. 115)
Average values are diven in Table 3.8 (p. 106) (Mr. Ray Banach M.O.E.,

North Bay, personal communication). Thygse values gepresent) back round
E 2 g

IV‘J )



TABLE 5.8

e
-
EXAMPLES OF GROUNDWATER SOLUTE VALUES

&

SUNSHINE LANE* LANDFILL::
PH \¥ 5.83
H _'- .33
€05 9.33 1
HD : 22.67
c1” 4.33 .
. ’

catt - - 31.0
Na - 60.0
K - 5.0

1 Values in mg/1 ) B~

* From M.0.E. Ontario, personal communication
#¥ From Cherry.et al. (1981).
Note: Sunshine Lane data is considered to repre-

sent background concentrations in the
groundwater. '
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- -

groundwater c0ncentrations developed in theAglacial,gravelé of sub-basin
8. Values of chemical spec1es in groundwater along ‘the main flow path
from the city landfill site (see Figure 3.17 in Section 3. T, p~ll§/

are alsc presented in Table 3.8 (Cherry et al., 1981). + is obvious
from Table 3.5 that the landfiil site is an important source of solutes

to the nogth-east branch of Chippewa Creek.

—

.6.5 Streamwater Quality

—

Very little previcus data existed on solute concentrations in

Chippewa Creek pricr to }97&. Some water quality date were available
for the years 1970-T3 as published by Envircnment Ontaric but thé data
were limited to occasional samples at the nouth of the creek and were
reported mainly from a pollution perspective.

iimited water quality data were alsc obtained during 2 study done
to determine the best route for a new, enlarged By-Pass around North Bay
in the surmmer of 1973. The author was invelved as part of the team in-
vestigating the notural environment and was responsible for determining
stream discharges and to some extent waler quality.

Another study carried out by students et Nipissing University
as & course project preduced a2 range of velues for water quality
parameters, HCO2 , DH, total hardness, and c1” for winter flows. Their
results, although not related in any way to.digcharge, are tabulated
in Table 3.9.

wWater quality datz on Chippews Creek from 1970 to the present

(1081) =s reported by Environment Onterio in annual publications, are

surmarized in Table\3.ﬂJand Figure 3.16 for some of the major catlons

[

-
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—
and anions analyzed. The data are sketchy and consist of spot samples
at two sites, at the mouth near Osk Street.and at Golf Club Road Just
upstream of Airport Road (see street reference map, Figure 3.17, p- 115).
Some ions have been consistenﬁly monitored while others have not.
In eddition Teble 3.11 lists some background values for the variousfions
studied_in this thesis. These deta were collected from several small
streams draining natural and undeveloped watersheds flowing off the e5=
carpment into Trout Lake just east of the Chippews Watershed.
Within the Chippewa Creek data, mean vilues at both Golf Club

Road and Osk Street ténd to be higher than background values from unde-
velopeqqgites indicating ﬁhe influence of human activity. Values for
HCOS_, hardness and C1~ at Oak Street tend to bé about double the back-

ground velues (compare Table 3.10 p. 110to Table 3.11, p. 112 ). Values

i

e+ + .+ ++

e

for Ca , Na , K and Mg - are lacking in the Ministry of the Enﬁirop-
ment data but the winter date presented in-Table 3.% (p. 108 ) indicate
that these ions {especially Ca+%) will also likely hafe considerably
highef concentrations than bhackground. In all cases values tend to be
greater at Oak Street than at Golf Club Road, likely a result of the
influence cf urbanization. Specifically temperatures, C1” and total
TDS are considerably higher and sohf‘ only slightly higher.

The historicel weter guslity dete also show copsidefghle varia-
bility (see Figure 3.16, p. 111 ). Valuééfdiffer from the fural site,
Golf Club Road, to the urban site nesr Ozk S*reet; thﬁs, if appears that

degree or quelity of urbenization will likely introduce spatial variation

to streamwater gquality. Obvious seasonal variance cccurs from winter
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HISTORICAL WATER QUALITY GRAPH

Figure 2.16
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TABLE 3.11

SELECTED TROUT LAKE INFLOW WATER QUALITIES

HOGAN CK.

VARIABLE HIGH LAEE)CK. (above Rwy.) UNNAMED CK. means
|
Hardness 17/15% 1655 17/21% 17.20
Alkalinity - 9/ - 12/12 10.25
Chloride T3.1/3.4 0.4 3.1/7.8 3.56
" Caleium - L. 8/4%.2 5.0 A L.B/5.4 4.80
Magnesium 1.15/1.15 0.95 ©1.45/2.00 1.3
“ ) +
Sodium - 1.6 - 1.60
- \ b

Potassium - 0.95+ - 0.95
Suspended - . 0.3 - - o= ' 0.50
Dissolved - 53.0 - 33.00

#* June/July, 1979 in mg/1 -

2 August, 1978 in mg/1

* June, 1978 in mg/l

Adapted from Myslik et al. (1979).

-
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through spring, summer and fall. The large standerd deviation on scme
parameters indicetes additional contrcls, likely discharge, operating

within the seasonal influence; whereas; other parameters such as the

SOh ~ concentrations appear to vary little over both the seasons and

H

the two sites. .
The major parameters influencing the character cof water gquality
in Chippewz Creek appear to be hardness, alkelinity and chloride. They
appear tc dominate in terms of nmagnitudes and variance both spatially
and temporally. Sulphates, nitrates, phosphates ané silica appear to

be of miner importance as constituents making up the solute load cf

Chippewa Creek.

Landuse and Development

About 25 per cent of the arezl extent of the Chippewa Creek Water-

shed is urbanized. Basically all of the urbanization occurs below the
. L
escerpment (see Figure 3.3, p. 59 ) with minor amounts of the resi-
dential, commercial and light industrial development occurring slong
major arteries extending from the city. Few major dewelopments occurred
in the watershed within the city or on the escarpment for at least five
years prior to the beginninglof this study. Single unit and small mul-
tiple unit dwellings were erected sporadicelly throughout the area es-
ﬁecially in a low swampy ares just south of the Ski Club (see Figure 3.2,
L

p. 59).

A1l of the roads within the urban sector of the watershed are

paved or bleck-topped and & great many contribute their runoff via ditches
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or storm sewers to the channel of Chippewa Creek. Mose/éf the storm

-
u

—_\ sewers are restricted to the lower reaches of Chippewa Creek from the

.

By-Pass south and some combined storm and sanitary sewers exist in the
downtown area as well. In the past, the creek has been used as an copen

sewer in o limited capacity but few, if any, sanitary sewers flow into

the creek now except for occasionel anomalous situstions where getes

’ heve\to be opened for purposes of repaﬁ; or in extreme flood events.
Iven so, one sewer draining Oak Streeil (see street references in Figure

3.17, p- 115) near the\fff}hﬁwﬁ\the creek is very suspect and nmay be

.
|

the last sanitary sewer to contaminate the creek.

The core of urban development is situsted adjezcent to the lake

e . . . '\- R . I ¢

front and the rail yards with major, core arteries travelling NW-SE.

: - . ol Lot - NP

Development behind the three principal downtown arieries qulckly merges
Rt e

into residential area. The urban section of the watershed also contains

<

- a park and several Institutionel developments such as schools, sports
facilities and a home for the aged.

From the Airport Road (Ewy. 123) up the escarpment, DuUmMErous
large but presently inactive gravel pits ere tound. Between these pits
and the headwaters is a relétively rural, undeveloped secticn which
merpes again with gravel pit development and an active landfill site
in the headwater regions. Except for the gravel pits and ercsion sites
along the channel, mdSt of the watershed has a good vegetative cover
of grass in the city and forest in the rural areas. Thus, from mouth
to source the watershed presents a variety of physical end human land-

. . "

scapes.



Figure 3.17

| _HWY 11N

LEGEND

— ROAD
—~— CREEK
<Y cause site

——= AIRPORT BOUNDARY
#~ WATERSHED BNDRY

© RAIN GAUGE




116
.. |
:
In order to try tc determine the effect of vab}ous urban environ-

i

ments on water quality, a muitiple-watershed appnggph)was adoptedeand ‘
v N s

.

LY
the city was divided into sub-basins or sub-watersheds of the larger

Chippewa Creek Watershed (see Figure 3.2, ». 59 }. A reconnaissance

survey of the creek and its watershed showed that there were obvious

L

points on the creek which could be selected as sample sites for flow
determinations and water sampling and which collected runoff from

differing urban watershed environments. -

-

The Tirst end most obvious choices were to sample the creek at
the Airport Road or Golf Club Road sites and at Qak Sireet to try to
determine the "rural" {rural is used throughout to mean undeveloped

lend within the city limits) and urban solute ocutputs and Tlows respec-

tively. From there, additicnal sites were selected to . loock at intra-

-

urban and intra—rural situstions (see Figure 3.2, P. 597,
Site 1 (0ax St.) while draining part of the central business
district would likely display the effects of railroad development and

commercial areas; Site 2 (Third Ave.) the effects from an older resi-

ential section of the city; Site 3 {Cassells St.) the effects Irom

£

an institutionalized and residential part of the city (échoolg, ete.);
Siter L (?fr?&SS) likely the effeéts of the highway setting and newer

residential areas;and finally Site 5 (Airport'ﬁd.) the effects of the
;rgral setting. The rural Site 6, Golf Club Rd., would likely show tHe

effects of a well vegetated and sparsely developed section of the water-

shed, and Site 7, Marsh Dr., the effects of an open, sand pit area

=t
-

abutting a city landfill site and finally Site 8, Hwy. 11 the effects
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of the highway, sparse development, and the sourcé wetland of this north-

west branch of the creek. In addition to their relevance to the‘study,
the si&es also presented good, stable cross-sections wﬁich could bé
gauged to vield reliable flow and water quality data.

The hﬁman and physical characters of the sub-basins are described
by- the data in Table 3.12 (p. 118). The parameters-used to describe
the sub-basins have been selected with relevance to their possible con-
trol or relationship to water guality. Their choice is raticnalized later
in Section 5.42 (p. 211); however, a brief comment is made below on-their
deprivations, magnitudes and variance for each of the sub-basins. = -

Deprivation of many cf the physical variables have been explained
already or are seif—explanatory. Urban variables such as building den-
sities, impervious areas, road lengths, street crossings and ends, and
Sgwer densities were all measured from large scale agrial photos and
city maps of recent age. Population densities were derived using enum-
eration area statistics. Enumeration area data were cumulated for each
sub-basin and where enumeration area boundaries c¢ross over a séb—basin
divide adjustments were made on an areal basis; that is, the pdpulation
density for the whole enumeration area was apportioned te the parts with-
in the sub-basin on the basis of the area of the enumerétion-area lying
within the sub-basin. .

Basicalfy the values of éhe/par;me@ers of Table 3.12 (p. 118)

e - ( ’ ] -

separate intc two groups, the urban and rural\ sub-basins. Values of
. . - . - -

most parametexs are quite different for Sites i to~d and Sites 5 to 8.

-
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Most, also display a dramatic change in value from sub-basin L to

sub-basin 5 indicating the boundary between the rural and urban settings.

-

(except for sub-basin 2), and channel gradients more severe in the rural

sub-basins. Form ratio s of urban sub-basins are smaller than the rural

-

and are indicative éﬁgngazow basin geometry; whéreas? the rural sub-
besins tend to display wider and fuller geometries. Thus the urban
al . ' »

/sub—basins willﬂlikely give up their water to the main channel quickly
compared to the delivéry frém the rural sub-basins. Gravel sediments
appear to be in larger quantities in the r;ral'sub-basins than in the
urban. Whereas till dominates other sediment in both environments, it
appears to be in greater gquantities in the rural setting as well.

Human partmiters elso accentuate the boundary between urban and
rurgl at Site SME Numbers of buildings, imgeryious\areas, and\ftreet
crossings of the creek channel, are consideraply lower for the rurael
_basinsff?fh addition, population, rodd density and sewer density also
diminish in value beyond Airport Road and it Is appafent that human

activity is much more limited to the north then to the south of Airpori
in the Chippewa Watershed..

. .
0¢ special note 4s sub-basin 7. Even though it appears the most

rural and is apparently undeveloped as noted in Table 3.12 {p.

15

18),
it has within its boundaries a sanitary landf{ill operatiocn (see Figure

3.2, p. 59). The landfill has been studied by several agencles and

authors {Gore ané Storrie, 1977

-

and Cherry, 1980). The operation has

been in existence since 1062 and accumulates the domestic and commercial

FanN

refuse and sewage sludge from the city of North Bay.' (

More specifically slopes tend to be steeper, forest cover greater
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v of- Chippewa Creek.

120 )

2

e landfill has heen constructed on sandy tills and gravels
which vary in thickness from 3 to 30 meters (Gore and Storrie, 1977).
Extensive leachete migration dowri-gradient from the landfiil has occur-
red in these highly permeabf% materisls and the leachates exit vie seeps
and springs into Chippewa Creek zbout 800 m. to the southwest. Major
inorgenic constituents in the leachate are C1 , HCC. , Ne , Ca , Mg

and Fe (Cherry, 1980). All occur =t concentrations above backgrcund

- levels but are not presently toxic and they also are attenuated towards

the creek. Values at sbout 200 m. from the creek are given earlier
in Table 3.8 (p. 106) and it is 2 certainty that the landfill is an

important source of sclutes to the northwest branch of Chippewa Creek

//-‘,/

and should contribute to spatial varizbility of solute loads in the

.

creek waters.
Thus the environments through which Chippewa Creek flows and

from which it derives its flow are diverse and varied in physical

b

and human character. This diversity can be expected to produce con-

cormftant spatial diversity in sclute loads in Chippewa Creek waters

and it is important then that the parameters of Table 3.12 (p. 118)

be considered in any model attempting to explain the solute variability
N

—
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CHAPTER IV

Water Quaelity Data Collection

Introduction

The various spatial and temporal controls on streamwater solute
load variability have been discussed in Chapter II earlier. Any sam-
pling programme must be biased towards gathering samples in concert
with such controls-in order to determine their magﬁitudes and effects.
Tbe short-term centrols such as storm events require freguent sampling
on a short-term basis; whereas, long-term seasonal controls require ‘
a iengthy systematic sampling frequency and duratiocn. Truly random
sampling in space ané time would therefore be of limited use in this
study. -

Sampling practices in geographical resesrch sre discussed by_
many authors (for example, Gregory, 1963; Hammond and McCullegh, 1974
Yeates, 197%} Lounsbury ané Aldrich, 1979). Sampling involves the choice
of g framework =nd & procedure. The framework can be spatial where
the location is a?,essential part of the variability and therefere is
2 variablé itsel? or the framework c¢an be non-spatial where the leoca-
tional veriability is not a consideration (Hemmordand McCullagh, 19TL}.
Spatial frameworks can include grids on which point or areal sampling
can be done or they can be transects or traverses on which linear sam-
oling can occur. Temporal frameworks include point sampling'or contin-

-~

uous sampling over time.

fu
AV
[
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Sampling procedure can be rendom where a given member of the
population studied has thelsamé likelihood of being.includgd in the
saﬁple as any other mémber or sampling procedure can be systematic
where samples are taken at regular intervaels (Eammond and McCullagh,
19Tk). Systematic samples are biased by their véry nature unless
the mopulation 1s randomly distribd%ed. Often the rendom and systemetic
procedures must be'modified by straetification, especially where an
area has two or more environments affecting the properties or values
of the parameter being sampled {Yeates, 19T74). Stratification involves
selecting additional éamples from deta subsets within the géheral data
which would mean the sampling of both enviromments of the example sbove.

Yeetes (1974) 2lso outlines some problems of sagpling spatial and
serisl data. Spatial and temporal autocorrelaticn ;re often problems \H‘\\__’,»—
in geographical sampling. They occur when the position of one observation
is such that the velue is inf;uenced by the rnearby presence of another.

Thus the sample values are not spatially independent. This problem occurs
frequently in geographical research and in fact most gecgraphic date is
spatially asutocorrelated of serially correlated (Curry, 1966 in Yestes, .,
197L4). The madOr problem introduced to analyses of ard conclusions about
spatial or temporal varigbility by autocorrelation and serizl correletion

is that of dcuble counting from sample site to sample site. For example,

a portion of the concentrations of sclutes meesured at a downstreanm site

river may have bteen measured cnce zlrea at an upstream site. Thus
¥ e

vaives\at the downstreem site are not truly indicative of the solute de-

livery the watershed between the two sites, and comparisons must

account. for the influence of the upstream site on the downstream site.

N
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Anothér aspect of sampling, especially fof-water quality, is the
1

assumpticn of a represenfative sample. Hem {1970) notes the presence of
locally poor, lateral ahd vertical mixingaéfAstreamwaters in many streams
as a factor which mey produce samples not represerntative offthe total
solute load at a given time. FKe suggests a.series of samples spatially
integrated both verticelly and laterally in the channel section at the
sampllng site to test out the problem. He alsc recommends selectlon of
sites 2t which waters are well mixed to get around this rroblem and to
redﬁce the number of samples required to get e good measure of solute
load at the site. Even when streamwater is chemically hpmogenéous at
a si;e, there may be changes with time on a Yyearly, seasonal, weekly,
diurnal, or hourly scale dépending on the degree of céhtrol or human im-
ﬁact on the waters. Thus sampling programmes for natural waters must

T\
. . . ‘ X \
take into mccount possible short-term and leng-term effects.

Sampling Design

L.2.1 Ton Selections

The chemical gquality of streamivaters is a result of the mixing
" . .
of water from various sources in the watershed. However in most natural

A

.watersheds the bulk of the sclute yield is generated through the

weathering of rocks and scils. Exceptions cccur, of course, where bre-
o

cipitation sources predominate (Gorham, 1961). TIn urban settings addi-
tional dissolved constituents may take on more importance (Waller, 1871,

etc. ).

Garrels, and Mac enzie {1967, p. 231) llst the solutes to be expec-

ted in an idealized water from e typicel felsic rock‘\ The chief cations
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produced should be Ca++ and Na+ in the samé ratic as in the plegicclase
of the felsic bedrock. Potassium and Mg++ should be secondary at less
than sbout 20 per cent of the total Ca++ and Na+. When the rocks contéin
higher percentages of mafic minerals, Mg++ shoulé become more dominant
over K+ and if K-felaspar is gbundent then K+ becomes more impoggant
quant%tatively. Other cations will be of minor importance except in
areas of industrial pollution where 'heavy metals become a greater part

of the.solute load. .

Ideally the principal or even sole anicn should be HCO3 .

Occasionally smell concentrations of Cl and soh" may be present de-

rived reinfell and oxidetion of pyrite or other sources. Thus the

alkalinity of these waters is primerily a function of the concentration

.. . - . . ++ ++ .
of the. anion, HCO. , and the hardness a function of Ca and Mg cations.

3

. - ) )
4 perusal of the background data collected from previous studles

on the water quality of Chippewa Creek (see Tables 3.8 and 3.9 p. 106 .

and p. 108) confirms this discussion. Alkalinity (HCO3*) and hardness

AR = R ) )
(Ca and Mg )} appear to be quentitatively important perameters in

Chippewa Creek water. In addition chio;iég,va;ues are extremely large

and one would expect high values feor Ne as well. These latter anomalous
values are likely the influence of urban develcpment and land use prac-
tice. In contrazst other chemical congﬁituenté are relatively minog in
quantity. .Thus the ions selecfed for this study constitute, quantitatively

-~

the most important ions in Chiprewe Creek waters, most of which derive

from groundwater in contact with the bedrock or soils. Veriability of

these ions due to spatial and temporal controls will be easily detected
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because of their magnitudes. They are listed below.

.
~

TABLE L.1

SOLUTE PARAMETERS STUDIED

) A. cations B. anions
1. Hardne§§ 1. AlkaliniEy
:SIZ'H' L -rLCO3
2. et 2. o~
3. K

€. other chemical and physical parameters

1 o) ]

3. water temperature

These ions have also been shown to respond to urﬁanization
(see Chepter II, Section 2.7, p. L5 ). For examéle, chloride concentra-
tions can be closely related to volumes of deicing selts dumped on roads
and hardnéss can be related to leachate production from landfill opera-

tions.

L.p.2 &Site Selections

.

Site selections were made on a non-spatizl basis {(as defined by
Hammond and McCullagh, 197:). The locations of sampling sites do not
vary in the wetershed over the stugg‘period and presumebly neither do

the physical and human characteristics of the sites to any significant

extent. However the water quality did vary at each site. The rationale
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for the selection of the sites has already been discussed in Chapter III,
Section 3.7 (p. 113) and will not be repeated here except to say that
the selection of the eight sites allows for the investigation of the
spatial variatién of solute loads in the walSrshed.
Selection of the parameters used to describe the sub—basin.repre—
sented at the sampling site was done with regard to the ultimate effect \\\
of these parameters on solute yields from the sub-basins. The values ~_
and character of these parametefs have been discussed previcusly in
\/Chap§er III, Section 3.7 (p. 113) and they are rationalized latér in

&
#
Section 5.2 of Chapter V (p~ 135).

L.,2.3 Sampling ?requeﬁgx

Discussion in Chapter II has shown that the chemical quality of
streamwater can vary cver the short term (hou}s end deys) or over the
long term (weeks, months and years) in response to the various controls
in the watershed. A random sampling design would undoubtedly fail to
semple all cf the possible variations unless it Qas in'place for a long

\\?ime. Thus the neture of solute variation demands a stratified systema-
f\; tic sampling design. A systematic design of reasonable interval would
gllow the sampling of long-term variaticn. Such s design could then
be strgtifieévby sampling more frequently at shorter interv?ls during
pericds of short-term solute vériation, such as those int{éduped by

1

storms and sporadic hﬁgan activity.

e

In this study{ data collection began in 1974 and cogtinued through-
. - \
cut 1975, 1976 and parts of 1977, 1979 and 1981. Such & Yong record was

deemed necessary to statistically analyze sclute loads &and water discharges




from the Chippews Watershed with some degree of reliability. In 197k
sampling occurred approximately every four days. In 1975 and 1976 sam-
bles were collected every two to four days and more frequently for étorm

events in summer periods. More sporadic sampling was carried out in the

springs and autumns of 1975 and 1976, and some special event sampling
- was done in 1979 and 1981.. No sampling was underteken in winter aléhough
some sketchy data is available (Table 3.1Q Section 3.6.5 p. 108).

Samples were taken in blocks of eight; that is, all sites were
sampled on each sample day. Thus, the samples for the eight sites werq
more or less contemporaneous within one and cne-half to two hours, the

ime required 1o sample from site eight to site one, about 11-12 km. dis-
tance. This practicg ensured that the samples‘%t the eight sites were
collectéd under similar climatic and temporal conditions for later com-

parison. This systematic sampling pyOgfsume was further stratified with

respect to the time of day at which samples were collected. An attempt

. \
was made to vary the sampling time in order to try to sample possible

; Moo
diurnal veriation.
~ .
A total of 617 samples were collected at eight gauging sites and

wexe analyzed for all or many of the sclute variables mentioned ahove.
. . ;

Peripheral information gathered included site, date, tihe, cauge level,

flow, suspended solids and temperature; variables which might be used
in future studies. The matrix containing all dsta holds some 7,000
g

pleces ol information on the solute lcads (end sediment loads) and related

“data on Chippewa Creek.
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Not all samples have a complete set of solute values. Due to
lengthy storage, broken saéble bottles or other mishaps many samples were
rejected. The research requires the comparison of sets of samplés which‘.
are all collected contemporaneously cver the eight sites. Sp, if on &
given sample day, & sample a% any site is lost or destroyed, then the
sample éata for the other sites may have to be removed as well. Discus-

o - -

S sion of these protlems is undertsken more fully in Section 5.1 of Chapter
V (p. 130). The total matrix of sample data is eveilable in original
records held b& éhe author.
L.2.4 Sempling Methods

—— .
As mentioned earlier (Section 4.1 p. 121 ) often sclutes are not

uniformly mixed in e stream créss—section. To' overcome this possible
problem, samples were taken with the use of a U.S. Geological Survey
DH 59 type depthlintegrating sampler. Although the suspendéd loed is
stressed more than the solute load, the theory behind depth-integrated
sampling is well discussed by Neison and Benedict (1951); Leopold,
Wolman and Miller (196L); Chow (196L); Leliavsky (196€6); Cuy (1970}; and
others. Other more sophisticated but somewhat costly and/or impractical
methods are available and have been discussed by Brown et al. (1570);
vWal?ing and Teed (197177 Carson and ﬁirkby {1972); and Bennett (1973).
R Basﬁcéily the de?th—istegrating sampler fulfills the reguirements for
btaining an gccurate, average sample of- solute load.

The.sampling was conducted by léwering and raising the DE 59

through the depth of the stream ensuring & mean sample in the vertical.

N

Several vertfcels across,the channel at the sampling site§ were initielly
7 Q\

N
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sampled, cumulated “end eversged. On inspection, each vertical produced
very close to equal velues for the solute pafameters indicating that the

streamvaters were well mixed; therefore, subsegquent sampling was conduc—

ted in only o single verticsl in epproximately mid-channel whenever

possible.

. Samples were trensferred from the sampler to well-washed, brown,

6]

1ass bottles to minimize photo-chemical activity and capped to prevent

contact with air while in storage. Before use, the bottles were cleaned

and rinsed & Tinel time with distilled water. In the field, the bottles
were rinsed with creek water before being filled with the sample. Field
date such as water temperature, geuge level, date, time and site were

recorded on the bottles.

4.3 Chemical Anslyses //,/”/

Chemical analyses were done as quickly as possible arfter samples

were collected. Even so scme sample storage was necessary, the details
of which are documented in Appendix A. Samples were filtered to remove
suspended material using Whatman #5C filter paper and & vacuunm system.

Total dissolved solids concentrations were determined by drying and.

R : : . + ++ b
weighing a portion of the filtrate. Cations such as Na , Ca , Mg

and ¥ were determined by atomic absorption. Anions were determined by

. 5
titrametric means and pE was determined by use of & Corning dusal electrede

DH meter. Attention was peid to detail in doing the analyvses to prevent
contemination end problems of interference from dissclved constituents

not under study. Details of discussions of procedures, effects of stor-

ape and reproducibility can be found in Appendix A.

.

e .



CHAPTER V

Solute Variations in Chiprewa Creek

Methodology of Analysis :

5.1.1 Partitioning of the Data \V Y

In order to fulfill the purpcse of this thesis set out in
Chapter I, it has been necessary to partition the éata in several ways.
The data were collected by a sampling design described in Chapter IV
earlier. éy its very nesture the design introduces spatialland to a
lesser extent serial autocorrelation into the data. Essentielly

this fact means that values at Site 1 (&t the stream mouth) will be in-

fluenced by velues at a2ll sites upstreem. Thus it becomes difficult

<~

R,

to determine the effects of the éub-basins behind each sampling site
on the water guality at the site. The presence of such autocq;relation
also introduces problems to the interpretastion of the results of sta-
tistical methods used in this thesis. .
To remove this problematical aspect from most Fecgraphical data
is often difficult or nearly impossible;'however, in the case of time
series or flowing systems, the problem is most easily .solved by deter-
mining_the difference score, beﬁ?een adjacent, downstream sample sites
(Johnston, 1978). This operation can be performed because time, as it

influences geogrephical events, goes in cnly a forward direction and

from scurce to mouth, makzég it conceptually

— /

rsgpeamgjéxbw in cne direction
. {
N

\

' .
o .
-



a“ )

easy to rationalize the removal of upstream effecig by simple sub- \

.

traction. However, not =all effects are removed because the parcel o{d) ’,

water sampled at e downstream site may not be exactly the same pearcel

.

sampled at the upstream site. To sample the exact effect of each sub- .
basin on the streamwater quality, it would be necessary to follow &

parcel of weter from site to site taking samples at each site and the

subtractions made. The differences memsured would be the net result

-

of the effects of the sub-basins on the weter passing through. In this

study time-of-travel for water passing from Airport Road to Oask Street
b

has been estimated earlier in Chapter III as being from 2-3 hours.

Sampling time is ;pmeﬁhat less so that the exact same parcel of water
is not éampled at each sige. This problem is most accute during periods
(i.e. storms)-when water quality parameters are changing rapidly but
is of little consequence durfﬁg more stable lowflow periods. The
magnitude of the prcblem is assessed later in the storm data analysis. :
The dats for this re;earch were zlso takeq'over different flow
recimes and seasons. Samples were taken in the spring and summer for
lowflow ﬁndistorm events. In Chapter II it was shown that solute varié—
bility is very much influenced.by hydrological parameters. Thus in or-

der to better investigate the relationships between solute data and

hydrological variables, the data were furfher partitioned into sample’
subsets of springflow, summer flow including stermflow and lowflow and
autumn samples over thHe eight ‘sites. During each of these flow regimes
solutes react differently due to changing sources and verying degregs
of concentration or dilution and thexefore ¢ Q\?ﬁ expected to- show

N

patterns zmongst the sub-basins.

ﬁ, '

different variance
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The deta file containing all sakples over the -eight sites was

pértitiéned through removal of the sprihg samples by date and through
sorting tﬂe remeining samples, on the basis of gauge level by use ofy
a computer programme. ”The default date for spring was chcosen as fhe

date on which significant diurnal variation in‘water stage ceaddd to

appear on the continucus recorders. fhis:eventoccurred at the erd of
April.during the study period;;

Similarly the gauge ig%el used to sort stormflow from lowflow
in the creek was'decided by study of the continucus gauging records.
Lowflow was defined by a flat gauge fecord and hencela fl#t hydrograph. \)
Scme samples had to be subsequently classified individually, for in

L3

the lee of storm events high stage records often degrade to a

steady configuration and yet water levels are ai a greater elévation
than those of true lowflow conditions. However, all samples were checked
and the.liles edited to package samples into springflow, stormflow and

lowflow datz subsets.

5.1.2 Modelling of Solute Varigbility

Most water quality parameters vary as g trend eaé;«time and space
. . -

1 . .
with stochastic variation ‘gb f*tﬁatﬂtréﬁd (Yevijevich, 1979). In addi-

tion water quality is & function of maﬁy chemical, biological, geclogi-
cal, hydrological and human factors some of which are often difficult
to measure. Thus modelling of water'qualify is a veby complex process
and a muiﬁi—variate model may be regquired to e#plain the varianée in

a given water QUality parameter. The model to be used in this thesis

is the regression model.

*
.
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Many researchers have used the regression model to explain variance

in both suspended sedimenp and solute concentrations (for example, Pionke
and Nicks, 1970; Edwards, 1973; Wulkowicz aﬁd Saleem, 1974; and Walling
and Foster, 1975). Even so the model is not without reqﬁirements;
Johnston {(1978), nicely summarizes Qﬁei? requirements. Irnput data must
be free of autocorrelation te prevent hdbuble counting" and resultant
spurious correlatioﬂ% amongst variatbles. Inpﬁt data rust be linear ana
if not it can be transformed by logarithms or some other suiteble means.

As well, thg use of the regression model assumes that the input variables

.are normally distributed. Variances of the conditional distributiocns

- . 0

or the residual variance shoulé be nearly equal fo? all values of the
dependent variable(s); a situation producing homoscedascity. When-one
or two valuesof x in a relationship y = f(x) are very large relative .
to the otheag, heteroscgdascity‘fesults and the regression coefficients
become severely biased. This condition can agaih be eliminsted by using-
logarithmic t;ansformations of x. When the regression is multivariate,
collinearity may exist when the independent variables are highl& inter-
dependent. This condition generates biésed regression coefficients which
are difficult to interpret and hence it becomes difficult to determine
the contribution of each Independent varisble to the explanation of the
variance in the dependent variable. gaan most cases the regression coef-
ficients of th; independent variables which de not explain much variance
;n the dépenﬁent but are highly correlated with another independent

that does, will not be significant and will have small ?eta weights. A

.

small beta weight'indicates little contribution to the explan®etion of. the

e
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variance in the dependent variable. Therefore offending inﬁependent‘////

variables can be detected easily and can be either removed'from the re-

. \.‘ L4
-gression or discounted as major explanatory variasbles.

5.1.3 Method of Avproach
) o

In the follgyiﬂg*s tions the relationships between the solute
\b -

paremeters (see Table L.1,/p. 125 ) ic Chippewa Creek and sets of
hydrological, temporal and spatial variables are investigated by regression
and other statistical techniques. First of all, the data means are pre-

T

!
sented grephically in "raw" form over the eight.sampling sites to display

the magnitudes and general character of the solutes in Chippewa Creek.

|

This discussicn leads into a display and analysis of all samples collected

at"Airport Road and Cak Street as a comperison between the "rural" part

and the "urban" part of the watershed. Subsequently, obvious variabili-
~

ties in the solute parameters are analyzed by statistical methods.

The within-site variance is analyzed by a series of bivariate
regressions between the solute parameters and a set of hydro-temporal
variebles for each flow regimen {spring, storm and low). {nly Site 1
(Cek St.) and Site 5 (Airport Rd.) are analyzed in this fashion because
continuous hxdrological data are restricted to these two sites; there-

-
Tore, onlfrthe urban and the rural responses of solutes to these varia-
) .
oy - . . a - "
bles are determined. Problems of statistical multicollinesrity amongst
tHe hydro-temporal variables are dealt with by factor-analysis and sub-
sequent stepwise multivariate regressions.

Between-site variance is similarly anaiyzed ror each flow regimen

~

by 2 series of bivariate regressions between the solute pearameters and
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a set of geo-ugpzﬁ;;;riables describing the character of the sub-basins
-

behind each sampling site. Agsain problems of interdependence of these

spatial (geo- rban) variables are analyzed and dealt with by mulpivariate

techniques. All of the statisticasl relationships are interpreted as

to thei; physical meaning with resvect to watershed characteristics anc

processes and their ultimate effect on the sclute parameters studied

in this thesis. Finally the export rates of the various sclutes are

calculated and compared for the urban and rural sites of Ozk Street

and Airport Road thus determining the net yields from the urbanized and

from the rurel portions of the Chiprewa Watershed.

Magnitude and Character of Solute Load

5.2.1 Site Means

A complete date summery is given in Appendix C for temperature,
discharée, pH and the solute parameters measured at each of eight sample
sites during spring, storm and lowflow conditions. Thése data are those
actuallf measured at the sites and have not been adjusted for further
analysis.” The means of these dataz have been ggaphed and the results
are presented in Figure 5.1. A brief analysis of Figure 5.1 shows that

generally Site T stands cut from the others as an ancmalous contributor

of solutes to the creek. Clearly the city lendfill site contributes

+ L F

. . Co o+ . ++ . - i
. high concentrations of Ca , K , Mg gnd HECO for spring, storm, and

3

lowflow conditions. Sodium and Cl~ are exceptions having relatively -
low concentraticons in spring especielly and to some extent for stormflow

and lowflow conditions as well.
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PLOTS OF DATA MEANS AT SAMPLING SITES
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The high concentrations of Site T are diluted by Site 6. The

large .volumes of relatively dilute water from sub-basins 8 and 6 generally

. ) + -
tend to reduce concentrations of all of the solutes except Na and Cl

el

during spring and storm events. Downstream from Site 6 solutes are
accumulated through the city to eventually build back up to relatively
high levels again at Site-l {Oak St.}).
+ + - . - L,
Quantitatively Ca +, Na , C1 and HCO3 are the most important

ions of those studied for this thesis in Chippewe Creek waters; wherees,
+ ++ . . . . ' . L+ W/¢1

X and Mg exist in relatively minor amounts. Calcium, X -and Mg

appear to have similar variation to HCO ~ and oversll water hardness (Ed)

m 3

suggesting that these jons form ion peirs. On the oth&r hand, NQ* and
c1” vary'in similer fashion suggesting that these two form an important
fon paif also. Ionic balances were determined betﬁeen the cations_and
anions of spri gflow, stormflow and lewflow. Using the meens (converted

to epm valuey) of Teble C1, Appendix C.in a charge-balance equation
(Freeze =nd Cherry, 1978, p. 96) charge-balance errors were derived for
the deta at Sites 1 and 5 over the three floﬁ-regimes. Results are -tabu-

lated below.

Springflow ‘Stormflow Lowflow
Site 1 (0Oak St.) 2Lg 36% 37%

Site 5 (Airport Rd.) 37% kag L5%

5.

These figures- indicete 'that the.anions studied here are not completely
balancing the cations with respect to ionic cherge. Thus other.anions
are presept which have ndt been measured (i.e. soh", OH - and negative

complexes). : R

r
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The greatest mean values occur during the lowflow periods at all
- + -
sites except for ClL and Ne at Site 1. This fact suggests a large part
of the solute load contributing to water hardness and slkalinfy is

derived from groundwater and that the chemical disintegration of minerals

within the rock anq, regelithis attheexpense of rainfell acidity or seep-

- {. 2

age from waste disposal. During stormflow éonditiéns the concentrated
groundwater diséharge is reduced by more dilute rein end runcff. The
pE reflects this fg;nd a; well with highest'pﬁ values (more basiéj oc=-
curring during lowflow and lover PH values (more acidic) during the in-
flux of acid rain (see Table 3.7, p. 104) and more acidic runoff.
« .

High spring and storm values of C1~ end Na illustrate that these
two ions are derived principélly ffom/surficial sources of road salt. As
well relétiyely high Yowflow values indicate that the road salt may be
lingering in t&¢ watershed as soil contaminant along roadways or that
Other sources such as septic systems may be active. .

Thus in Fipure 5.1 the solutes display considé}able variance amongst
the éampling sires and the flpw regimes. T'I‘he effect of the landfill "’

on Site T is ?bvioué but the effects of discharge and the city are less

obvious. . Adﬁitional data values in Appendix C further qualify the means

- plotted above. OStandard deviations of spring and stormflow date gener-

‘ .
elly tend to be greater +than those for lowfiow data showing that wvariance

is large within the deta subsets as well. In the following sections,
this variance, both within-site and between-site, is addressed and

=

analyzed. ’ . d
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Temporal Varietions: Within-Site Variance

» .

5.3.1 Introduction

e
As discussed earlier in Chaepter II, solutes can be controlled

by discharge, seasonal and diurnal cycles in biologicel nutrient upteake,
chemical activity, climate and changing landuse patterns. All of these
factors cen introduce changes over time in streamwater solute concentra-

- 13
tions at 2 site or in the within-site data. Thus, they generate temporal

variations which produce within-site variance of solute concentrations

in Chippewa Creek.

In this study, however, little temporsl variance is introduced’

by changing landuse patterns. Over the study veriod, little‘change in
landuse cccurred in the sub-basins behind each of the sites. Th;s the
between-site variance (analyzed later) is a fTunction of landuse differ-
ences from site to site rather than changeé within, although strictly

speaking there is some variaticn over time here as well because the

sites and their respective sub-basins generate different solute respon-
ses for spring, storm and lowflow conditions. Thus in the study of be-
tueen-site varignce the site data ere partitioned into flow regimes later.

Within-site solute response is analyzed for two sites--Site 1

(Qak St.) and Site 5 (Airport Rd.). These sites display the solute res-

pense of the urbanized and the rural sectors respectively of the Chippewa

l‘

Watershed (see Chapter III, Section 3.7, p. 113). Urbgn values used

in this section, are the difference scores genersted by subtrzection

™

of the Alrport Road from #he Qzk Street concentration values, as qﬁt-
. _ [

lined earlier in Section 5.1.1 (p. 130); therefore, the .data analy¥red

-

are representative of the actual contribution by the rural and
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-

urbanized sectors of the watershed. As well it is at these two sites
- that continuous hydrological date is available making it possible to
analyze solute varistions relative to time-dependent hydrological

parameters.

I

Data are graphed in Figure 5.2 -for Ozk Street and Airport Road

L)

sites over ithe study period.to show the extent and nature of variability
of the solute parameters studled. A generalized appraisal ﬂfrom the

Ty . o 9

plots) of the releative magnitude cf the solute parameters. between the
urban d rurazl sites and the extents of their variabilities are given
below -

t Rural values of pH, TDS (total dissolved solids), HCO, , Ha

3

. B ++  _F ++ . . “
(hardness), Ca , K and Mg are ellgrester in magnitude than urban

+ - - L] - N 3
values. Only Na eand C1 exhibit greater concentration values for the

urban sector of the watershed. The extent\sf variability is alsc dif-

. . _+ - e s \
Terent in some cases. Calcium, Na , C1 and pH =11l display greater

v . N . .t .. -
varience in the urban setting; whereas, ¥ and HCO display greater

3

variation in the rural environment. Total dissolved solids and overall

hardness appear to have relatively equel variestion in both urban and
rural environments.
Seasonal trends are also evident but are often difficult to ap-
Cn o o - s : ++ o
praise apart from the effects of discharge. Calecium, Mg and, of course,
hardness all tend to build in concentratios through the summer months
. to peak in late September and to drop off in the zutumn in the rurel
setting: however, in t%s urban setting. values increase in late fall.

Magnesium concentrations build over the summer to decline in the autumn
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urban setting. Sodi :31 entrations begin very high in the spring and

generally decline in\the &arly summer to build slightly in late surmer

in both urban and rur=zl settings. Chloride concengrations and TDS show
a ;imilar‘pattern. Finally pH displays very low values (acidic condi-

tions) during the spring breakup but recovers to build to more basic

levels over the summer, in/effect reflecting the buildup of bases such
[

+ ++ i :
as Ca , Mg and ¥ in thé\creek waters. =

On top of these broad) seasonal trends there is apparent variability
due to changing dischaxfe. Many of the solute variables show the expected

decrease with increasing discharre or dilution effect. In certain cases
g £

—

positive relationships occur but from these rlots it is difficult to

tell whether these are rezl or spuribus relationships intrcduced by chemo-

graph lag as described by Welling and Foster {1975}.

In summary, a(anCk perusal of the data plots in Figure 5.2 has

-

. \
revezled extensive variability in solute concentrations a? the urban
L4

+
site, Ozk Street and the rural site, Airport Roasd. 'The r@Fp fise~of the
A
solutes to season and discharge events appears to be diffai?ﬁﬁ\for the
. . . . R
rurel and urben settings in nost cases. This fact would suggestithat

the urban and rural sectors of the Chippewa Watershed are behaving\dif-

.

|

Tferently with respect to the generation and/or control of solutes dell—\\___ﬁm_k_

b

¢

- s

vered to the stresm.
< \
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5.3.2 BSelection of Hydro-Temporal Variables

In order to seek cut explanatory relationships for the solute

-

vériance, noted within the dete in the lest section (5.3.1), several
hydroiogical and temporsl verisbles have beén selected for use in re-
gression analyses.- In Chapter II earlier, the meteorclogical, hydro-
logical and temporal controls'onlsolute variebility neve been tho;Oughly

detailed. The selection of explanaloly verisbles must reflect these

controls so that envircnmentally sound interpretations of solute variance

-
-

. -~
can be made. The variables .selected are listed and discussed below.

-

=1

1. Q = discharge per. unit area (l/s/km2)
2. QP = megnitude of last peak flow (c.f.5.}
3.. TQP = time to last peak flow (nours)
L. TS = time since‘spring breakup (days)

. -
5, TD = time after 6:00 z.m. (hours}

6. PT = total rainfell in previous L8 hours (mm.)

7. API = antecedent precipitation index (ram.)

Discharge has been shown to be é very important control of solute con-
" centrations in streamflow principally through dilution mechanisms. The.
effects of Q should be different amongst the flow regimes into vhich

the data has been partitioned principally beoaﬁse source areas afe dif-
férent for spring, stormfiow and lowflows. In fhis case Q has been
divided by the area of each sub-basin so that compariscns can be made
petween the two sites, Odk Street and Airport Road. + 1s well known

that besin area has a major effect on discharge and if comparisons are



o

4%

P 2

%éo be'm§de betweén sites the discharge should be area-welghted to‘remove
this effect because area.is not at this point going to be used as one
of'Phe }xplanatory variables. Discharge values were determined frcm .
Tlow rating curves (see Section 3.6.2, p. 83) using the stream-gauge

record taken with each water sample.

wgriance is the flushing ,‘J
’ /
hed which produces chemograph lagg//
. HZon
and variation in solute magnitudes (Welling and Foster, 1975). Storm

Another effect which crqigfs t

or exhaustion of solutes in a wa

.- \
events severely alter solute concentrations in streamwaters by flushing \

N

and dilution and a recovery pericd is needed to build the solutes bacx"f\\

—
—

up to pre-storm levels. This recovery is evident in the storm data dis-:

- . -

cussed later in Section 5.3.3. The exhaustion or the bulldup of sclutes
would necessarily depend on the magnitude of the flushing or diluting

action which could be eguated td the megnitude of the peak storm flow

{(QP) and to the time elapsed since the peak flow (TQP). A greater QP
: I g

should produce larger solute variances through concentration, fiushing

or dilution of the ions in question. Likewise.as time from the last

peak flow increases, solute- concentraticns should also change either

due to rebﬁilding to former levels or diminishing from peak flow levels

depending on how they relate to discharge. Values for QP and TQP were

extrected for each sample from the continucous str?am gauge‘;gcords col-

lected at Oak Street and Airport Roed {see Sectioﬁ‘3.6, p. 82).

During winter months the roads within the Chippewz Watershed are - -

well salted with deicing salts con®aining principaliy NaCl and a miﬂor

amount of 52;;;:\ wnen the spring melt occurs, these salis are released



]
flush them from{the watershad Thus behaviour of these and possibly

~

' - ey " - . ~ <.
~ other solutes will likely change as a function of time 1rom the spring

breakup because of diminishing supply and delivery rates of solutes and
.~ runcff to the streamwaters of Chippewa Creek. As well, other sclutes,

which havew%pilt up in the groundwater flow through the lowflows of
rﬂ\winter, will undergo severe dilution in the spring melt and then tend
Y
kor4fecover as the watershed dries out. Thus time Irom spring breakup
(TS) should be an important variable in the explanation of solute beha-
viours over the period studied within'all flow regimes. Time from
spring {(TS) was calculated for each sample by simply cumulating the days
from the date of spring breakup (established by observation) to the date

recorded when each sample was taken.

7]

QOther temporal

S

spects are introduced by the diurnel changes in

wetershed processes. Biotic, hydrologic and anthropometric changes occur

-
b

c o
which control solute variation. The effects of these changes may be

exemined by relating the time of day of sampling (TD) to the magnitude

1]

solutes at the sites. In this case 7D re

(8]
"y

resents the number of hours

o)

t

after 6:00 a.m. and should explain the biologic influence (i.e. photo-

- synthetic effects in streamwaters or biologic .uptake of nutrients) and
the human influence {humen activity begins at about 6:00 a2.m. as gviden-
ced by increasing volumes at the city sewage disposal plant). The ex-

planation by TD should be best in lowflow conditions and iz likely to



' (

be masked by hydrological effects in stormflow conditions. In spring=
flow any diurnal effects will likely be related to solar energy input

. . ’4
Watershed wetness also influeixes the delivery and behaviour/of

. ' \Qg-
solutes to streamwaters. In Chapter.TI this control hak -heen dis?ussed .

from the point of view of rock and mineral dissolution equilibria, di-

~ /
and the resulting increased discharge provided by meltiwaters.

. . : <
lution, and transport. The measures of watershed wetness ¢hosen here

to explain solute variability are total precipitation (rain) in the pre-

vious 48 hours (PT) and the antecedent precipitation index API. The

variable, PT, not only denctes wetness but to some degree, storm inteysi-

ties as well. The periocd, L8 hours, ua;\chosen to mirror both the duraticn

or storm periods and the approximate time  after which the stream begins

A
to experience the throughflow effects as determined earlier in Section

3.6.2 (p. 83 ). The value of PT was determined ‘or each sample from
——— Ly
traces token from the precipitation recorder at the weather office of

North Bay airport._' -
The API has been derived for each sample beginning at April 1

of each sampling year by use of the method outlined in Dunne and Leopold
(1978, ». 366). A decay function is eﬁployed to estimate the API or
soil wetness index for each successive day. T

The function is as beslow.

W
i

where I, is the APT on

<

day in gquestion

H

is the API

[N

° n day 1

t iIs the time in days since the last rain’s

X is the average rate of soil water reduction
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~ T

April 1 is chosen 2s a start date for the ~unction because DY
this date soils are becoming unfrezen and jnfiltrating meltwaters are
saturating the soil horizons. Thus decay begins from a saturated oOr
nearly saturated watershed conditicn: "An initial API was determined

“py selecting s field capacity of 0.13 for the soil of the watershed by
using an average soil depth o 8.20 m., determined from £ield study and
well records of the watershed (M.0.E., North Bay) and by selecting en
average decay rate of 0.90 from Dunne and Leopcid (1978, p. 366) .
Reinfalls were then taken from precipitation records and added into the

‘ APT in the appropriate manner as +the API was developed over the study

a2

period.
7o some extent the above variables are measuring similar control-
ling influences on solute variability. For example, discharge (Q) will

relate to soluie coqgentraiﬁequnﬂTTJEEE-likely ve related to many of

. .o i ; -
the other independent variables such as TS, PT and API. As TS pgets

2

1

P

ct

arger, Q will ge smaller especizlly during the springflow period.

[o2]

Ir is o large value then woth Q and API must also show increases.

b
'y
b

When these variables are used +o explain solute variation in a2 multi-

3
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variate model, they introduce multiccllin

5.3-3,

e}

. 152); in that, bec35§e of their common variance, they will
explain similar variance in the solute parameters. Thus the common variance
of the temporal variables has been investigated using a factor analysis

technique.

Tactor analysis has been used extensively in reological and geo-

craphical research (for exemple, see Xloven, 1966 Harbaugh and Merriem,

1968; Yeates, 19753 and Johnston, 1980) and several authors have used



the technique to sort out the interdependence of explanatory variables

for regréssion analyses of watershed relationships (for example, Pionke

and Nicks, 1970). Principally the procedure organizes or groups a series

of variables on the basis of their common variance. Input to the process

is the correlation coefficient matrix of the variables in question. Even

though it is possible to determine the interrelationships of the variables

T

. . . fees . . i,
from this matrix, there is some difficulty in detecting common varlancél

\

when large guﬁbers of variables;are involved. Thus factor aﬁalysis is
able to expedite the search for common variance within the group of
variables under study.

In this study an R-mode factor analysis was run on the hydro-
temporal. variables for each of .the flow regimes on both Oak Street and
Alrport Road values. Factor loadings were determined for factors having
elgenvalues greater than 1.0, The results are given in Table 5.1. It
1s apparent from the factor loadings of the variables on the factors
across the two sites during different flow regimes that the variables
behave somewhat differentlylunder different spatial and hydrolggixal

\
conditions. Interrelationships (defined by high factor loadings on the
\
same factor) amongst the variables are presemt but are not always con-
sistent in magnitude or direction from flow to flow or site to site.

The grouping of the variables by factor analysis can have en-
vironmental significance or can occur due to chance statistical corre—
lations. Thus it is often difficulé to interpret the physical meaning
of each of the factors fdencificd. In this study the technique has been

used primarily to identify intercorrelated temporal variables for use
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in the interpretation of regressions later. However some obvious re-—

-~

lationships exist and are menticned below.

.

In springflcw conditions Factor 1 is obviocusly dischaerge—related.
During the spring melt PT and API would relate highly to discharge under
saturated watershed conditions. As spring passes, however, the influences
of PT and API become less as evidenced by the negative loading of TS.
Factor 2 is not so easily interpreted but seems somehow relaged to time.

or stormflow at Airport Road, two factors have again been ex-

-

tracted. Factor 1 still displays a discharge function bdut now API is
less influential and PT more influential suggesting thet during storm

events discharge values are primarily s functicn of the magnitude of
the rainfell event rather than APT {watershed wetness) which contributes
! : - .

groundwater flow. This discharge interpretation is strengthened by the

negative loading of TQP suggesting that discharfe diminishes as time

-from peak @ increases. TFactor 2 appears to define stgzg_gggnitude.‘

Apart from a high, positive loading on QP, other loadings suggest a si-

milar interpretation. A high, negative TS loading denctes smaller peak
flows as time from spring increases and a positive loading for APT sug-

gests that larger - peak flows occur with 2 wetter watershed. Both seen

.

congruous with expected relationships in a "real-world" situaticn. TD

is not easily explaifed and may te another chance correlation.
|
I

or stormflow.data at Oak Street, four factors are defined by

. -
mporal variables™ Factor 1 again appears to be discharge-related

ot
o
1]
ct
[

high loadings from § and PT. Interesting;y, API has = very low

loading on Faclor 1 suggesting that groundwater flow in the city has
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- :

less influence on stream discharge. Factor 2 defines a time function
which is again difficult to interpret. TFactor 3 could represent a ground-

-

water or soil water contributioﬁ fagior with a high pos%tive loading
by API and a large negative.loading from TS which indicateéla drying

.out of tﬁe watershed as summer progresses. FFinally Facfor 4 represents

a storm magnitude factor.

In lowflow conditions at Airport Road, Factor 1 sgain strongly
denotes discharge. During lowflow, groundwater becémes the source sus-
teining streamflow and thus QP and API b&ccme important for their magni-
tﬁdes Eill govern the volumes of baseflo#. The greater the QP of the
last storm, the greater will be the API, the elevation of the water table,
and the resulting Q. Factor 2 takes on some sort of time connotation
once again with high loadings from TQF and TD. Included in this case,
hoﬁéver, is PT which might suggest some relationship between time of
day ana reinfall events. In any event.thg physical meaning of the re-
lationshiﬁ is Aot reédily apparent and it may be once again =z chance .
.correlation introduced by the sanpling schedule. Factor 3 is isclated
and defined by TS alcne. Thus TS is independent from discharge and event
timing as defined by Factors 1 and 2.

Finally, in lowflow conditiohs within the city, three factors
are isolated. Factor 1l appears to represent discharge, fed primerily
by ground and soil water. Factor 2 also appears related to discharge

but mey be discharge resulting from mincr rainfall events, large enough
. ) o
to increase @ but toc small to drive the gauge levels beyond the lowilow

cutoff level discussed earlier iﬁ'éection 5.1.1 (p..230 ). Factor 3.

is again defined by TS.
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-

Ir summary then, a factor analysis of the temporel variables

has isolated from two to four groups of variables for the two sites

..

and three £low regimes. Each group defining a factor in most ceases
appears to have physical or environmental meaning in light of actual
hydrological conditions!expected_during each of the flow regimes‘at

the rural and urban sampling sites. Factors have been labelled accord-
ing to the environmental relationships between variables which define

s
the factors. Discharge apprears to be the doginant‘factor in all condi-

a

tions, while storm magnitude, watershed wetness, time from spring factors
and a possible event timing factor all contribute under one condition

or another.

Also it is qpparent that several of the variasbles are interrelated

for various conditions of flow at Osk Street and Airport Road. In effect

these varisbles are describing the same hydrologicel conditions-and

-

use will be made of this information later in this chepter.

5.3.3 Results

For all three flow regimes the values of solute concentrations

and the hydro-temporal varisbles for +he samples of streamwater were

“

entered into biveriate regressions‘in'order to deﬁermine if the hydro-
iogical and temporal watershed processes could be related to solute
varience. Only the best fit relﬁtionships, statistically significant
et the .05 iével, are reported and analyzedl Results of these repres-—

sions are listed in Table DI of Appendix D. It is apparent from study-

- »
»

ing this table that there are complex relationships among§t the sclutes
- -

and the hydrclogical and temporal variables. Several -types of mathematical
S - _
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functions are needed to describe all of the relapioqships. They are

-

listed below.

1. Linear: C C=a+oy 5.2
2. Reciprocal: C=asovd 5.3 -
3. Power: . C = aVb s.h.
L, Logarithmicl C=a+ blogV * 5.5

where C Iis the concentration or value of the solute’ parameter

o r —~—

V is the hydro—temporal variable .

a 15 the regresgion intercept (i.e. the value of C for V‘= 0)

b is the glope of the regression
Relationships defined by Equations 5.3, 5.4 and 5.5 above indicate
complex changing rdtes of wvariation of the solute parametérs. These
comple¥ relationshipé are entirely expected. For example, often solutes
ere diluted or concentrated very rapidly with increasirg discharge,
then-be;ause ¢ the changing pharacter of supply and delivery or some
other controi, éoncentr;tions stabilize to minima or maxima evgg though
discharge continues to build. Such'relationships are parabolic or
ﬁyperbolic iﬁ-configuration and hence must be deseribed by functions
other than linesr. In éddi?ion, the relationships vary over the éif-
ferent flow regimes sémpledland they alsd'vary over the two sampling
*s£té§ at Airport Road and Oak Street. Thu§ it eppears that both withig-
site (hydro-temporal) variance and between-site (spatialj variance
exist in the data.

Within-site solute variance results from the changing hyd}ologic

regimes and the changing watershed supply and delivery of solutes at

=
the sites with the passage of time. The between-site variance is
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15k

reflected in the difference in direction and magnitude of solute ré—

lationships with the hydro-temporal variables between the Oazk Street

(urben) and the Airport Road (fﬁfal) ﬁites. Oféen the variance of

individual ions or solute parameters is explained by several of the
//hydrolOg' 1 and temporal vepliables. At first glance this fact suggests
very com. ex multiveriste explanation of the soiute variation. How-
ever, /£he total of the 32 values for these hydro-temporal varizbles
foria given ion is often greater than 1.0 (or 100 per\cent explanation;.
-Obvicusly, there is common variance amongst the hydro-temporal or preg
dictor variables so that they are to some extent explaining similar
variance in the solute parameter. The factor analysis of Section 5.3.2
(p. 1L43) uncovered this common vagzance within the predictor variaéles
and it is confirmed heré by the Re values of the bivariate relation-
ships of fable D1. Thus, where several variables are involved in similar
Ei%iﬁpation of a sdlute parameter, z stepwise multiple regression has
been used te sort out the best explernatory relationships.

In stepwise multiple reéression each independeht variable is
entered into th; regfegsion separately, and both its contribution t§
the.dependent and its common variance to the cther prqdictdrs assessed.
(Johnstoen, 1978). 1If the independent variable is significantly related
to the dependent. (i.e. the statistic for the regression coefficient

for the null hypothesis is significant at the .05 level) then it remains

in the equation. Ultimately a multivariate equation is generated con-

’ -

taining only significant predictors of solute variance. ZResults of the
stepwise regressions are presented in Tebles 5.2, S.k, and 5.6 in the
following sections. These results are discussed in turn in the following

pages. ' ¢ ) \(

L

P

P
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5.3.4 Springfliow Relationships

Springflow stepwise regression relaticnships for the solut%
parameters §nvestigaied in this.study ere listed in Table 5.2 below.
The degree of explanétégn by the significant hydro-temporal variables
is generally low for both the rural and urben set?ings suggesting that
either additional within-site controls are opersting or that stochastic

-~
events take place to randomize solute varisnce to some extent. In
FPigure 5.2 (p..lhl) certain short pericd fluctuétions in solute con-
centratigns are evident gnd would reduce the linearity of the trends
of seolute concentrations. Initial flushing of solutes in-the early
spring runeff is one such pefturbation which introduces add%}ional
variance into the treéds of concentration of several solutes. These
situations are discussed in turn later. Nevertheless, a portion of the
variance in the 'solute par;meters is explained by the vari Hon in one -
of TS or Q. Both of tﬁese varié%les have been identified as contri-
buting to a diécharge—related factor in the factor analysis of spring-
flow. data for Qak $treet discussed earlier. Thus it would seem that
discharge or some expression of discharge is the major control on
springflow soluteslanérsolute parameters.

The direction and magnitudes of the relationships differ between
solutes and between sites suggesting variable behaviours of the solutes
in the hydroldgical environment of springilow in the rural and urban
séttings. In order to get a bette{ appreciation of the orders of megni-

tudes and intensitites of change between similar solute parameters at

the two sites, sample calculetions have been done for selected intervals
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on the curves described by the regression relationships. Springflow

calculations ére presented in Taeble 5.3 below.

Where urban and rurel solute variances are explained by e similar

hydro-temporal variable, direct compafisons can be made between the
sites st the low and high ranges of the relationship for solute con-

centration magnitudes and the rates of change (slope).by selecting

low. and high velues of the explanatory variable. However, when two
different hydro-temporal varisbles explain the variance in a given
‘solute parameter at the rural and urban sites (for example,-HCO3_,
+ B : . ) . i
Na , and X in Table 5.2), the choice of intervals . for comparison 13

more difficult to make. Low and high wvalues f?r the two explanatory

varisbles must be selected in a rational wg igcording to how they

relate within the hydrological regime and within the original date.

vzf

or example, in Table 5.2, Na+ relates to TS in the rural sub-basin

[&]

nd to Q ih.the urban sub-basin. These explanatory variables have
different units’and therefore their regression interceptis and_slopes
will not be di{éctly comperable. Thus ;t is necessary to sample the
slopes of both the relationships_for high and low values of TS and Q.
'How?ver to be able to comparé rural to urban, the values of TS and Q
seIecfed must scmehow relate to each other in a rational way. Tﬁe
procedure followed is explained below.. )

In Table 5.3, the rursl relszticnship is analyzed for = short
interval close to the beginning of spring ané for one near the end
of spring. The oéiginal data is used to estimate two corresponding

intervals of Q for the urban setting during these two intervals of
. <

N
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fﬁ\\ COMPAR FSON OF MAGNITUDES GF RURAL-URBAN RELATIONSHIPS--5ORINGELOW
/"‘"'-/ ~
4 . . I
~ RURAL (AIRPORT RD.) URBAN (OAK $7.) §
1
- SOLUTE VALUE VALUE VALUE VALUE i
PARAMETEZR | INDEP. VAR. DEP, VAR. SLOPE |INDE®, .vAR. DEP. VAR. SLOPE " SIFFERENTIAL
'
oH TS = 3.0 6.07 [ 75 = 3.0 5.73
TS & 3.3 6.08 +0.03 | TS = 3.3 5.87 “G.u7 vz o15.7R
S = 37.0 7.53 BRI 7.19
'\\\ = L0.7 7.69 +0.04 | TS = w03 7.20 +C.03 R oz 1:3L
DS T§\= 3.0 153.65 ’ TS = 3.0 240,47 ;
TS = 5.3 149. 34 -14.370 TS = 3.3 220.37 -26. 18 LR VEE NP
TS = 37 .0 39.58 TS5 = 37.0 37.29 -
TS = k0.7 35.67.  -1.16 } TS = 40.7 35.66 -1.63 RS
- » ; 1
c1 TS = W0 37.53 LTS = 3.0 165,36 l
I 75 = 3.3 36.08 -4.83 , TS = 1.3 133,22 -40.57 TR
i TS = 37.0 22,84 35 = 37.0 22.36 !
| TS = 40.7 22.72 -0.03 ;TS = 40,7 21.37 -0.27 I u = g.0%
: |
Na” % TS = 3.0 28.27 \ Q= 776.0 14k -
TS © 5.3 28.73 -1.8¢ ; Q = 700.0 1L.53 -0.20 % 1c¢”| R = 900.cv
I 15 = 37,0 15.01 lq= 28.6 49,35
TS = &0.7 14 .47 <0.15 | @ = 26.0 52.98 -1.40 = ¢ IR
+ i
K TS = 3.0 5.30 Q P700.0 1.
TSz 3.3 6.2 -0.23 | Q = 770.0 1.10 F0.0Y % 10T R o= oIg
TS = 37, Yok Q = 26.0 L.04
75 = 43 w.37 0,02} = 28.6 3.77 -0.10 Uz o5.0%
HCGS- TS = 5.0 7.42 Q = 770.0 14.92
TS = 3.3 7.56 +0.%7 | Q = 700.0 13.52 +.02 R oz 23.5.
TS = 37.0 25,74 Q = 28.% 0.0
TS = 40,7 25.52 +0.48 | Q = 256.0 0.0! .02 Rz 26,0y
= .0 21.05
= .0 20.95 -0.01
= +0 3£.3¢8 .
= 155 35.38 -1.53 d
\ |
i
ca™ Q = 1ho.% 20.36 !
. Q= 154 20.18 -0.91
Q= :9.0 37.06 |
Q= If.s 35,36 -0.70 i
et * A 1 Q= 700.0 0.75 A ‘
TN i Q= 770.¢0 0.65 -0.106% 107"
b o= 26.c tiuz .
G = 2E.% 1.42 -0, 19X 16 ¢
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springflew. In this way TS and Q are related, in that, eerly spring
and late spring values of Q are selected for Osk Street to match the
early and late spring yalues for TS. The two variables are now linked

in time. Thus for the interval TS = 3.0 to 3.3 for the rural site,

the corresponding Q interval for the urban site is T700.0 to 770.0 and

for TS = 37.0C to 40.7, Q is 26.0 to 28.6 which is o reasonadble selec-

tion because Q must decline as spring progresses. Therefore, ur

values of Q have been chosen from the originel data in a way which
. r
' / \ \
makes hydrolegical and temporal sense vis a vik the progression of

events and processes in the watershed. To allow compariscns, these
intervals have been standardized by generating a ten per cent increas
or decline about the magnitudes selected for each of the variables

-,

for both early and late’spring at the two sites. Then slope values

Table 5.3, the slope for the low interval of TS is -1.80 and it Ng

e e . . . +
calculated by dividing the difference in the dependent or Na valyes
(i.e. 29.27 - 28.73 = 0.54) by the difference in the independenﬁ/or

1
explanatory variazble TS (i.e. 3.3 - 3.0 = 0.3). The result is/the

. .
slope value, -1.80, (gﬁ?hfiﬁﬁh + 0.3 = 1.80) for this interval In—the

relationship.

[

) s . . N .
These slope velues indicete.the steepness of the regression
-

relationships in the selected intervals and because they are non-

dimensicnal and occur over standardized intervals related in time,
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they can be compared for the two explanatory veriables at the Oak
Street and Airport Roed sites. These slope values express the rate
of change in the sclute varisbles over the intervals chosen and thus
in effect they describe the intensity of the process causing the change
under differing hydro-temporsl conditions. Thus the magnitude of the
{__“/concentration values as well as the rates of change within verious
( selected intervals in the relationships can be compared for the rural
. . .+ .
and urban sub-basins. Using the rurzl Ne example from Table 5.3 again,
. A + -
it cen be seen that the rural flushing of Na is much greater than
' . . + .
the urban rate of increase in Na during early spring by a factor of
500x. However, the absolute accuracy of the values of the solute para-
o . . . ; 2 -
meter and the differentials generated will be relected by the R wvalues.
n . . . . . 2 .
Where a good fit and accurate relationship exists, R values will ap-
prozch 1.0 in wvalue. Under this condition predicted values will approach
real values in the watershed and magnitudes of differentiels become
significant. To minimize inaccurzcies in predicted solute values fronm
relationships of low explanation, values {or the independent variables
vere selected within the range of dats used 10 create the regression
<« .
relationships.

In spring the prineipal sourcés of discharge are from spring
melt of snow and ice in the watershed. The behaviour of solutes carried
to the stream will be determined by these large volumes of water of

- low pH (Jeffries et al., 1979). Surficial sources of solutes. from

deicing salts, from the snowpack and from the leaf litter of the pre-

vious autumn should be operztive. Solute from these sources shoulgd

T~
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exhibit the flushing and exhaustion trends discussed earlier in
Chapter II. On the other hand, solutes which are primarilfy generated
in the soils and rocks and transported to the stream via ground or

soil water, Fill'exhibit typical "dilution behaviour. As well, pH vélues

will reflect these trends, being very low in early spring meltwéﬁgif_”_,

-

1 . ; '
but increasing towards basic values as meliwaters recede z2nd subsur-
face waters become more important in supplying discharge. In light
of these expectations, the springflow relationships are analyzed below,

using the informetion in Table 5.2 and Table 5—s.

(2) Total Dissolved Solids and ChMoride

Total dissolved solids (TDS) agg‘c1

.
tent with a flushing response in both thel rural and urban sub-basins.

exhibit behaviour consis-

Prom initial, high concentrations they depline as spring progresses

due to exhaustion of surface supplies. Ch

o

this ion is quantitatively Epe most abundant in early spring and makes

values indicate that

ﬁp a large portion of the TDS. As expected urban Cl- values are greater
than rural, confirming the source of this icn as being deicing salts.
However, in late spring the concentrations of both Cl” and TDS approach
equality for the urban and rural sub-besins. Chloride values are still
relaetively high even at the end-of spring suggesting that this ion

also is present in baseflow, a reasonable conclusion in light of reports
by other authors that 25 to >0per centofdeicing salts applied to roads
eventually find thg;r way into soil herizoens (McConnell énd Lewis,

1572). >
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Flush rates for both TDS and Cl~ are vfry high in early spring

indicating quick removzl of solutes, especially Cl . 3By late spring

the rates of removal in both rural and urben segtings have diminished

P

by about 12.5 times (i.e. comparing slopes frdm Table 5.3, 1L.37 =+

1.16 = 12.50) for TDS and 150 to 160 times for Cl . Thus by the late

spring, TDS and Cl™ concentrations are "stabilizing, likely because
3 .

of the increasing influence ¢f soil and groundwaters as a source of

1

streamflow, and due to the exhaustion of surface salt supply and spring

! ?
runoff. Urban flush rates (slopes ir-the ten per cent intervals) are

. . . > -

greater for both TDS and CL~ in both early and late springflow. TDS

are flushed from the urban watershed at a rate 1.4 times greater than
the rural rate and Cl~ ig remcved from the city at a rate 8.& té 9.C
times greater than the rural rate. Tﬂese trends aré reasonable in
view of the greaﬁer magnitude and rates of runoff produced Irom the
largely impervlous ufban surf&d@*as seen in the example storms dis-
cussed carlier in Section 3.6.2 (p. 83). The intensity of process,
in this case the flushing of surficial .selts, is greater in the urban

setting and reflects in ithe slopes of the repgression relestionships.

(b) Sodium and Potassium .

Sodium and K also exhibit negative 'relationships with their

-
explanatory veriables in the rurel data which can be explained by =
flushing response in the rural environment. The solute variance ex-
plained by the regression in each case is not great, likely in pert

. cu . .. -~
due to the extreme dilution end slight recovery which occurS(in the

first meltwaters (see Figure 5.2, p. 1i1). From large concentrations

M

N
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.. . - + e s ' ) L .
in springflow, rural Nz and K diminish te lower velues 1n late spring.

Rural flush rates diminish from early to late spring by zbout twelve

. . st Lt ) .
times for both Na and X . In early sprin ,*mé}twaters could produce
) & A

-

the © vved response in X . Potassium has been shown- to peak from
. ,l':' .

leaf litter during spring relt in studies by Gosz et al. (1973) and

x

7 - . . . X .t
guch a response is séen here in Figure 5.2D. From this peak, X

values decline as supply becomes eﬁpausted anéd dilution beccmes domi-

nant. In the urban setting these two ions show reverse trends to those

-

in the rural setting. They are both inversely related to Q and show

an increase as Q decreases over the spring melt. This behaviour sugs

-

that sources other than those directly connected with spring runoff

. + . . .
are involved. Urban Na experiences a slight first-flush.effect (sece

igure 5.2 again) then experiences & degree of dilution in early spring

and an increase in concentration as the spring passes and values of Q

become lower. This behaviour "is very suggestive of & subsurface source
. ‘ : /

for Ha within the city. Potassium levels in the soils of the urban

sector (see Table Bl, Appendix 3) are well within the magnitudes found

. “~

. i - Lt ,
in the streamwaters and may be the principal source of K 1ip the urban

streamwaters during springflow. The lack of a distinct peak in early

spring seems to support this source rather than e flushing of the leal
litter. However, it is possible that the peak occurred earlier than
the first sample date in the sporadic melt-freeze cycles which occur

in the city

ke

. . R s ot .
rior to the major spring runoff. Alsc X levels in the -
urban soilsfeppear to be highest in the A horizons (see Table Bl again)

and one would expect 2 flushing of these horizons in_early sprin
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Possibly the large runof?f volumes from impervious areﬁé tend to mask
out the flushing of K+ from the litter and upper soil horizons.
Sodium levels are generally low in the city soils but at the
semple sites close to human activity they exhibit relatively large
values even in the autumn when the soil sampling was undertaken {see

Table B1, Appendix B, Sites 3 and L). Thus it is also probable that

road selts infiltreting the urban soil horizons could readily be 2
oL . o - .
source of Na during wet, spring conditions.

. . . . +
. The increase in the raté of recovery in urban Na concentra-—

tions is a phenomenal T00 times from early to late spring; wheresas,

+

.

- - 3 . - - + ] --+
for ¥ , it is 50 times. Thus in late spring urben Nz and o levels
increase dramatically as the watershed dries out. These late spring
. R . + . o . ] .
rates of increase in both Na =and K are greater in the city {by 9.3
and 5.0 times respectively) but during early spring, rural rates of
decrease are greater {by 900 and 2300 times respectively) again em-.

hasizins the divergent behaviours of thesg two solutes in the r
~r G -

£

and urban environments.
)

Magnesi'. displays a negative, linear relationship to Q in thezga

. s is . . - +
urban setting anf exhibits a buildup over spring similar to Na and

-1 . c s ++
X as alscusse&/above. howevegyln this case Mg increases at a con-

. . . s 2
stant rate. The relationship is apparently weskened (low R™) as well
o ++ e
by the first-flush phenomena so that in early spring Mg  velues rise

-

-
with increasing Q ‘or = short pericd then display a negative relation- *

ship to Q (see Figure 5.2D, p. 141). Xo significant relationships
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exist in the rurel setting, although from Figure 5.2D it apbears that

the ng*b concentrations in the rural sub-basiq also respond in a nega-
* tive fashion to Q. As argued asbove for Na+ and K+, this behaviour

of Mg++,suggé§ts a source other than spring nmeltwaters for tﬁis ion,
possibly frém ground or soil waters, sources discussed_more fully

-~

\ ’ o, . i
later. Because highest velues of Mg ~ occur in the A horizon of the

. N
soils in the‘watershed (see Table Bl, Appendix B), it is likely that
Mg++ suffers t séﬁe fate as K+ above. However, in the rural data

~this effect is difficult to explain because snowmelt should flush the

..litter and broduce rising Mg++ values‘igstead of the dilutioq vattern

seen in Figure 5.2C {p. 141).

(d) Calcium and Hardness ' ) T e

Calcium and therefore herdness (Hd) values display negative
.relationéhips with § as well but 9nly for the rurhl data. Frdﬁ\£9ra_
tively high concentrations in winter months (see Table 3.97 o/ lOT);
these two parameters drop dramstically in the initial spriﬁgﬁeiﬁ and

4

then recover as time passes. An apparent lag between peak flow and

maximum ‘dilution (see Figure 5.24) agein tends to reduce the degree’
5 , . P
of explanaticn by discharge. However, the relationships for the rural
E .
. - . +h
“data are significant and stwugly suggest thet Ca  and Hd are derived

principally from ground and soil~water sources. Large winter and lpw-

flow summer values {discussed later) tend to confirmithis conclusion.
b . .
Rates of increase are minima% in early spriag but by 1 ) ring, they

o . . R .
are 135 times greater for Hd and 70 times greater for Ca . IO, sig-

nificart relationships exist for the urban data but from Pigure 5.2B8

.
-
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and 5.2D,~it is epparent that these two parameterS‘behave-ih a complex
fashion in the spring period. Hardﬁqss rises with increasing Q in

i . K oL o . -+, ++
early spring, epparently due to ar increase in Mg (since Ca de-

- 3 - - . - . - + . .
clines), then displays classical dilution, after which it agein assumes
a positive relatf%ﬁéﬁipipo Q. Calcium‘reacts-iﬁ g similar cpm?lex
+ashion but does not build up in concentration during initial flocd.

(e) pH ' :
. Y .
Streamwater acldily tends to reflect these relationships in
++ - .
Hd and Ca . The values of pH are positively related to TS for both
rural and urban settings, which is to say, as sp;ing'prcgresses and
runoff recedes, pH trends to more basic values. The complexit& of

& . . ‘“ :
the "first flush" is-also seen in pH (in Figure 5.2, p. 1Ll) and as

a result explar®tion by the relationships in Table 5.2 are also low.

r- 1

With the first of the spring runoff, 2 rapid depression of pH occurs
at both sites. The depression is lowest at the rural site, even thcough

normally thf/éi values tend to be higher (more basic) in the rural
sf ,

setting. This depression is consistent with the results of Jeffries
et al. (1979) wheresit wes found that the first 30 per cent,of melt-
waters from smw pecks in Central Ontario {Muskoka Region) contained

+ _— i - .
70 to 80 per cent of H, S0, , end NO3 fons held in the snow and

about 36 to 77 per cent of the yeerly export of H
) oo

cceurred in April. The urban setting again displays the most rapid

+ 4 ) )
from watersheds

recovery to more basic values with & return rate of 15.7 times the

-
-

rural value for early spring, indicating a faster release and runofr

of acidic snowmelﬁ;yateis in ‘the urban setting. As spring progresses

- .~ . - i ‘-
N -
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and runoff declines, ground and soil waters become gquantitatively more

important in suppﬁ}ing streamilow and pH rises in sympathy with the

. . L ++ + A -
increasing concentrations of Ca , Mg and nCO3 :

5

(f) Alkalinity

Alkelinity (HCO, ) also reflects the behaviour of pH and the

3

' ++ -+ . . .
bases Ca =and Mg in the rursl setting, exhibiting = linear increase
as spring progresses and discharges diminish. However, this relation-

. ship only applies for the rural date. The urban HCOB_ behaves in an

opposite fashion declining linearly towards the end of springflow.

- The-regson for this decline is not readily apperent because the cations

which usueslly combine with HCO3 are seen to increase with the passage

of spring in the urban sub-basin. Bicarbonate alkalinity (HCO.™) is

(1

provided to streamflow primarily from ground and soil waters (Freeze .

and Cherry,;l979). Thus the decline of HCO. in late spring suggests

3

z surficial source for this ion, or a2 low rate of so0il weathering be-

neath the city and the presence of ancther anion (SO, ) to belance
I

the increased cation concentrations. In gddition, pH_values in the

. b L
urban sub-basin are generally lower than the rural sc that the }ECO3

be expended in buffering urban discharge.

®

{g) Springflow Hydro-Temporzl Variance: A Summary

§7

In summstion, during the springflow period, the magnitudes and i;/’“jp
-
“\}responses cf the solute parameters studied show definite differences .t
in variance over the spring period within and tetween the two sites, "

. . . - . o\ T
Cak Street and Airport Road. In terms of megnitudes, ¢l and Na

.
-

-
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- ) =+ - +
dominate in the urban setting; whereas, Ca , Mg . HCO3 and K deomi-

nate in the rurel setting. The variations of these ions over the

springflow period appears to be in response to the flushing and dilu-
')

A

.
{

ting action of spring runcff. Where sclutes are derived from surface
. - . F + . . .
sources (i.e. C17, Na , K ) the magnitude of their response to flushing

is greatest in early spring and least in late spring. Conversely,

- ++

solutes derived from subsurface sources (Ca , Mg , HCO, ) exhibiZ

3
maximun dilution in early spring. Exceptions to these general rela-

<+

. . . s + e .
tionships occur in the urban setting for Na , K and HCO, , which ex-

3

hibit responses reversed from those in the rural setting.

The strength of the explanations by the hyéro-temporel variables,

Q and TS, is overalil relatively low indicating other possible varisbles
. s ~
involved or cther sourceg of variastion. Explanations sre marginglly

better in the rural data uggestéég more controlled and orderly solute

respenses than The low degree explenation

~

may be related of many ¢f the solutes

with the initi=i dilute méi;;‘ters of the épring thaw and the resultant

chemograph lags. Certainlé nis lack of symmetry between peaks‘and
troﬁghs of nPdrological and solute responses tc springflow ceonditions,
A

introduces problems to the explanation ¢of solute response by hydrological.
veriables. -

Major differences occur in both the magnitudes and behaviocur
of ions between thé-rural and urban sub-basins. Concentrations of C1
an?/éDS are generally larger for the urban environment and inténsi£ies
of\process are greatgr in the urban setting especially for ions exhibit-

. . . . . -t ..+ . .
ing flushing behaviour in early spring. Hgfever, Ha and ¥ are again

~_
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exéeptions in the early spring. ZIons diluted in early spring (HCOS_,
urban K" and urban Na+) all show greater magnitudes of dilution in

the rural sub-basin. Thus, based on an enalysis of the(variance within
the springflow data at Ozk Street and at Airport Road, tLere are apparent
differences in the magnitudes of solute concentrations, and the strength

of their responses to hydrologic controls both over the springflow

peribd and between the urban and rural sites.

5.3.5 Stormflow Relstionships

Duriﬂg stormflow conditions water is supplied to the creek from
rainfall, surface runoff, throughflow and baseflow. Each of these
sources of discharge travels through different chemical environments
and therefore may contain different solute megnitudes. Mixing of

these varigble sources res@lts in the chemiczl character and patterns
-, . .

of solute response cf streaxwaters. Rainfall is on the average, more
ecidic than creek water; thus, direct precipitation into the creek
can be expected to lower pHE values and contribute only minor amcunts

of solutes. Surface runoff from storm events will likely be variable

-

in selute content, although it is generally more dilute compared 1o
beseflow solute concentrations {see Figure 5.1, p. 136). The magni-

tudes and behaviours of the solutes will depend on antecedent condi-

tions such &s time since last storm, magnitude of last storm aend the

r

general wetness of the watershed. Lengthy dry periods will allow the

buildup of solutes in dust and litter in Yhe city and in the biomass
of the rursl environment. Conversely, lengthy wet periods tend to

exhaust surface supplies and solute response is quite different from
=

“‘\

1)

LA
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that found after the dry period. The solute content of throughflow will
‘depend on the'ability of the upper soil horizons énd leaf litter to
provide éoluble ions. Supply from leef litter peaké in the spring

and late autumn (see Section 2.5 p. 32) so that generally low concen-

trations might be expected from this source during summer storm events.

Soils with large base saturation will supply the greatest amounts of

solutes and in the Chippewa Watershed the % BS of the A horizons are
varisble over the areas (see Table 3l, Appendix B). Baseflow is expected

to be the most concentrated because of its lengthy contaet with soil

o

horizons and mineral surfaces. During storm events‘khg concentrations

¢ solutes delivered by baseflow generally will display an initial

In.v‘ . ' '

dilution response then & recovery to pre-stiorm values. ummary ,

negative relationships with Q are generally expé%ted during storm events.
. . . N - L]
P well storm magnitude, QP, will likely be neggtively related to solute

concentration in most cases. As time from peak flow (TQP) increases

- .

solutesconcentrations should increase; however, exceptions to this
and the above expectations can occur due to flushing and exhaustiecn .
of surficial sciute species from the biomass and city streets. Thus

with these principles in mind the solute variange.in stormflow events

-_.-_‘_‘ N ;
) | /I . .

5.3.5.1 Storm Period Variation . e

is analyzed below.

23]

irst of all the storm period variations in the solutes Lo -

a L
being studied here are based on thé“}elationships of Figure 5.3

below. The storm depicted here occurreg“on'June 2L and 25, 1981.

Although by area standards it is not a large storm, the effécts = » ~

b
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on solute response are substantial in that a long dry spell preceded
) 1

the storm. The solute dats displayed were collected manuelly at the

two sites (Osk Street and Airport Road) at regular, synchronized inter-

vals of 0.25 hours for periods of rapidly changing discharge.. Samples -
were subsequently analyzed using the techniques outlined in Appendix A.

=

Values plottéd for Qak Street were derived by subtracting the corres-
ponding Airport Roasd values of three hours previous, (the time of travel
for water between the two sites) thus removing spatial autocorrelation

in the data at Oak Street. As, a2 result the curves presented represent

the relative urban and fural‘contributions to Chipprewa

during the storm.
A
In terms of magnitudes of concentrations during the storm of

June 2L-25, there appear F be some similarities and di'fferences bet-

ural and urban sites. GerrereMly for
' AN
. . . . . - Lot
the urban site the order of guentitative importance is Cl1 > e D
- - ++ Lt . N~ . . - -
HCO4 > Ca > K eand for the rural site the order changes to [1 >

ween the solute loads at the

. - B R LI 3 . .
r:CO3 >Ca >Ha DK . Chloride is sbout equal in peak vElues- for

both sites. Sodiuwn and X }3%33 are greater for the urban\site althkouch

. AN
et s se . ++ L~ - -
generally K vealues are higher at ihe {:ral site; Ca and hCO3 " are ////’—

greater for the rural site. Pre-storm values are all higher at the
rural site except for C1~. Thus the rural setting seems to provide

a greater supply of these ions to creek waters during lowflow either

- - e
+hrough more intense weathering process or from anthropogenic sources e

o > .
such as the city lendfill sitel(see Figure 5.6, p. 207 1. This observa-
. ' : ’ )
tion"is confirmed in discussicn of lowflow relationships in Section .

5-3..6 iater. ' 4

S—
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Solute respense to the storm event is complex. Generally all
solutes display dilution from pre-storm to post-storm values except

++ ‘ . .
for rural Ca values. Recovery from dilutten is very slow. After
- h

three days values are only just beginning to rise again and the increase

is marginally better for the urban site. Although dilution can be
used& to explain the pre-storm to post-storm lowering, the existence

of peak values greater than both the pre-storm and post-storm values
suggests that more than simple dilution is controlling sclute response:
A closer scrutiny of, the curves in Figure 5.3 indicates that all solute

3

charge in the initial.storm period, = display of the flushing effect

concen?fiiijis (except rural Na' fand-iC0. ) inerease.with rising dis-
noted by Walling and Foster (1975). However, this effect is soon masked
ty dilution troughs inyell sclute curves and correspondingly in pE
curves. The causes ¢ these troughs appear to be a complex interpley

of the precipitation and runorf peaks in both the rural and urban

settings. Influx of dilute rainfall to the channel depresses the ionic

”

cpnce“trgtions immediately, esgpcially those ol ECO, =zlmes
3

in direct

ct
3

)

correspondence with the rainfall reaks simultaneously at Qak Street
F . .
we rain is cert%inly acidic as

an¢ Alrpert Reead curing t storm.” T

»

evidenced by the sympathetic depreséion troughs for pH and Heo, ™.
s - >
The HCOS_ being an amphoteric substagﬁe_ic used up in buflering the
incoming rein water. As the storm progreé;.o and rainfall ends, the
. ) '-’/ : P -
solute troughs appear to be influenced to a2 greater degree by *dilute

portions of the swurface runoff corresponding to the hydregreph pesks.

These facts also support a flushing effect explanation in that the

-
.
o

ar
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-

runoff supplying peak flow should become more dilute as surficial solute
supply becomes exhausted. As Qell different sources of runoff with
variable solute loads mey be in}lﬁencing late-storm solute‘response.

The frequency of sclute response can, therefore, be correlated to the
frequency of hydro-metepréigéical events during the storm peried.

+ - .
Rural Na and HCO3 values are at first diluted repidly by rain-

fell into the channel but show recevery and flushing with hydrograph
rise. . Bicarbonate values rise beyond pre-storm levels which confirms

thaet sources of runoff in the rural watershed . have relatively high,

. - . . + ~ .
HCO, concentrations. Although diluted Na concentrations do not re-
3

cover o pre-storm levels, there is stfll a small rise punctusted by
- - . o+ . K3
peak rainfall dilution troughs z2s the sTorm progresses which indicetes

: N - —
2 delayed flushing ®effect similar to HCO. above.
. 3
- . -

.

Generally, except for rural C1°, the curves for the rural solute
variance tend to be more subdued than those for the urbgn setiing suggest—

ing a lesser intensity of process in the rursl environment. In fact

this relationship is also mirrored in the nature of the diécharge curves;
"N ..
therefore, the megnitude of hydrological process may well govern the

-

magnitudes of solute response as well as the frequencdes of response

discussed. azbove. The effects of rainfall 21sb appear Lo be less dramatic

[ N

n the rurel setting agsin with the exception of €17 . Since rainfall

volume is assumed (ﬁee Section 3.6.1, p. 82 ) to be similar for both

~

’ £
sub-basins, watershed or channel charzcter must reduce the depression

of solute concéntq&tiOQ§. A possibility mipght be that the greater depsity

T

!
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of vegetation close té the channel provides cations in ihroughfall to

prevent large depressions of concentrations.
Ry, .

To further compare the rursasl and urban responses hypothetical

; .
solutei peeks have been constructed by extrapolating the rising and

recessional curves of the solutes to meet at a pesk somewhere during

the stormflow. These extrapolated curves represent in effect, the
flushing trends in the solutes with much of the dilutional effects

of stormflow and rainfall removed. The results are presented:in Figure
5.4 bvelow. In 8ll cases -the hypg;hetical solute peaké occur either 4
.at or Eéfore_the hydrograph peak. . TFor Na+ end Cl~, urban concenﬁrations
peek 5.5 hours prior to the hy@rdxraph peak and fér the same two lons,

or HCO _, Ca++

'IJ

rural peaks occur T.5 hours prior to hydrograph peak.
-’+ . - s
and X , urban peak values occur 7.0, 3.0 anéd 3.0 hours respectively

in front of peak discharge; whelreas, the rural peeks for the same ions

‘3) _ ell occur at'the same time as peak flow. Thus it would seem likely
that the peak solute concentrations woulld materialize more quickly

than in the rural, based on theif extrapclated

A
'r+ ‘V ] el ' N
K {usually produced from forest litter or through-

2 ‘ fall during stormflow) appears to be exhzusted more quickly in the

urben setting than thewrural, probably as & result of the Pack of vege—
. o~ .
tative cover and'littil in thé urban setting. Calcium values fall

-
[

. R i - L
relatively less after peaking in the rural than in the urban sub-basin,

a . +

. : again suggesting 2 larger, more consistent supply from litter in rural

throughflow afid throughfall.
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=

Figure 5.L due to hysteretic effects as well. In the rating trends’

. - .
this hysteretic varistion is analyzBd with respect to urban and rural

*

settings. . . ’ .
The.rating trends consist of & series ¢f clockwise and counter-
. ~‘ . R ’ .. % . ‘

clockwise loops. On the clockwise loops {positive hysteresis) solute :

concentrations ingrease with increasing discharge dhd in the counter-—

clockwise loops (negative hysteresis) concentrations <ecrease with -

‘ i -~
increasing discharge (Gregory and Walling, 1973). Thus the rating
' =4 .
irends show a2 very complex, changing solute response during this storm

' b
event. Rural relationships appear simpler than the uﬁpan crnes. 3i-

+

..

++ . :
carbonate, Ca , and ¥ all shew generally clockwise trends. The re-

. i
lationship discussed earlier dan be identified hérg again. iéalcium*
exhibiis a géneral bu@ldup on.both the rising and falling séages with
minor pertqrb;tions along the trend due to dilution. ?otassium dilgtes
initially, then rises with incredsing discharge %o again drop after ‘

peak concentration with falling stage. 3Bicarbonate concentrations
fall with initisl rise in discharge, then peak to fall again and rise

again to a final peak on the rising stage. On the falling stare znother
& & £, 5

major peak occurs, then HCO,

3

values drop with decreasing discharge.
Tdr

- v

D
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Similarly Ne' and C1~ exhibit both positfve and negative hysteretic
effects. These rural relationshipé all seem to cénfirm the flushing
hypothesis used earlier. A sfmple dilution explanation of solute res-
ponse would not be consistent.with the degree of positive hysteresis

.

displayed in Figure 5.5. o =

The urban trends show even more complexity tﬁaé the rurel with
nany tery tight vertical léops indicating abrupt changes in concentra-
ticn for small changés in discharge. This situation might reflect v
the heferogeneity and life span of the various sources of runoff and
their concomitant solutes which exist in the urban setting. By con-’
trast the rural setting appears to have a more homogeneous énd regulated
supply of discharge and solutes. Thus hysteretic effects appear to
be Tmere se;ere in the urban storm data than in the rural data, again
ﬁndgrsccring the different solute responses from these two environ-
nents.

Thus from the analysis of the storm of June 2h-25, 1981, it
would seem that there are definite differences between the solute
résponse in the rural énd urban environments and that these responses

are inﬁegrally tied up with changing hydro-meteorological congdi-

tions tempered by supply and exhaustion effects. On the average,

-

values of many of the solute parameters during 1owflow tend to

be equal tc or greater then the stormflow values at these two sites

(see Figure 5.6, p.EOToé Appendix C). This fect suggests that dilution
of highly concentrated besefiow must cccur in many of the storms so

that the flushing effects in this storm are not likely the general rule.
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The general character of solute responsg then at the rural and urban
sites appears to be very complex and whether it exhibits-dilution or
flushing effects likely depernds on the'nature of the watershed ang
antecedent c&nditions at the time of the storm. In order to deterh&ne
felationships over.a wider range of storms the stormflow data of Appendix
C were subjected to statistical scrutiny in a fashion similar to spriné—
fiow data earlier.

5.3.5.2 Statistiecal Stormflow Relationships

Early storm solute variance has been essessed sbove and a great
deal of veriability wa; uncovered. Even though scme ions displayed
& positive relatiqnship to discharge, uwltimately 21l but rural Ca++
displeyed dilution with recessionai Tflow. To investigete the post-
peak variance patterns? the statistical stormflow relationships below
have been developed using deta selected from only éhe recessicnal floﬁs
of major storms. This choice eliminates some of the variance introduced
by hysteretic effects.

Stormflow stepwise regression relationships are given in Table
5.4 below. The explanation by the hydro-temporal variables is generallf
-low for\bivafiate relationships but is somewhat better for the multi-
variate eqguations. Agzin, as in the springflow relationships, the

_ 2 (

Tural setting generally has greater R~ values, signifying less stochastic
variation or bééter explanation by the significant variables. As well
the degree of explanation, rerticularly in the rurel equetions is

generally better than that for springflow data discussed earlier. The
pring _

quality of explanetign is once agein o victim o short-term, near-peak
1 3 g T
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fluctuetions during hydrclogic events, such as those identified above
in the storm data of June 2L-25, 1081.

All of the hjdro-temporal varizbles are involved in the explana-—
tion of solgte rarameter variance for stormflow conditions, except PT

’ '
and TD. The absence of TD is easily understood in that variance due

[

to time of day would likely be well masked by hydroclogical controls
during stormflow. The absence of PT from these relationéhips is also
acceptable in view of the storm data discussed earlier. Precipitation
is not =2 strong contributor of solutes and supplies only large quan-
tities of acid radicals, principally H+ to the streamwaters (see data
swmmary, Table 3.7, p. 104 ). The effects of precipitation are sporadic,
short term, and minimal relative to‘the effects of discharge from storm

runoff. Usually these effects occur prior to peak § and thus they are

generally absent iﬁ the date analyzed here.- Even though PT relationships
are absent, the effects of raipfall are, of course, feflected in the
variance of § and API for the rural setting and in § for the urban
setting as indicated in the factor analysis of tHe stormflow hydro-
temporal variables presented earlier in Section 5.2 (p. 135).
The complex relationships presented in Teble 5.4 are not, easily
dealt with by visual inspection; therefore, as was done in thé spring-
flow analyses earlier, sample calculations we%e done to allow examination
of the differentials in magnitud gnd rates of change gf solute para-
meters over the storm events-between the rural and urban environments.

The results are given in Table 5.5 below. With the information in
o

Tables 5.4 and 5.5, the following observetions and conclusions are made.



X L1 ST u- By e O 1 Jb
. Iy ¢ 0L = b owut = gl
: : 00 , 00 x ¢ b3 v UUTEREVIN 43 BEESN T+
10°1 vy = oot o= ogd L
N T ¥ AT tn'y ! vioh = ab $Tug - rav
NIV &4 0706 = gl 0758 = Jav
/ ¢hou- (f°0- £5° 9% 0° 11 = uab §°¢2 = Jav
A 0701 = db 0°%¢ = lav LR
né- o 90°0- ni'zi1 Y'td = b b0~ fzr0- 6B BI §% = 851 4wl ab
05°2Z1 0°59 = b 1$°4¢ s = S1 01 40
Nz £0°1- 96§z $°91 = b s9°0- 09y-¢- e §n 121 = s1 ¢ b
05°52 0°31 = 0 ) B 01t = s1 QZ db UM
no"sot -0 x noo- W' 0°8% = Jb1L [ £9°0- {1°0- 9781 £€ = ldv 2il db
’ 98¢ 0705 = 4bi 92°0¢ 0f = [dv 021 = 4b
. ny 08" 0- (15 §°S = db1 | H5 0- HG-0- 6§ "ne £ = 1dv £5 7 = 4d ‘
(S 07§ = abi 207 9¢ Uf = ldv 0€ = gb oM
‘< nrtog _O1 % §0¢ or°2 11'0- 19 0°€5 = Idy
. ¢ R . gu" g D0E = gy
: ny- g . 5070+ "98°0 ' {170~ 85 ¢ G ¢ = tdv
89'0 16°¢ 0702 = [dv o
0 hel e-0U X £704 10°81 o 0°9% = dbi | t0'0- {970- 21702 0°99 = d4b1 0§51 = b
N : 66°¢1 A 6°09 = 4b1 6961 0709 =+addl §$°9L = O
- LR 2970+ 0241 $'% = dbi| 85 0- gyo'o- (6751 $°S = gbi 00§ = b
68 %t 0°§ = Jdb1L 8951 0°¢ = 401 0°§5 = O LUN
m ’ .
o - . -
l 30°§ 2270~ 0Z°0- S0° g 99 = 81 §°14 = b 10 0- net e 518 = b
Liteg 09 = 51 0°$9 = O ez - 0789 = D
46y nf°0- 69°2- Nl gy 281 = St §°91 = b 1€ 0- $0°62 §°91 = 0
. Bl {n 0Z1 = 51 0'5t = b L5°6¢ 0°8T = D _ia
. i . — I
4z 1 $9°0- fh 6l 91 = §1 570+ n9° L6 00°22 = 4d1
- gl*6¢ 051 = si 85796 00°0Z = dabi
T $9°0- 84718 99 = s) 29 0+ ¥R (ZI 0517 = 4bi
. 89° (89 09 = S§i fh ozt 00769 = ubi 541
o 10°0- 1 ¢ 05°69 = ldv 0o~ £ 4 05709 = gy
, . {1y 00755 = Ldv 8f° ¢ 0075 = [dv
d 10-0- £h o 00°2Z = Jav 10706~ ¢ 00722 = lav
Sht 00°02 = Id4¥ L ¢ 00702 = [av| + ud
I IIHIEII4]0 340715 THYA "d3a TUVA T dIANE ENTV ‘AvA T 410 TdVA T Jd10H] d313Invavd
’ NIvA INTvA INVA INTvA Tinios
(15 uv0) Hvaun C'0d 180dalv) vany

A3

HOTAE0LS--SATHSHOELY 13y 2<Dm3|4<x3w

ST Jigvi

40 SIANLINSV 40 HOSTHVJIWO)D



Within the many storms sampled over the study pericd the relative

magnitudes of the solute parameters appear to have changed from-the
~ A

.

spring relationships earlier. AltHough these magnitudes are not exact
in relaticnships of low R, there eare obvicus trends. Total dissclved
. R e .
solids, Na and Cl are generaslly smaller ther for springfiow; whereas,
+ - T s : i .
Ca , rICO3 end pH tend to be generally larger and more important gquan-
titativeX to the solute load. Values of solute paraneters tend to

be lower Tor the urban environment except for Cl  and highe.r for the
rural enviromment. Intensity of procesé appears to be greater in the
urban setting for TDS, €1~ and Na+ (for relationships examined at
close to peak flow); whereas, for'HCO3-, K+ and Hd, intensities aré

greater in the rural enviromment. Rates also vary considerably over

the selected ranges of the explanstory variables for individuel ions.

(a) Chloride

Chloride is the only ion which exhibits generally grester values
in the urban setting. It appears to be discharpe controlled and at
both the rurel and urban sites, 1t exhibits negative relationships
with @, a dilution relationship. The relationship is more intense
"at lower discharge values in both environments and for the urban setting

r

dilution rates are greater for large values of TS likely because of

diminishing supplies of C1~ in the watershed. 1In fact for a given

stormflow Q, Cl wvalues fall seven-fold over the period from the end

1]

of the spring period (early May) to the end of the summer (lat
September) which supports this view. Thus Cl~ d&ilution appears o be

very seéensitive to near-peak stormflow discharges and as TQP gets larger
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and Q diminishes, C1° dilution levels out likely under the influence

of baseflow suppl&. This-conégﬁsion is also consistent with the storm-
flow behaviour of C1” in the storm date of June 2L-25, discussed eariier.
Alsc in both high and lowflow conditions urban dilution rates ar;.greater,

then rural rates by three to five times respectively, emphasizing again

the greater intensity of Process in the urban setting.

(b) Total Dissolved Solids

N AP

TDS shows rather different paﬁterns of variance for urban and
rural situations; hcwéver, the intensities of the variance appear about
equal. TDS values build for increasing TQP in the rural sub=basin
but drop for increasiﬁg TS in the urban sub-basin. The rursl case
mirrors étrongly the increasing influence of subsurface solute- sources
in the solute load and the dilutibn of these solutes by stormflow.
Dilution rates are greater for samples closer to peak flow; Recovery
is slow as evidenced by Trelatively small regression coefficients. -
The ;ﬁral case shows a general exhaustion of solutes from the spring
at 2 constant rate, indicating that the major components of the solute
lozd are likély Cl™ and as seen above, supplies of this ion diminish
consiﬁerably over the summer. Thus %he supply of bl_ to stormflow

diminishes as summer pProgresses,
-y
{c) Sodiunm
_— >

Sodium exhibits dilution effects in both the urban and rural

-

relationships. With increasing values of Q and decreasing values of

' . T . . .
TQP, concentrations of Na decrease in the rural envirenment. The
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intensity of dilu£ion is greater by eleven-fold st Ilower discharges
and greater TQP indicating that dilution must level off in exéremely
high flows as the chemical character of the creek assumes that of the
surface runoff. However, for a given stormfloy value of Q, the inten-
sity of change in Na+ is higher for pericds closer ﬁb peak flows.
These rural relationships between Na+, Q and TQP appear to be extremely
complexl In the urban situation the ailution is stil® present but
the iﬁtensity_is reversed being greate: in megnitude for flows

‘closer to storm péaks by about 207 fold. This would suggest a supply
which is rapidly diluted in the initial storm period but rate of dilu-
tion slows as the TQP increases. This interpretation is supported

. Lo - .
by the storm curves analyzed earlier (see Figure 5.3, p. 170). During

,

high Q and low TQP values the urban rate of dilution is about 5.4 times

greazter than the rural buz during Jowflows and high TQP ‘vaiues the

) T
. +' . - -
rural rate of change of Na is 12% times greater than that in the urban.
(d) Potassium
Watershed wetness {API) and previous storm magnitude (QF) form
L. ey Lt . .
a relationship with ¥ in the rural and urban setiings respectively.
s . . - .
In rural conditions.-the wetter the watershed the more dilute is ¥  in
streamwaters. The rate of dilution is smaller under wetter conditions
suggesting that dilution is likely compensated somewhat by the flushing
-+ . ] 3 3 ;
of X from the litter and biomass of the watershed or may suggest ex-
hausticen of éupply. Conversely, in the urban setting ¥ 1is diluted

more dramatically (greater by 16.7 times) after smeller reak flows and

thus drier conditions. The reason for this relationship is not readily
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apparent except that possibly with larger peaks, waters are coming
from more distant parts of the urban sub-basin and carrying greater
+ +
¥ concentrations. 1In both wet and dry conditions, the flux of X

is greater in the rural setting.

(e) Alkelinity

Alkelinity (HCOB—) also displays a difference in response
between the'?ural and urban sub-besins. In the rural, HCOB— is
diluted by stormflow and this dilution rate.becoﬁes less for laréer
peak flows by = factor of 3.2_times given the same degree of watershed

wetness. This result is consistent with expected results in that

- . ot . .
T HCC, disyuspdnto buffer the H content of rain (see Figure 5.3, ».

and as the p9ak| flows get greater, a greater supply of ECCO, will
-

he channel from more distant parts of the watershed,

1

thus diminishing the eflfects of the rain on the HCO3_ in channel

displays a dilution effect in

waters. In the'urban setiing HCO,
3

stormflow with larger values for periods close to storm peeks and

smaller values as TQP increases. The rate of decline is_greatest Just.
after the peak flows and becomes minimal (100 times less) as TQP rets

arger, suggesting quick dilution and a relatively small and limited
-

+—

-

1]

3

upply with poor recovery. ' Thus rural rates of change in HCO appear

Ll
K

to be greater than urban under 211 conditiohns.

(f) Hardness, Calcium and Marnesium

fardness displays dilution for increasing peak flow magnitudes
and times clcser to spring for rurel date and *or increasing @ischarce



188

in urban data. Eo;h exhibit very high dilution rates under low .condi-
tions of flow but these rates tend to level off by 13 to 17'fold during
hiqﬁ discharge condiFions. Also.the rural flux in HD is about twice
the urban due to dilution in lowflows but gquadruples to 9.9 in high
flows. Hardness would appear to be supplied principally froem subsur-

face sources # both the rural and city environments. Stormflow tends

. -

2 ' .
to reduce hardness gquicMly then tapers off as the stregaﬁﬁger concen-—

-

trations approachqthose in the runoff and throughflow.
Both Ca ' and Mg++ concentrations are related to conditicns
f flow as well iﬁ the rural éetting and both display a dilution response.
Both display a greater magnitude of dilution under wetter conditions.

The ?H in both the urban and rural settings relates to water-
shed wetness (API) in a negative way. With large API values generally,
streamwaters become more acidic somewhat more so ir the urban than.in
the rural séttind. These relatienships reflect the general lowering
of pH by acidic precipitatien during storm events.

(h) Stormflow Hvdro-Temporal Variance: A Summary

Stormflow solute variance has been analyzed by scrutiny of a

single storm event and by a statistical analysis of several storm

+ - s + -
events. In the first case Na , Cl , Ca , Ko, HCO3 and pH have been

monitored over a summer storm for storm rerxiod variations in an urban
. : . . - + .
and rural setting. In this particular storm Cl  and Na are quanti-

tatively the major ions in the urkan setting; whereas, Cl1  and HCO

3.

dominate the rural setting. Potassium concentrations are generally
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greater in the rural setting although the urban pPeak concentratieon ié\\
greater than its rural ¢ounterpart. Calcium and HCO3_ display greater
rural concentrations as well. |

So%ute variation is complex. All solutes display a reduction
in concentration from pre-storm to post-storm values except rural Ca++
. Recovery to pre-storm values is very slow with a slow rise in concen-
trations beginning gbout two days after the initial storm effects.
However a simple dilution explanation is not adequate to explain the
solute variétions during the storm event itself. A distinct flushing
response is evident but is masked and inteﬁrupted by almost instantangous
dilution by rainfall peaks and latter storm dilute runoff. The effect
of the rainfall peaks is confirmed by simultaneous depression of pH
and ionic cencentrations at both the rura{ and the urban siteg. As
well the simultaneous depression of HCO3 __with rainfall peaks corro-
borates'the interpretation of the solute variation in that the HCO3
is used to buffer -r\alnfall acidity.
The rural solutq response appears to be more subdued than the -
urban due to the relative magnitucdes of peak flows and the intensity

of their respective runoff processes. Depression cf rural concentra-

tions by rainfall is alsc somewhat less due to help from a greater

P

supply of flushed solutes, especially HCO3 » which tends to reduce the
dilution response.

Hypothetical chemograph lags determined by extropolation of
the solute curves also underscore the differences befween urban and

rural responses. In the rural environment solute flushing pecaks are
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generally coincident with peak discharge except for Na' and C1” which
exhibit solute flughing peaks at 7.5 hours prior to storm peak. At
the urban site solute peaks materialize more quickly than the rursl
ones ranging from three to seven hours prior to peak flow although
the Na@ and €1~ peaks are slower to form.than.their rural counterparts
peaking at only 5.5 hours prior to peak discharge. These guick pesking
responses are lﬁkely related to the nature of solute supplies and the
times of corcentration for runoff to the channel. Alsc the ‘exhaustion
of first flush-solute supply is more drametic in the urban setting;

Solute rating trends for the rural and urban ions tend to mirror
the complexity of the-flushiné and dilution response of the solutes
during the storm event. Trends for both sites are a.complex\series
of loops, sugresting both positive‘and negative -hysteretic effééts
occur throughout the storm.period. Urban trends are more complex than
rural, exhibiting many tight loops and chaneces of direction. This
complexity is likely related to the variability and life spans of the
various sources of sclutes in the urban environmen@ as well as to the
dilution capebilities of the precipitation peaks. The rural trends
'displa& 2 more orderly pattern suggesting a more homogeneous and regu-
lated supply. Thus it is apparent that solute storm period response
differs from ion to ion and ff¥om the urban to rural settings. Responses
relate to changing hydrometeorological conditions tempered by supply
and exhaustion effects as well a5 antecedent conditions.

The statistical znalyses of storm data taken over two years

has revealed that solute variance in post-peck stormflew is related

e
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to one or several of API, Q, QP, T3P, and TS. Thus solute

variance

appears to relate to storm magnitude and wetness of the watershed,

the elapsed time from storm peak over which dilution Or recovery occurs

and the state of the sclute supply.

The relative magnitudes of solutes are different from springflow.

] - . . . ) -+ =
Sodium and Cl appear to be léss important-: whereas, Ca and HCO
- -~ bl

have become more important. CHloride arpears to be the onl

greater concentrations a* the urban than at the rural site.

3

¥y ion with

Solute responses are variable. TIn the rural watershed all para-

meters show an inerease with drier conditions defined by low values

-

of @, QP and API and high values of QP and TS. Likewise in the urban

setting all parameters display increased velues for drier conditions

' + - - . . . .
except X and nCO3 which respond in an opposing fashion.
and HCOB- appear to undergo dilution from pezk wvzlues near

Tlow peaks. These twe icons would apvear to produce strong

in the urban setting a fact confirmed by the discussion of

FPotassium
to storm-
flush peaks

storn period

solute variance earlier. Many of these stormflow solute responses

are often sensitive to either high or low magnitudes of storm discharge-

related parameters indicating agein that rates of dilution

or recovery

are noit linear over a storm but exhibit greater ar lesser intensities

for given hydrological conditiens.

A comparison of urban and rursl rates of change or

the sclute parameters shows that again the urban setting di

luxes for

splays a

greater flux Ior surficially derived solutes such as C1 and to some

o+ . L - b
extent, Na . Cenerally the ions such as ¥ 3

which are associated with "ruralness" (i.e. biomass and sub

.H
s, HCO_ , Ca , and Mg

surface
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sources) exhibit greater fluxes in the rural setting.

5.3.6 Lowflow Relationships

During lowflow conditions waters are supplied to the creek from

‘ground and soil water discherge. These weters have infiltrated soil

horizeons and migratéd down gradient to the stream channel. , Thus they
have contacted various soil and rock horizons and have had enough time
to interact with minerals to accumuwlate reasonably high solute loads
by the mechanisms outliged in Chapter,II earlier. This should he es-
pecially true of soilwater which.finds its way to lower soil horizons
where Ca++ concentratioﬁs are relatively quite high (see Table Bl,

Appendix B)._ Thus during Dbaseflow, streamwaters tend to have a greate

solute load then during stormflow events (see Figure 5.1, p. 136). Th

longer the period of vaseflow the greater the solupe load tends to
become due to lack of dilution and because ground énd s0il waters hayé
longer residence times and solutes approach equilibrium values. As a
result during extended baseflow periods ionic species which are the
resuit of miggral dissociation can be expected to be in greater con-
centrations tﬁan those derived from other sources.

These princivles appear to fit the lowflow data collefted
for anelysis in this thesis. In Figure 5.1 (p. 136 ), it can te seen
that all chemical parameters (except C17) exhibit their highest
values during lowflow conditions. 1In Figure 5.2 (p. 1k1) it can
be seen thet most solutes show a gradual increase over extenaed

-

lowflow periods especially during July and August, 1975 and June 1976.

T

Even during these lowflow periods certain solutes aéxhibit considerable

_.£ C—— S e e e mprees . e mmw e Sl . e ———— e e e M

r

e



. . 193 - , ' -

variability-at both the urban and the. rural sites. The explanation
of this veriance .must invoke relationships involving parameters which
affect groundwater and soil water behaviour. Such parameters would

necessarily include previous storm magritudes and antecedent precipi-

tation conditions in general. In addition other explanatory variables

mey come into play such as those related to diurnsl wvaristions of biotice

and human activity as discussed in Chepter II.

lowflow stepwise regressions are given in Table 5.6 béiow.
The explanation by the hydro—teﬁporaé;variabies is generally low for
bivariazte equasions in both the rurel and urban sgttings tut is much
beffer for the multivariété reletionships. Again_as in both spring-
flow and stormflow conditions, the rural relationships give better
explanation than the urbgq'ones. Urbaﬁ explanations—are likely reduced
by éhe.stochastic nature of solute supply and events within the city,
such as.lawn wateriﬁg, tﬂe3operation of sump pumps, street cleenjing
and numerous other activities.4:§yen s0, fewef variables‘requiréé trans-—
formation-in crder to produce linear regression relationships indicat-
ing generally a smaller but moré orderly variation in the variables
than ﬁn,springfl W and stgrmflow discussed earlier. lNevertheless,

rnumerous significant relationships have been derived for lowflow solute

variance.

-

The hydro-temporal variables which explain the sclute variance
in lowflow conditions essentielly describe the behaviour of groundwater

discharge during the lowflow (QP and API), the occurrence of minor

precipitaetion events (PT), the supply of certain ionic species (rs),
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and the time of day (TD) (see earlier discussion of factor analysis

results in Section 5.3.2, p. 143). The relationships with PT are rather

”,

interesting in that the precipitation events which occurred in lowflow
periods were of minimal wvolumes. These rainfall events were not large
enough to aprreciably affect discharge and yet were large enough to

dilute solutes or to wash solutes intc the channel from nearby sources.

4
.

Previcusly precipitated salts from sewers and ditches would likely
raise solute levels; whereas, solutes from baseflow sources wculd be
depressed in similar fashion as discussed in stormflow zanalyses earlier.
Support for this arpument is found in the factor analysis of
lowflow variables (Table 5.1, p. 149). In the rural loadings Q, QP

and API do not share a high loading with PT on Factor 1 (discharge)

which indicates PT does not contribute much to discharge. In the urban

£

loadings is divided between Factor 1 and Factor 2 and PT is related
to Q in Fa;%or 2. These relationships are reasonsble in that minor
rainfalls would be absorbed readily in the well-vepetated ruralfsub-
basin but would likely produce some runoff in the city to raise the
discharge slightly in the channel.

Semple calculations were done for the relationships in Table
5.6 employing = s?milar rationale as the springflow and stermflow
earlier. The results are presented in Table 5.7 below. Thus by use
of Ehe informatien in Tables 5.6 and 5.7, lowii::bgplationships are
discussed in the following paragraphs. ‘

All concentration values for urban solutes are of lesser magni-

tude than the rural {see also Figure 5.2, p. 141). EHowever, the urban
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rates of change in solutes are still greater than those in the rural

3 after low magnitude stormflow episodes. Thus

the controls cperating on solute variance appesr to create more inten-

data, except for HCO

sive response in the urban environment. ‘As well the degree of difference
in the rates of change or slopes over the given ranges in the independent
variables are also generally less than for springflow and stormflow

data discussed earlier. For example, the lowflow urban Cl relation-
ship in Table 5.6 displays a two-fold increase in slope (i.e. from

Table 5.7, 1.09 + 0.55 = 2.00} as a result of the relative influences

-

of the selected magnitudes of peak stormflow; whereas, urben Cl  slopes
show 13.5 and 150.5 fold increases over the selected intervals for

stormflow and springflow conditions as a result of contrelling variibles.

(a) Chloride
Generally the rural values of C1l  are greater, likely in part

due to the influence of the landfill site in sub-hasin 7. Chloride

I3

-

values in groundwater at 200 m. upslope of the creek channel are about
nine times background values (see Table 3.8, p. 106), thus it is in-
evitable that these excessive Cl~ levels will find their way to the
stream and be carried to Airport Rocad. Likewise the urban environment
also produces Cl - values in excess of background during lowflow condi-
tions. Sources of Cl are likely leaking sewers and ground and soil
waters flushing infiltrated road selts similar to the situation described
by Wulkowicz and Saleem (197Lk). ‘ s

Rural C1~ variance is explained by GP and TS in such a fashion

as to suggest dilution by larger QP values and a reduction in supply
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as the lowflows occur further from spring. The effect of TS suggests

that part of the Cl™ load is contributed by a diminishing supply such

as road salts. In fact the concentrations of Cl =t both rural sites
7 and 8 show nearly equal means for lowflow which confirms this con-
clusion (see Figure 5.6, p. 207). Dilution rates of Cl are two times
greater at lower values of QP probebly because under higher QP condi-
tions some subsurface stormflow flushing occuré to slow the dilution
effect. -

Urban Cl respends to QP conversely to that in the rural. Chloride
displays 2 flushing response, bullding in concentration with increase

in values of the last peak discharge. Flushing magnitude is twe times
freater after low QP events when dilution effects are likely weaker.

In comparison i1t appears that the urbﬁn rete of concentration is over
three times the rate of dilution in the rural setting at both ends

ionships underscoring once again the different

o)
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etfects of the rural and urban enviromments.

(b} Tdtal Dissolved Sclids

Magnitudes for TDS from the rural environment are much above
background groundwater values (Table 3.8 , p. 106) also. Total dis;
soived s01ids are a function of TS ané the negative relationship suggests
a decline in supply as lowflows o;cur further from spring breakup.

This relationship strongly reflects the importance of C1l” in making up

the TDS values. The relationship is also linear indicating z gradual
T g

and steady decline of TDS in lowflows over the summer.
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+ {e) Sodium and Potassium

. L+
- Sodium and K relate to PT only for the urban data. Both ex-
hibit concentration wvalues above background so that it-is likely that
- hl
the city suprlies excess of these two icns to the baseflow. Sodium
relates to PT positively <dndicating,a flushing action. Small values
of PT influence Q (as discussed earlier) and- salts are washed from
sewers and from streets; however, the m&gnitudes of Q are still below
the lowflow cutoff used to define the lowflow sample subset. On the
cther hand, ¥ exhibits dilution by PT which stggests that these rain-

-‘A . -a+ - >

falls are. not-large enough to flush X f{rom the biomass but are large
encugh to dilute in-channel X in the dry conditions of the lowflow

regime.

(d) Alkelinity

Alkalinity concentrations are greatest in lowflow for both
the rural and urban environments indicating a subsurface source for
this ion in the watershed. Mzpnitudes are greater in the rural sub-
basin where soils tend to bte well aerated and infiltration rates higher
than for the "impervious" city. Fural HCO, exhibits dilution response

-

in lowflows preceded by stormflow and the dilution rate is linear over
the-s?lected magnitudes of QP. Large antecedent stormflows (QP) are
associated with subsurface stormflow and a general elevating of the
water table which will tend to dilute existing groundwater concentra-
tions Feaching the channel or reduce residence times +to limit westher-

ing reactions.



200

In the urban setting dilution is =lso evident and the rate after
high magnitude flows is much less than the rural (about 2.0 times)
rate. As well, at the ﬁrban site, after low QP the rate of dilution
is much greater, about sixtéen times greater than for high QP, which
makes the rate of dilution in the urban environment sbout eight times
greater than that in the ;ural one. Thus it appears that in the wrban
setting low inteﬁsity antecedent storms depress HCOB— concentrations
quickly in subseguent lowflow. éecove:y from storms is therefore slow
end points out the lack of vegetation, soil moisture and aeration res-

' -
ponsible for the Producticn of bicarbonate. This would also reflect
2 lower intensity weathering environment as well.

On the other hand lower dilution rates afier high-intensity
storms may reflect the gathering of HCOB- from more distant parts of
the_wateréhed so that flushiné action tends to reduce the effects of

dilution.

(e) Eardness and Calciun

Rural hardness (Had) concentrations are about twice the magni-
tude cf urdan concentrations. Urban concentrations approach background

groundwater values {see Tabhle 3, 8 » DP- 106) but rural values are sreater,

. .
.suggesting other sources, likely the landfill site. However, an accelerated

rate of weathering may be responsible as evidenced by the deep weathering

of rocks in the rurzal sector reported by Lumbers (1G671). As well,
the % base saturation (5 BS) of the lower horizons in the soils of the
rural sub-basin are greater than in the urban sub-basin {see Table 3.2,

p. 78 )_which is strong evidence to support = greater weathering intensity
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in the rural environment. Varisnce in rural Hd is controlled b& water-
shed wetness, API and with increasing API, Ed displays dilution beha-
viour in a linear fashion. At the urban site, Hd is related to PT

and also displays a dilution response which is about 1.L times greater
than ia the rural. This differential in response again reflects the
greater intensity of hydrologic process within the city environment.
The dilution response in urban Hd alsc suggests a subsurface source
for the ioﬂ;~3§§ing up hardness.'.Calcium i1s controlled =lmost exactly
2s Hd over the two sites by the same hyd}o-tempor&l variables. Thus
Ca++ likely mekes up the biggest portion of streamwater HG and &5 out-
lined above is released through the weathering of soils and delivered

to the channel by soilwater and groundwater.

i .

(f) Marnesium and pH

+ - - .
i, which relates to time

r

Magnesium is the only ion, a

e
i
*
(3
]
L§4
O
3]

of day (TD) and it forms = pesitive linear but weak relationship at
v ++
- A . s .
the urban site. As time after 6:00 a.nm. increases, Mg concentrations

\
increase. This increase could be related either to biotic, anthro-
. . - n . . =+
pogenic or spurious causes. If the variance in Mg is related to
plant nutrient upteke during daylight hours there should be a corres-
ponding uptake in 002 azs well (Lee and Hoadley, 1967). The reduction
in CO2 should upset the carbcnate system ecuilibrium so that more C02

is produced (see Equation 5.6 below).
P 1

CO, + H, 0 == 'H,C0, = H  + K00, 5.6
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Thus less HCO. will be present and pH should drop to more aciaie

3

values. However urban pE exhibits the same rise with ircreasing TD

which suggests that plant respiration is not & significant contrel

s

in the streamwaters of the urban environment. The relationship of

et . = - 3
Mg  to TD may well be a function of humen activity.

Velumes of

sewage increase after 6:00 a.m. considerably as evidenced from statis-

tics reported by the sewage treatment facility (personal communication).

On the other hand the factor analysis results

show that PT and TD sare positively related to Factor

b
. - - . , . .
Trom minor rainfzll). Thus the Mg relationship to

(-

(Table 5.1, ». 1Lg)
2 (discharge factor

TC may in effect

reflect common variance, the influence of PT on TD or vice versa. If-

. -

this were the case likely pH

for,the storm of June 2L-25 discussed earlier in Section 5.3.5.

but pH i3

(p. 171)

3

o)

ship may Jjust be 2 spurious correlation. Thus it would‘seem that Mg

-
[4H]

the stream channel.

ot
(9]

would réspend to TD negatively as seen

ositively related to TD so the PT and TD relation-

really related to TD and is likely due to the addition of wastewaters

Acidity {pH) gt the rural site is related positively to PT and

QP which reflects the acidification of the rural environment by larger

storms. Velues in the rural seitting are greater than the urban reflect-

ing a greater supply of bases during lowflow periocds

than is present

in the city. As mentioned above urban pH values rise with the pro-

cression of the day and have been shown to be likel
o Y

human activity.
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(g) Lowflow Hydro-Temporal Variance: A Summary-

.Lowflow concentrations tend to be grester for most’' ions than
values during springflow or stormflow. Chloride and Na+ are the general
exceptions. In terms of magnitudes, all ions exhibit greater concen-
trations at the rural site due likely to greater. Weatherlng ates of
501ls and the presence of the landfill site in sub—basln 7. Variance
of solute concentrations is explained by mostly Lnear relationships
with antecedent stormflow mecnitudes (QF), watershed wetness (API),
minor precipitation events (PT) and the supply or exhaustion (TS) of
certain ionic species (i.e. C17). .The first tﬁo explanatory veriables
likely operate through control of groundwater and soilwater elévations,

. ¢ .
volunes and flows and resultant dilution of weathering Products; whereas,
the third; PT, operates to dilute some in-channel species. The fourth
explanatory variable defines a diminishing supply of €1~ and to some
extent TDS as time from sprinh becomes greater. The strengths of QQese

lationships are genera 1ly better in the rural sett ting and for multi-
variate cases. Urban relationships tend to be more stochastic and
somewhat weaker.

Overall, thg intensities of processes operating to produce varia-
tion are weaker than those seen earlier in the springflow and stormflow
regimes, especially for C17. Major differences in the directions and
negnitudes of solute behaviour occur between the urfan and rural en-
vironments and amongst the solute parameters. Where solutes are derived
principally from surface sources, .such as urban Cl1 , positive [flushing)
relationshiés ensue but those that are from subsurface scurces, negative

(dilution) relationships occur. Urban flushing and dilution rates
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are greater than those in the rural for all ions except HCOB- under
relatively high antecedent QP because small PT values and antecedent
storm conditions have less effect in the well-vegetated rural environ-

ment. —

Rural Cl_{‘urban HCO3_ and rural pE form the only non-linear
relaticnships and also exhibit the greater spread of rate‘of process.
Rural C1  hes a rate of change et lower values of QF which is two
times greater than at higher QP. Urban HCO3- displays a sixteen-fold
increase under £he same conditions. Thus these two ions appear to

be very sensitive to small differences in the magnitudes of antecedent
storms. After large QP, they appear to level off to more constant
values.

Thus it is apparent from the above discussion that there is
considerable variation in solute magnitude and response under’lowllow
conditions. These wvariations are generzlly smeller than for spring
or ;torm events and are sensitive to small changes in hydrologic

regimen..  Again the magnitudes and directions of the responses vary

from the urban to the rural envircnment.

Spatial Variations: Between-Site Variance

5.5.1 Introduction

Values for the solute parameters have been determined for eight

sites on Chippewa Creek. The details of sampling znd site selection

~{

have been dealt with earlier (see Chapter IV, p. 12land Chapter II

-9

b

Section 3.7, p. 1li3respectively). Soluticn varistions from s

te t

]
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site represent spatial or downstream solute variance which reflects
the differing characters of the sub-basins draining to each site.
Eoﬁh physical and human element; over the sub-basin may exert spatial
control on the production and delivery of the solutes to the channel
{see Chapter II). Iﬁ former sections of this chapter, it has been
shown how hydro-temporal controls have influenced the solute variance.
To some. extent these controls cannot be divorced from the spatial con=
trols or vice versa because the character of the sub-basin will also
determine the magnitudes of many hydrolegical events affecting solute
responses. However in the sense that these hvdreclogical evehts are
controlled by basin character then they will alsc show spatial variation
in the watershed with a concomitant soiute response. Thus differing °
physical and cultural charactexistics of subZbasins should produce
differing solute responses.

Downstream solute variation has already been presented in Figure
5.1, p. 136 earlier where the actual means of solute concentrations mea-

sured at the sites are presented. These means are cumulative values and

N

for any given site represent the total contribution of all sites above.

To compare the contributicons made to the solute load by each sub-basin,

LY
e

mean-difference site values were determined by first subtracting sample
mean values at each upstream site from those at its adjacent downstream
site starting at Site 1, Qak Street, and working upstream, producing a

site mean value which is truly the product of the site. This procedure
removes autocorrelation from site means and allows the comparison of the

effects of each sub-basin on its mean solute load. The results are plotted
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in Figure 5.6 below and are discussed in the following paragraphs.
The relationships in Figure 5.6 idlustrate that the solutes
respond to spatial contrels in a complex pattern and that the effects
of spatial controls aprear to vary with changing flow regimes. Some L
consistency of pattern is evident but there are also what appear to be
anomalies as well. In the rursl setting (Sites 5 to 8) generslly, the
sclutes zll exhibit maximum values at Site 7. Solute concentration
means are also relatively high at Site 8 and are lowest at‘Sit% 5 ex;\aﬁ,rf
o+ -

cept for Na and Cl1 . Urban concentrations are generally lower than
those for the high rural sites. Within the urban sites, Site L generates

. L . + - ++
the highest solute loads except for ¥ and springflow Na , C1 , C=

"+‘ )

and ¥ .

The relative magnitudes of the solute parameters appear in the

rders of quantitative importance as was displayed in the hydro-
ral.data analysis earlier except for Cl which appears to be rather
low “foy some of the urban sites. All solutes display maxime at Site 7

except spring Ci~ which emphasizes the influence of the landfill site

on the creek waters downslope. Springflow and stormflow concentrations

generally are more dilute than lo&flow concentretions except for Na+
and C1™ at downtown sites. Thus most of the solutes appear to be
generated either from ggathering of séils or leachaﬁes from landfill
which produce largﬁrlowflow concentrations. Sodium and Cl1~ again ais-

play veriance which can be explained for the most pert by a surficial

, source, for these ions.

D
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A very cursory metch of mean discharge (Q) against the solutes
reveals that at some sites solutes appear to respond to Q by dilutiong
whereas, at others there is a positive relationship. Similarly the?e
-is no clear and consistent relationship with basin arga (BA). Tempera-
ture means display little veriance downstream as well. | However, low--
flow temperatures are generallf'higher than those of streamnflow and
of course springfloﬁ due to the very shallog waters during lowflow:
andé the general lack of channel tree cover.

¥
Sub-basin 6 appears to have an extensive diluting capability.

Many of the solutes from Sites T and 8 {both contribute water tc Site

pon—"g

o
=
K

e diluted by Site 6. The degree of dilution varies but is most

- +
extreme for Je , Cl1 , ¥ and TDS and suggests that sub-basin 6 supplies

relatively rather dilute waters with respect to these parameters.

e . ++ . ++ . X .
Alkalinity, Hd, Ca and Mg appear moderately diluted by sub-basin

. =

§ waters andé these parameters exhibit lows in sub-basin 5 which is

a steep-sloped andé shallow-sciled basin. Thus it would seem that these
. |
‘ions may well be principally derived from chemical zctivity and mineral

dissolution in the soils. Also of note is the low €1~ wvalue for the

landfill in springflow which is an énigma. When all otﬂer solutes
display spring maxima at Site 7T, Cl™ exhibits a relatively low f;iue.
These ?abts suggest that the surface'waters of spring runoff are rele-
tively dilute in C1~ but are flushing the other solutes from the land-
fill site. Why this might be rema;ns a guestion at this time.
Rackpground surface water values takén from adjgcent gndisturbgd
.

watercourses, presented in Table 5.8 below, illustrate some of the
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effects of landuse on Chippewa Creek water guality. Generally the
urban streamwater values of Hd,.HCOB-, k' ana ca*t seen in Figure 5.6

gre lower than surface water background values; whereas, rural- values
are genéral;y higher with the exception of those at Site 5. Sodium
and C1~ displey both urban and rural concentrations higher than back-
grouné. Thus it would seem that in the former situation soil weather—
ing rates in the city are lower than the rural rates or that discharges
in the city tena to dilute these ions and in the latter case that Na'

and C1~ are derived mainly from human activity.

Site T which/collects some of its weters from the landfill,

exhibits anomaloys values for nearly all chemicel parameters. In

Table 5.8 creek cpncentrations are compared to groundwater concentra-

ticons taken at 200 k. upslcpe from the c¢reek channel. Creek values

- - + + . '
for HCO, , C1 , Ca /, K and Ne are approximately 5, 5, 11, 10 and

3

1} times grezat®r than background for local surface waters. Also frem
Table 5.8, it is obvious that the landfiil ig supplying considerable
solute tc the creek. Tandfill groundwater values are all very high,
ruch higher than backgroundg groﬁndwater values (see Table 3.8 P- 106)
and undoubtedly supply Chippewa Creek with nutrients.

"Thus it is apparent that solute concentrations exhibit spatially
cbntrolled variance in Chippewa Creek. Concentration values are generally
.higher in the rural setting p;imarily due to the landfill coperation
but also likely due to a stronger weathering environment as well. In
order to cuentify this variance and Lo determine the féctors controlling
it, the éite means have been subjected to regression snalyses with o
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TABLE €.3
COMPARISON OF CREEK AND GROUNDWATER SOLUTES
FOR SITE 7 NEAR THE LANDFILL QPERATICON
CHIPPEWA GROUNDWATER =3 BACKGROUND st
PARAMETER CREEK = (LANDFILL) {SURFACE WATERS)
Alkalinitwy (Hco3‘) 52.29 155 10.25
Chloride (Cl7) 17.49 36. 3.56
Calcium (Ca™) 52.86 - 31 | 4.80
Potassium (K+} 9.28 5 s 0.95
Sodium (Na™) 17.14 60 1.60

* mean values in mg/l

values in mg/l measured 200 m. upgradient of creek (Cherry
et al., 1981)

‘ mean values in mg/l taken from Table 3.11, p. 112 (Myslik
et al., 1979)

-
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. d
. R .
series of watershed or geo-urban veriables. This analysis is developed

and discussed in the following sections.

N

5.1.2 Selection of Geo-Urban Varisbles

. A series of eighteen geo-urban variebles were selected in order
to try to explain the variance in solutes over the sampling sites.
These variables have already been listed ard partially discussed earlier
in Section 3.7, ».113 o} Chapter IIT but the intent hére is to rational-
ize their choice with respect to their effects on solute variability.
Twelve are physical measures describing possible physical controls
on spatial variatioﬁ of solutes and six are measures describing possible
urban controls on solute vgr}ation. They ere all listed in Tablew5.9.

b

Théir selection is primarily based.on the discussicn of the theoretical -

and empirical relationships outlined in Chapter II: The first three

variables in Table 5.9 relate to basin reometry. Basin area (BA) is

an important variable in that the greater the BA the greater is the

potential supply of solutes. In addition BA will also influence +the

hydrological response of a sub-basin, thereby influencing suppl& and’

delivery as well as the concentration of solutes to the channel. Basin
-

slope (BS) will primarily affect the residence times of throughflow

and surface storm runoff and therefore the concomitant solute concen—

trations in stormflow and beseflow or lowflow conditions. Grester

basin slope will tend to lessen residence times and concentrations.

By the same token the Torm ratio (FR) will zlso account for the time :

teken for runoff and throughflow tc reach the channel. The form ratio

describes the linéarity and narrowness of the basin and a2 low value
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TABLE 5.9.

GEO-URBAN VARIABLES

A. GEOMORPHIC-PHYSICAL GROUP

1.

wl

o
-~

[¥s2

1

[

11.

12.

BA = basin area (km2)

BS = average basin slope (°)

FR = basin form ratio

FC = forest cover per sub-basin (kmz)

G = area of basin covered by gravel (%)
T = area of basin covered by till (%)

‘:\
BSA base saturation of A soil horizon (%)

11

BSAB = base saturation of A + B soil horizons (%)

-BSC = base saturation of C soil horizon ($)

QSP = mean spring discharge per sub-basin (1l/s)
QST = mean storm discharge per sub-basin (l/s)
QLO = mean lowflow discharge per sub-basin (1/s)

B. URBAN GRQOUP

15.
14,
15.
16.
17.

18.

B = number of buildings per sub-basin

IA = impervious area per sub-basin (1000's m2)

RL = rocad length per sub-basin (km)

SC = street crossings and road ends per sub-basin
SL = sewer length per sub-basin (km)

P = population per sub-basin (100's)
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indicates a rélatively narrow basin from which water will drain quickly

with resulting minimal contact time with ,solute sources. .

-

Forest cover (FC), per cent gravel and per cent till are three
variables relating to basin cover. ,Greater FC will result in the in-

creased supply of certain solutes in tﬁroughfall from +he forest cancpy

and in the throughflow and runoff from the forest litter during storm

events. As well FC encourages infiltration and subsequent soll weather-

ing and biomass decay resulting in the supply‘of metallic cations and
anions such as HCOB_ +o the soil and groundwasters. Thus FC may control
solutes in both the wet conditions of springflow and stormflow as well
“as in the dry conditions of baseflow.'Pe:w:ent gravel and till are
included in the list of explanatory verizbles because they will likel&
affect solute supply and delivery. The different textural qualities

of these two materials will influence thelr water~holding capabilities

and sorptive capacities, thus having an effect on residence times of

aggressive ground and soil waters as ‘well as weathering rates. In terms

of chemical composition they are mireralogically similar {Earrison,
1971) and from this point of view would not introduce spatiel variance
into the solutes in the watershed.

-~

The actual vertical veriation in the chemistry of the solils

in the sub-basins is represented in the three explanatory variables,

hase saturatior in the A horizon (BSA), the combined base saturation
of the A and the B horizons (BSAB) and the base saturation of the C
Ay

horizon (BSC). The BSA will likely affect streamwater solute concen-

trations under stormflcow conditions when subsurface stormflow passes
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through the upper soil horizons and delivers available ions to the
channel. Likewise under greater megnitude storm events, subsurface
stormflow reaches down to the B horizens, then BSAB veriance may refiect
a correspénding variance in-channel solutes. Under lowflow or baseflow
conditions, spatial variance in the % BS of the C horizons mey well
relate to spetial variance in streamwater quality over the wetershed.

Finaliy mean discherge values for springflow (QSP), stormflow
(QST} and lowflow (QLO) are considered. In Section 5.3 earlier, dis-
charge and discharge-related parameters were instrumental in expleining
& great deal of within-site variance.” There ‘is ne doubt that site

characteristics alsc determine the qualitative and quantitative aspects

of these discharge parameters so that discharge must be considered

here zgain as a function of site in producihg possible between-site
variance in solutes.

The degree of urbanizetion must also be considered as-z possible
gxplanation for downstream solute variance. Several parameters have
been developed to enter into relationships with the solute means at

’
the sampling sites. General indicez of urbanization are number of
buildings (B) and population (P) representing landuse and the production
of waste, litter, sewage and other socurces of sclutes. Impervioué area
(IA) is chosen because of its elfective production 5f generally "dilute
.runoff volumes which tend to reduce solute concentrations in channel
waters. Also greater IA values suggest lower infiltration of aggressive

. . . . \ 3 . C .
raln water into soil horizons, thereby reducing weathering rates in the

underlying soils.
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Road length (RL) aﬁd street crossings over the channel (SC)
will likely control the road salt supply and delivery to the channel.
Sewer length (SL) may bear some relationship tc the soclule concenfra—
tion derived from sewage or septic tank effluent and therefore has
zlso been included. T?us, whereas each cf the urban perameters is
in itself a measure of urbanization, they eesch reflect slight;y dif-
ferent as?ects which may provide variations in soluig,content of
chemical waters. )

The above geo-urban variadles are tc be used in developing re-

gression relationships in an attempt to explain the downsireanm varia-

tion in the solute contributions from the sub-basins displayed in

T B

Px]

igure 5.6, p. 207. Again gs was done in Section 5.3.2, the variables
are analyzed by factor znalysis f{or common variance and internal
associations. The results of the factor analysis.are given in Table
5.10 below. Only four factors were derived, explaining 6L .0 per cent
of the variag;e which suggests a large degree of common variance in
the variables.

Factor 1 appears to be a measure of urbanization. The high
loadings of the physicgl variables BS, T, BSA, QSP and QST indicate
that Factor 1 is urban. An examination of Teble 3.12 ». l1B8confirms
+the low slopes in the very urbanized downtown, the absence of T and
the existence oFf larce magnitude mean springflows and stormflows.
tikewise the high and positive loadings of all ol the urban variables
support the interpretaticn of Faétor 1 as-an urban fsctor. Facltor 2

is related to the degree of "ruralness" as described by the geo-urban



BA
BS
FR

FC

BSA
BSAB

BSC

IA
RL
SC

SL

QsP
QST

QLO

LN

CTOR ANALYSIS OF GEO-URBAN VARIABLES
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TABLE 5.10

i
VARIMAX ROTATED FACTOR MATRIX
FACTOR 1 FACTOR 2 FACTOR 3
(URBAND (RURAL)D (URBAN 2D
-.12996 91744 .23331
-.61908 ~.70659 12994
~.10595 78140 ~.55436
-.32628 .85802 . -.37937
~.16154 24945 f' -.97478
-.77929 .10724 ‘ 55688
L9081 -.04939 =3  .26299
.06286 .09830 05915
-.06842 -.18356, ~.18356
.92639 -.06734 35533
87141 -.00541 - 47837
.79370 02762 57365
.67966 _.53106 16879
72657 ~.11241 63211
.8L562 ~.33050 -.00222
70486 -.00212 .02591
.92568 ~.11296 -.00223
17434 -.07076 .92765

% variance expleined = 9L.0

FACTOR &4
(soIL)

-.15761
-.07943
. 14208
-.03931
17547
~.14752
.24058
.97526
.91764
-.06L14
01534
05814
-.23415

.14865



veriables. High positive loadings on FC, FR, BA and| the lack of sig-

nificant loading;‘by t’e'ﬁrban variables indicate that th%s factor

is essentially describing the rural setting. Factor 3 is difficult

to interpret; however, it may be also related to some degree of urbani-
zation. High and negative losdings from G and FR coupled with high

and positive lcadings from QLo, SL, RL and IA suggest an urban conno-
tation for this factor. Finally, Factor U appears to be asscciated
with soil base exchange in the 3 and C soil horizons. In terms of
contribution to variance, Factor 1 is highest at L8% with Factor 2

gt 18% and the remainder split between Factors 3 and L. Thus it

would seem that the majority of the variables can be eguated in a

positive or negative way to the degree of urbanization or degreeg of

ruralness.
/ »
5.L.3 Results

The geo-urban_variables selected and discussed in the last sec-
tion were entered into a series of bivariate relationships with the
mean solute cbncgntrations ap the sampling sites for springflow, storm-
flow and lowflow. Velues for Site 7 were ngt entered because of the
anomelous effects of the landfill at this site. None of the geo-urban
varigbles used %o-explain.solute variance are sensitive to landfill
effects; theréfore, inclusion of Site 7 data would only ser#e to reduce
the efficiency of relationships describing downstream soldte variance.
The results of these regressions are given in Table D2 of Appendix D.

Many sipnificant relationships exist and it is obvious f{rom the R

values in Table D2 and the factor analysis of the previous section
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that many of the independent wvariables are in fact explazining similar
variance in the dependent solute variables. Thus multiple stepwise
regressions were done using the significant varisbles from the bivariate
relationships in Table D2. The results of these multiveriaste anelyses
are summarized in Table 5.11. ’
The relationships in Table 5.11 are mostly linear in nature
but for some ions, more complex reciprocal, logarithmic and exponential
relationships are required to model their variance. The degrees of
C 2 i . ’
explanation (R") are generally guite good ranging from 0.52 up to 0.96.
For some solute parameters the same gec-urban variable explains their
variance over all three [low regimes zlbeit to variocus degrees; whereas,
~ \- -k -
for others, different controlling variables appear t¢ be operatin
in the three [lovw regimes. Thus it would appear that the solutes behave
somewhat differently at a site during springflow, stormflow and lowflow.
The physical peo-urban variebles form the majority of the re-
lationships. Those related to ruralness as defined by the factor
analysis earlier (such as FR and FC), form relationships with those
solutes which were identified in discussions of temporal variance earlier
e e U P = U
as being derived primarily from subsurface soGrees (i.e. Ca and hCO3 ).
Other solutes form relationships with the reciprocal of urban variables
which in effect suggest that they also are related to ruralness as

well. A more intensive inspection of these relationships is -conducted

in the following sections.
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(2) Total Dissolved Solids

Relationships for TDS over the three flow regimes are varied.
Best explanation of TDS wveriance is giveh by RL (road length) and T
(% fill) in the spring-in & multivariste equation. In spring, values
of TDS increase with increasing RL and decrease with inéreasing T. The
relationship to RL is ¢bvious in thet increasea RL supplies greater
emounts of road salt which forms an important part of TDS load in spring
(see earlier discussions, p. 161). However, the relationship to T
is more difficult to interpret. Inspection of Figure 5.6 and Table
Cx 3.12 (p. 118) suggests.that there is g real relasticnship between TDS
a;d T but that it is not-pgrfect. Large values for T exigt for sub-
basinsin both the urban and rural setting and T is clearly not related
exclusively to either the rural or urban settingﬂ(see faétor analysis
fesult, Table 5.10 earlier). Nevértﬂeless rural values for T are slightlﬁq
gréafer and therefore the relationship for TDS in springflow signifies \
a décline in average TDS with increasing ruralness-as represented by
rising;values ef T. Spring trends in TDS représenteé in Figure 5.6
as well as values in Taﬁle 5.3, p. 158, tend to confirm this intefpretation.
During stormflow, ayerage TDS concentrations increase with in;
creasing per cent of gravel (G) in the sub—bésins. In this case it
is obvious that average TDS values increase in the rural sétting. It
is ;;t likely that this relationship to gravel has any gene}ic signifi-
cance but is likely related to the ability of the rural envircnment
to éengrate solutes pgenerally. } -
| .

1
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Under lowflow conditions mean TDS concentrations are explained
by the reciprocal of the humber of kilometers of road (RL), As RL
increagés towards the mouth of the creek (Oak Street} then the mean
TDS concéntrations decrease and the rate of decrease is considerably
greater during lowflow per?ods. Thus it would seem that in 211 three
flow regimes meaﬁ TDS concentrations diminish downstream from the rurél
to urban sites. The urban sites produce generally less sélute load
than the rural sites except during the initial spring flush (see
Table 5.3 again).

13
(b) Chloride
A1

Mean, springflow chlioride ccncentrations increase as per cent
i1l (T) decreases. The geo-urban variable, T, has been identified
with the rural setting in the Chippewa Naﬁershed; therefore, as T
decreases downstream mean C1l - concentrations increase. The same re-
lationship holas in stormflow as well except that the rate of increase
is somewhat less than in spring (comparing the b statisties) and thé&
magnitude, is-also less (comparing the intercepts). This difference’
from springflow to stormflow is likely the result of tﬁe diminishing

~

suppiies of C1~ in the urban setting as noted in earlier discussions

of temporal variation in C17. During lowflow the mean value of Cl

at a site is related to the basin area (BA). In fact as BA grows larger

mean Cl~ values tend to grow smaller. This relationship is confirmed

in Figure 5.6, p. 207, where Site 2 and Site 6 show drastic reductions

in €1  concentrations and also concomitant increases in area. This

relationship tends to suggest a dilution of C1” with increased area
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which could well be the case because these two sites drain large areas
of limited development (see Figure 3.1, p. 58 ). Thus the waters pro-
videg in lowflow from more distant parts of"the watershed would tend
to dilute C1 supply from theé developed portions adjacent to the creek.
This conclusion is, in part, supported by the larger basefiows at Sites
2 and 6 in Figure 5.6, ». 207. Thus BA may well mirror a hydrologic

[4

control in this case. .

(e} Sodium

Sodium also displays a negetive relationship with T in spring-
flow conditions suggesting as in c1” abové that the urban setting
generally supplies greater Na+ concentrations than the rural setting
in springflow, a fact confirmed by Table 5.3, p. 158. However, the
relationship is not perfect and Site 8 (see Figure 5.6, egain) dis-
plays a very high Na+ mean value but low T velue. Thus it is doubfful

L. . . . I .
again that T is generically affecting Na and it may well be a spuricus

Y —

correlation. -
e o F . .
During stormflow Ja means vary with respect to reoad lengih (L).
. N T . + , L
As RL increases, Na decreases so that here Na conCentrations are
greater at the rural sites where rosd length is small. This suggests
e PRt 3 + < 3 + 4 3
a surficial source of Na available to stormflow in the rural setting.
"Snch a source could be in the litter biomass or from throughflow from
upper soil horizons near roads. It is apparent that the urban surficial
sources have been exhausted by spring runsff in that urban values tend
to be lower except for Site L (see Figure 5.6). These stormflow re-

lationships appear to be similar to those developed in Figure 5.4,

p- 176§ in discussions of temporal variance. o

(S 8
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4
Lowflow Na means relate to both BA and RL negatively. As BA

. + ; . . .
increases, Na concentrations fall suggesting a similar generic rela-
s - e s . + s

tionship as for C1 above. With increasing RL, Na concentraticns

» e s + . .

£a11 as well so that in result mean Nz concentrations are largest
for rurel settings Tut tend to be reduced where BA is large and dilu-
tion of near-channel sources occurs. As well the increase from urban

to rural is greater for lowflow than for the stormflow relatienship.
{d) Potassium
oA L . .
Springflow ¥ is negatively related to RL so that as RL de-
. ¢
creases K increases. This relationship seems reasonable in that
’ 0
U . . - -
preater rural sources for ¥ in springflow are available from forest
1itter. In fact this relationship mirrors the findings of the spring-
flow temporal variations discussed earlier (see Tsble 5.2, p. 156).
Fal "+ - - £ = .
Cn the other hand, stormflow ¥ variance is described by variance 1in
G which has higher values in rural sub-basins. Thus in stormflow the
. - o+ . e s N . .
magnitudes of mean K concentrations at sites is a function of site
ruralness as defined by G. Apain it is difficult to say if G bears
. . . Lt . - o s
any generic or_sausal rejationship to K concentration variance. Under
- s St . . i .
lowflow conditions, ¥ concentrations again relate negatively to RL
indicating that greater mean concentrations occur ai rurgl sites and
the magnitude of the b regression statistic indicstes that lowflow
concentetion differences from urban to rural are greater than they
e o oot . -
were for springflow. Thus supplies of ¥ are rather low in the urban
sub-basin especially during lowflow but may be o little larger during

the flushing events of springflew and stormflow.
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(e} Alkelinity

Alkalinity is positively related to the forest cover (FC) for

L

all flow regimes. Thus as FC incréases, mean HCOB_ concentrations

increase. The spread between the urban and rural concentrations is
grestest for the stormflow relationship {comparing b statistics) and
the least for the springflow, pointing out that during stormflow the

rural sub-basins are more effective at producing HCO " than in either

3

springflovw or lowflow conditions or conversely urban stormwaters tend
to be more acidic than urban spring runoff or urban baseflow. From
e perusal of the relationships develcped earlier in discussicns of

temporal variance it would seem that during stormflow, urban runoffl

-

is most dilute in HCOB_ (see Figure 5.3, p. 170) and likely this is

+he reason for the large spread between urban and rural values shown

The relationship of HCO.  to FC probably ‘alse has causal.sig-

3 .
—m{icance as/iell. Certainly infiltration and soil 002 production

arejSﬁﬁﬂﬁéfin forested areas (as discussed in Chapter II, Section

2.3, p- 15); therefore, more HCO

T is produced by the dissociation

3
of H2C03 during mineral weathering or plant decay. Conversely the
city has less foliage, compacted scils and more pavement which leads

to drier and less azerated soils resultipng in a leower production of

HCO3- especially during lowflow periods.
(r) i '

The pH relationships are 2ll positive with road lengtn (RL)

3

and st first glance these relationships seem to conflict with HCO
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above. However, close scrutiny of Figure 5.6 (p. 207), shows that
HCO3— generally mirrers pE and FC except at Site 8 where for some reason
mean pH values are extremely low for all flow regimes. These extremely

low velues tend to influence the pE versus RL relationship teo create

-

a positive slope which suggests DH operates“conversely to HCO3 . &he
relative magnitudes of the spreads between the sites is greatest for
spgingfldw and least for lowflow conditions (b;sed on the regression
coefficients), a fact which reflects the ext;ege depression of pH by

snowmelt in the spring and rural settings. Both of these phenomena

have been discussed in Section 5.3 earlier.

(g) Hardness and Calcium

Both these chemical parameters relate positively to the form
retio (FR) of the sub-basins over all flow' regimes. Lowflow relation-
. n T = : e
ships for both Hd and Ca  exhibitr the largest spreac ol mean values
sugpesting a greater difference between the means at rural and urban
sites. TForm ratios tend to be larger for the rural basins (see
. " o . . ++
Figure 5.6, Dp. 207) =2nd therefore so are id anc Ca mean values.
As with HCO.  earlier, this relationship here is also likely generic,

3

for it can be arpued that larger FR values equate to longer residence

of soil and groundwaters in the sub-besins and concomitant higher con-

. . . ++
centrations of H4 and Ca .

{h) Magnesium
Magnesium means relate positively to basgin form ratio (FR) and

base saturetion of the C soil horizon (BSC) for springflew. Thus
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' £
higher Mg++ values occur in sub-basins with greater FR and BSC values.
The variance in BSC explains more of the variance in Mg++ and inspection,
of Figure 5.6 égain shows that BSC seems to explain the urbaﬁ variaﬁion;
whereas, FR contributes to the explaﬁation of the rural variation.

The prin;ipal source of Mg++ in spring meltwaters will probably be
forest and street litter and basins with larger FR values will likely
be more efficient at removing Mg++ from these sources due to longer
runoff residence.

Magnesium means are related negatively to populafion (P) in
stormflow dnd lowflow conditions which suggests that generally large

quantities of Mg are not derived from human sources. However Site 4

.
3

is anomalous (see Figure 5.6 again)} and does not fit the relationship

. . - .
too well. Generally then, during stormflow and lowflow, Mg  values are
greater in the rural sub-basins and are more likely provided by the

flushing of the biomass and soil weathering.

5.4.4 Between-Site Variance: A Summary

The solutes studied in this thesis exhibit responses to spatial
controls in the watershed and the responses vary due to the different

character of the sub-basins as well as due to the different ways in

which the sub-basins react to the flow 'regimes. Generally mean solute

values are greater at rural- sites except for Cl_, spring Na+ and spring
and storm TDS which are greater in the -urban sub-basins. The rclative
magnitudes of ionic concenzrations do not change a great deal over

the three flow regimes and it can be expressed as below.

_ _ . . _
Cl Ca++ Na++ HCO K Mg++ 5.7
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However the magnitudes of the site means of individual ions do change
over the three flow regimes. Generally lowflow values are highest

A . - + .
for a given ion except C1 and Na ; whereas, springflow and stormflow

values generally reflect more dilute concentrations suggesting that

primarily subsurface sources are operating in the Chippewa Watershed. /’
' . - .+ ++
Urtan means tend to be below background for Hd, HCO3 s X , Ca \\J i

++ + I
and Mg  and above background for Na and Cl . Rural mesns are all
.

higher than background except for those at Site 5 which drains a2 very
L=

. ) 4
rocky, thinly-mantled, steep-sloped basin. These facts relate to lower

weethering rates and higher intensities of dilution ang flushing {es

i3

0ted earlier in Section 5.L.3, p. 217) in the urban environment.

Anomalous site means are found at Sites L, € and 7. All
T - o+ Lt L. .
chemical parameters except spring Na and K exhibit higher than ad-

. o ‘
Jacent urbanvalues at Sitex:. Why this is so is difficult to say but

discharge values are renerally low here and FR and BSC are generally

high compared to other urban sub-basins sc that the &ﬁggalous values
. o

at Y may be a function of more severe weathering or pollution in this
'
sub-basin. Mean values at Site 7 are anomalously high ror all para-
meters except spring €1 and are roughly Tive to eleven times background
levels. These anomalous concentraticns are attributed to the leachates
£

from the city landfill site entering the channel at this site.

A statistical analysis of the site means using recression analyses

identified eight geo-urben site varisbles Which reasonably explained

the variance in the mean sclute concentrations over the sites. Degrees

no

ef explanztion (R") were high ranging from 0.52 to 0.96. Many of the

relationships were strong enough to use 28 models %o predict their
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qcoz contents of the soils, supply of nutrients in throughfell and litter

228

respective solpte. Although eight geo-urban variables were required
gverall to explain the spatial variance in all of ihe solute parameters
over the three flow regimes, the strongest were sub-basin form ratio
(¥R), forect cover (FC), rdad length (RL) and per cent till cover (7).
Generally the rural variables %C, FR and T formed positive reletionships;

whereas, the urban variazbles such as RL tended to form negative relation-

ships. Thus mast explanations were due to the degree of "ruralness"

+

of the sub-basins except for spring TDS, ClL  and spring Na which were

1" 1l

urbanness .

]

related to degree of he explenation by FC and FR is con-
sidered to have causal significance in that they control moisture and

3

and the residence times of water in the baesins. Lowflow conditions

produce the largest divergence in rural and urban values except for

EC0,  where the greatest spread cccurs during stormflow.

3

Cnemicel Controls

o, - ' - = - - ' -
THe Jinteractions of the variocus chemical species studied in

Chippewa Creek waters could potentially introduce variance into saolute
cencentrations. Ceéﬁ?inly different chemical environments‘will likely
exist in the upland of the watershed in *the soils and rocks. Evidence
of different soil weathering gnvifonments has already beén uncovered
in the study of the-cation exchange capacities of the watershed soils.
These differences, due ﬁo differential weathering rates in the water-
shed, will be reflected in the spatial or downstream variations in

solute concentrations and this phenomenon has already been discussed

in the last section.

“\%
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The chemical controls which are dealt with here are the possible
in-channel controls which are z function of chemical equilibris amongst
the dissolved ionic species in the streanwater and/or‘the exchange of
cétions with the stream bed materiel. Saturation and precipitetion
may result 1f the variocus species form pairs which have greater than
equilibrium concentrations. This type of chemical activity will exert

control on streamwater concentrations. Several theoretical precipitates

1]

could occur but soOme are more likely than others. Garrels and MacKenzi
1(1067) evaporated spring water from a felsic terrain somewhat similar

i&composition to the Chippewa Watershed rocks and.determined the order
of precipitation of solids on concentration of the solution. They found

oo

. ) .+ e ‘ 2
hat compoundcs of ¥Na and K were extremely soluble and did not pre-

ot

cipitate even at 2 concentration factor of 1000. The sulphates and

¢hlorides and hydroxides of these two caticns did not form solids to

ct

his conceniration factor which represented molarities of 0.03 to 0.05

nd @ pE of 10.00. Thus the precipitation of sedium and potassium salts

)

and compounds is not & highly likely occurrence in the dilute waters
of Chippewa Creek where cation and anion concentrations are much below
the values cited above. 1In fact solubilities for XC1 and Hall are
' . On — o=

264,000 mg/l and 360,000 mg/l respectively at 25 C and pE 7.0 {Freeze -~
and Cherry, 1979, p. 106), concentrations which are seversl orders of

L 3 + . - - - o +
magnitude above the Chippewz values. Likewise the sulphates of Ca.

++ . . . : NP

and Mg are very soluble and are not likely to produce precipitates
in diiute waters.

for these compounds in the order ©f 2100 to 287,000 mg/l. Conversely
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*

the hydroxides of these cations are highly insoluble and the solubility

++ - '
product (k= [Mg' ) . [0E )Y ot the marginally soluble Mg(OH 5
11
is 1 x 107~ and is not likely present in dilute streamwaters except in
very minute amounts at high pH. *

’

o
Generazlly the carbonzte system is the most important one in Tro-

ducing solute variance in dilute streamwalers thrSﬂgh saturation and
subsequent precipitation of solids. The species of inorpanic carbon
present in natural waters is pHE dependent and for the range of pi of

the water éamples used in this research {see Appendix C)} the major
species is bicarbonate (HCOS-) which exists for a pE range from 6.4

to 10.3 (Free;e and Cherry, 197%). This ract is confirmed by the absence
carbonate alkalinity and the presence ol only bicarbonate alkalinit&
in the samples titrated with wesk acid ig alkalinity'determinations

(see Appendix A). Thus any possible precipitates will be due to the
interactions of the metallic cations and the bicarbonate aﬁion. Generally
the bicarbonates are moderately soluble but at concentretions of léO

to 140 mg/l and at pH values over 8.0 (Garrels end MacKenzie, 1967),

calcium carbonate mey be Tormed as in Equation 5.8 below from Krauskopt

(1967).

4 - - E::y
Ca + HCO + 0 — Calo, + H.0 - 5.8
3 3 2

s HCO. concentrations and pH increase the reaction goes to the right,
3 5

I

o]

recipitating caleite., In the case of Chippewa Creek, waters seldem

achieve pH values greater than 8.0 and never achieve HCO, concentra-
- WA

tions of 120 mg/l. As well the presence of NaCl in rather large con-

centrations would enhance the solubility of CaCo. even further to reduce,
3
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the 1ikelihood of precipitates forming (Freeze and Cherry, 1979). 1In

cddition the solubility of calcite increases by 1.5 times from 30%

-

+0 6°C so that precipitates are even less likely to form in colder waters

-~
of early spring or winter.

As mentioned earlier in Section 5.3.5.1 in the discussion of

storm period variation, it is epparent that HCO3_ is %ﬁ part depressed

by the acidity of the rainfall during peak precipitation periods. These

depressions are in part the result of buffering by HCO, to consume °
A g oY 3
the excess acidity and in effect this chemical process exerts control
on the variance of HCO3_ concentration. Under acid conditions the HCOB_

.

+
;9) to reduce the i concentra-

I

acts as o base (see Equation 2.14, p.

ion =nd stabilize pH values. Thus some chemical contrel of H anc

ct

HCO.  concentrations can be expected during early spring or storm evenis
when large volumes of X are introduced quickly into the streamwaters.
Jnother possible source of solute variance is cation exchange
reactions between streamwater and bed materiais. As mentioned eariier,
Kennedy (1965) has noted significant CEC values for bed sediments in

streams. The bed sediment of Chippews is relztively coarse in texture

P
F.

) P
(see Figure 3.5, p. 68) and could nap;bé/expected to have large CEC

values. However four bed samples were taken for different discharge

conditions over a period of geveral weeks to determine if CEC of the
Pty

hed materials va;ied“iith respect 0 streemwater gquality. The samples

-

e

" . . . .
were anslyzed using the same techniques as used for the soil analyses
deseribed in Appendix B. The results are reported in Table C2 of

Appendix C.
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As with the soils, Ca is quantitatively the most important
» - 0] +- -’+ Fad
icn adsorbed in the bed materials; whereas, Na and X tend to be of

5, . .
minimal values. All CEC cocentration values are greater at Airport
' n

Road (the rural site) even though streamwater concentrations are usually
smaller. The reason for this difference is unclear but may be related
to greater turbulence and consequently better mixing of bed seQifiii
ané streamweter at the Airport Hosd site.

Some commornl variance appears to be presént between the CEC con-
centrations and the streamwater concentrations and has been examined
by regréssing the two sets of values. Although correlation coefficients

are reasonably high for most reletionships, only two proved to be sig-

nificant and they are listed below.

AN - = -l - s o2 _ -
URRBAN: (cEC = -0.97 + 0.76 op P T 0.003 R” = 0.99 5.9
2
AL: = £.02 - 1.53; = 0. = 0.9k .1
RURAL: .{CEC .02 - 1 53(ST p=0.020 R 0.9 5.10

where CEC is the cation exchange czpacity concentration
and ST is the streamwater concentration

Thus CEC ¥ appears to show significant wvariation with the variance
. - . s . .
in streamwater X concentrations and the degree and direction of this
variance differs from Airport Road to Qek Street. At Airport Road,

bed sediment values decrease with increasing streamwater concentrations

: . L . R -
suggesting that adsorbed X is given up during high streamwater concen-

trations. Why this relationship occurs is again difficult to say and

certainly further study is required to nake any definitive comments on

n - - N T
possible explanatory mechanisns.
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At Oek Street the relstionship is positive and during high

streamflow concentrations, the bed sediment CEC concentrations are

. . . L+ .
higher. This seems reasonable in that excess K would be available
to be sdsorbed ontc the sediment. The rates of adsorption sre given
by the b statistics of the regressions and in the urban sediment, for

s . = “\ - + . - 3
every unit increase 1n-streamw3ter K concentration, a 0.76 increase
ceccurs in the bed sediment. This relastionship would suggest that the

. . . T -
bed sediment is removing KX from the stream but at a constant rate. If
this is sc then the process will not introduce variability but will

- 3 .—+
tené to produce only 2 consistently lower magnitude of ¥ concentra-
tion. A similar reascning can be used for the relationship with rural
. ot u
K - except that the bed sediments lose ¥ . at 1.53 units per unit change
in streamwater concentrations.

Thus in view of these relaticnships, the lack of others and the
relative magnitudes in Table C2, it would seem that cation exchange'
between bed sediment and streamwater is not exerting a great deal of

Q
influence on streamwater scolute variance in this study. Likewise for
b <.
the discussion of chemical controls in generzl, it appears that little
control is exerted by-chemicel equilibris or by bictic respiraticn
Acee Section 5.3.6(f), p. 201 ), except for minor buffering during storm
events, on the variation of solute concentrations in Chippewa Creek

waters.

Solute Expor

Solute export rates and yeild were calculated for the rural angd -

urban sub-basins irn the Chippewas Watershed for z period of aspproximately

e



234

seven months (March 26 to November 9% 1976). Mean solute concentrations

. .
at the two sites, Airport Road and Osk Street, were multiplied by the

corresponding mean discharges for springflow, stormflow and lowflow to
e :

obtain solute discharge.rates. Total loads were cowputed by multiplying

“a J

. . ! .. -
discharge rates and the total time over which springflow, stormflew and

lowflow occurred (taken from continuous gauge records). Yields' were

compu¥éd by dividiﬁg total lecads by subzgés;n area for the urban and

rural suﬁ%bésins. The results'witﬁ the urban/rural differentials are
given in Table 5.12.

Magnifudes of urban discﬁarge generally cverpower the relative
differences of concentration values for the solutes between urban and
rural sites. Where rural concentrations are larger, generally thé solute
discharge rates and resulting loads are nearly equel or greater from the

- ++

‘ ) .
urban setting except for springflow and stormflow X , HCO and Ca

3

Discharge rates and loads amongst the ions, of course, display the same
7

relative magnitudes as the concentrations. When yields are calculated,

all solutes except HCO - display greater yeilds from the urban sub-basin -

3
than from the rural. Thus soluﬁe'export in general is greater from the
urban setting in all flow regimes. The largest differenfials are-found
- + - . o .
for C1 and Ne and surprisingly also for Mg ; the former coming pri-
marily from road salts and the latter coming from some likely pollution”
source in the urban envirconment. ‘ Only HCO3- y&%? such low urban concen-
trations, has greater ylelds in the rural sector agein underscoring the
relative low vegetative cover and infiltration in the city. Differen-

. . Lt .
tials overall, range from a low of 1.20 for springflow K t¢ & high of

6.22 for lowflow C1™ generally in favour of the urban setting.
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ILikens et al. (1967) have caléulated solute budgets ¥ér an un-

developed wateifjed underlain by gneiss in New Hampshire. Their mean

++ + + )
, Na and ¥ are L.0,

- ; ++
total'yields over the year 1963-6L for Ca , Mg
1.3, 2.9'éhd\Q;9 tonnesfkm2 respectively. By comparison the rural Chippewa
values are all lzXper in springflow and stormflgw but are consistently

v N '

. e, . . X .
smaller in lowflow. Likewise in the urban setting springflow and storm-

. . ++ . 2
flow values are much greater especially Mg . Urban lowflow yields for

L™y
++

Ca , K+ and M5++ are lower but is.greatgr for Naﬁ. Thus considering
that the Chippewa data represents only seven months of export, it is
likely lewfleow values would equal or exceed those reported by Likens

et al. and clearly the springflow ahd stormflow values are much greater
from bheoth rural a§d urban settings. Compared to an undeveloped forested
watershed, the Chippewa Watershed is aﬁparently exporting greater solute
volumes especially during spring and storm events—-likely a function

of the flushing of ﬁnthropogenic sources of solutes.

A compariscon of spring values to similar solute yields reported

=y

or the Rendboro Brook Basin by Chyurlia (1976) shows egoin that the
Chippewz yields are high. For the Randboro Basin (spring 1972), a rural
. . ++ ++ + R .
partially farmed basin, maximum Ca , Mg , Na and ¥ yields were 3.23,
) Lo~ 2 . . ot
0.48, 0.13 ané O.EF'tonnes/km respectively. OFf these yields only Mg
is greater than the Chippewa wvalues in the rursl setting and all are
less then Chippewa values in the urban setting. Thus it would seem that

generally sclute ylelds zre relatively high for the Chippewa Watershed

in the rural sector and well above background in the urban sector.
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Urban C1~ values compare favoursbly with those determined by
Wualkowicz and Seleem (197L) for the Salt Creek Basin in Chicago.
Meximum chloride yield was computed to be 41.2 tonnes/km2 over a six-
month period which is relatively close to the Chippewé velues of 35.39
‘for the springflow. However the Salt Creek yield was considered to be
only 62 per cent of the Cl1~ supplied and the rest was removed in ground;
water flow. Thus the totzl yield for the Salt Creek Basin would be
57 toqnes/km2 which is s_iéhgly less than the total of 65.0 tonnes/km2

for the urban sector of the Chippewa Watershegd.

_/—"N-.
/

Y
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CHAPTER VI - _ \
Conclusions (

Introduction . . \“‘—--—-—’/

The purpose of thé research presented in this thesis is developed
explicitly in Chapter I, Section 1.2.1 where it is stated that the pur-
pose is "to investigete and to explain the variability and the nature
of selected solute outputs from differing human and physical enyiron—
ments within an established urban setting". To this end both temporal
and spatial solute variaznce have been investi@ated by the study of
samples collected over eight sites both urban and rural duréng three
flow régimes of springflow, stormflow and lo;flow. The first conclusion
must be that there is definitely both temporal and spatisl variance
of solutes in Chippewa Creek waters. Moreover this veriance }s controlled
principally by hydrologic conditions and solute supply whigh are, of
course, both functions of the physical and human character of the sub-
basins studied. Solute responses are ofteﬂ.quite different bétween
+the urban and rural sub-basins from the viewpé&nt of marnitudes, explana-
tory wariables and intensities of process.‘ Differences also occur iﬁ
solute magnitude déd regponse at the saﬁelgite over the three flow

recimes mentioned above. Thus solute beheviour in Chippewa Creek waters

is controlled by the complex interaction of hydrologic events, solute
. - ha

supply end sub-basin character all of which change cver ‘either or boih
time and spage. These genersl conclusions are expanded in the sectiocons
below.

238
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Hydro-Temporal Sclute Variation <‘

Hydro-temporal variance can be introduced ;;Nhydrqgeteorolog;cal,
seasonal, diurnal, chemicel and blological Tfactors. n this study
chemical and biological factors play insignificant roles in promoting .

solute variation within the stream channel itself. More important are .

hydrometecrological, seasonal end diurnal controls of which nydrclogical

overpowers-all. The hydro-temporal solute variance has bgen analyzed
fof two sites, urban {Oak Street) and rursl (Airport Road) over three
flow regimes. Statistical relationships formed fetween the solute para-
méters and & séries of hydrological and temporal varisbles indicate
that, overall, the within-site solute response is a function of cne

or several of dilution, flushing, supply and exhaustion processes.

The extent of these processes vary over the three flow regimes, generat- ..

ing solute responses, which vary from springflow, through stormflow

to lowflow and between the rural and urben settings as well.

£.2.1 Springflow

. . - + . . .
In the spring period, Cl1 and Na concentrations dominate the

++ - L Lt . e
, HCO, , and X concentrations dominate

3

the rural setting. Variability is related to the flushing of solutes

++
urban setting and Ca , Mg

+

. : . . e - . - +
supplied from primerily surficial sources (i.e. C17, Na , X ) and

dilution of sclutes supplied from primarily subsurface sources {i.e.

++ +

+ . - v cast s . . \
Ca , Mg , HCO_ ). Generally the intensities of {lushing and dilution .

3

are rrestest in early spring under very wet watershed conditions and
= I &

then they diminish as spring runoff dries up. Exceptions are the in-

. . . + .t . - ! T
tensities of dilutidn for urban Na and X and the intensity of flushing

]
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for urban HCO3- which sre all greater for late spring suggesting that
these ions are more sensitive to drier conditions. The strengths of
these relationships are relatively low overall but are marginally

. G‘;
better for the rurasl sub-basin indicating a more controlled and orderly
solute response than in the urban environment. The general lack of

-good statistical explanstion is attributed to first flush effects in

early svring and chemeograph lags. ,"

’

Major differences occur in both the magnitudes and the behavicurs -

"of lons between the rural and urban sub-basins. In early spring con-

centraticn values for Cl~ and TDS are generally larger for the urban

environment and the intensities of process are greater by about B.L

and 1.% times respectively, especially for those ions exhibiting flush-

. N . . + .t . .

ing behaviour. However, Na and X are the exceptions and display

greater fluxes in early spring in the rural environment. Ionicsconcen-—
. N ] ) e = R o+

trations diluted in early spring (n003 , urban K., urban Ha ), all

display greater megnitudes of dilution in the rural sub-basin by about

2%, 2300 and 900 times the urban rates. Thus based on the analysis

of the solute data for the springflow period, it is obvicus that there

are apparent differences in the magnitudes of solute concentrations

he strengths and directions of their response to hydrologic controls

ct

and

both over the spring season and between the rural and urban environ-

ments.

f.2.2 tormilow
'

tormflow solute variance has been analyzed by scrutiny of a

single storm event and by & statistical analysis of several storm events.
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For the single storm event magnitudes of €1 and Na dominate the urban

- environments and magnitudes of €1 and HCO3 dominate the rural setting.

Concentrations cof n+ and Ca++ are generally greater in the rural sub-
basin; however, K+ displays & sharp;r end greater peak under urban con-
itiogé. Rainfall itself is not a significant source of sclutes but
does contribute considerable =zcidity. All solutes except rural Qa++
d{splay dilution from pre-storm to post-storm valies. However the
complexity of in-storm solute variance defies a simple dilution expla-
nation and this complexity is analyzed as a distinet flushing response
interrupted by almost instantaneous dilution By rainfall peaks and latter
storm dilute runeff. Hypothetical chemograph lags of the flushing effects_ .
determined by extrazpolation of the solute cufves, underscore the dif-
ferences-between urban and rural solute responses. Rural solute pezks
generally coincide with hydrograph peaks except for Né+ and Cl- which
peak zbout 7.5 hours prior tc pezak floys. On the other nand, urban
solute pegks generally occur from 3.0 to 7.0 hours prior to peak flow
though the Na+ and C1~ peaks occur gbout 5.5 hours prior to peak flow--
somewhat slower than their rural counterparts. These rural-urban dif-
ferences are thoughﬁ to be related to the differing natures and locations
of the solute supplies and the times of concentration Tor runoff to
the stream channels in the rural and urban environments. Certainly
rural dilution responses are generally more subdged in concert with
e nmore subdued hydrological response. In addition the dilution response
is often'dampened ?y the preater supply of %?&u* S (HCOSH, for example)

in the rural environment. ‘Where solutes are flushed and in short supply

»



(C17, for example) rural response is more dramatic and short-lived.
Recovery of solute concentrations is very slow in becth urban end rural
gettings beginning about two days after the storm event in each case.

Hysteretic effects are evident in the sihgle storm date. Solute
rating trends display e complex series 6f loops throughout the storm

-
which indicate the presence of positive (flushing} and negative (dilu-
tion) hysteresis. Urban t;ends are invariably more complex for all
ions, exhibiting many tight loops and ¢Hanges of direction. This com-
plexity is re;ated to the‘variagility and lifespans of the various
sources of solutes in the urban environment es well a5 1o the dilution
capabilities of the precipitstion peaks. Rural trends display a moge
orderly patiern suggestive of a more homwogeneous and regulated solute
supply. Thus it is apparent that storm period solute response differs
from ion te ion and from the urban to rural settings in sympathy with
changing hyd;o-meteorological conditicons tempered by supply and ex—
haustion effects and antecedent conditions.

Statistical analyses of post-peak stormflow deta collected over
two ‘years reveals th&t post-éeak solute responses are related to ante-
cedent conditions such as stormflow ragnitudes, watershed wetness and
state of solute supply at well aﬁ the elapsed time from storm peak over
which dilutioﬁ or recoverﬁ occurs. | In the rural sub-basin all solute
parameters exhibit dilution at near peak-flow conditioens but rebuild
with drier conditions. Likewise urban perameters display the same re-
lationship except Tor ¥ and HCOé-

peaks with large concentrations near to storm peaks which diminish with

which exhibit strong sclute flush
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storm recession. Urban solute fluxes are greater for surficially

i - Lt .
derived sclutes such as C1 and to some extent Na by 3.0 to 5.L times
those in the rural environment. Conversely the sQlutes generally as-

. en et aan - ++ ++
sociated with ruralness (K , HCO, , Ca  and Mg ) exhivit greater

B~ .

fluxes in the rural setting by 3.4 to 12L.0 times the urban values.

Thus it is apparent that stormflow variance is very ccomplex. It differs

from ion to ion and from urban to rural in intensity and direction.

£.2.3 Lowflow

Lowflow concentrations are greater than those for stormflow or
springflow except for C1™ and ja+. All ions exhibit greater magnitudes
in the rural sub-basin likely due to greater soil and rock weatheriné
rates and the presence of e sanitary landfill operation. Solute variance
gppears to be control;ed by antecedent stormflow magnitudes, watershed
wetneés; minor precipitation events and the supply or exhaustion of
ionic.species such as Cl~ as definead by time from spring brezkup. The
first two controls affect water table elevations and subsequent dilu-
tion and delivery of solutes to the stream channel. The third affects
solute concentrations in thé channel, especially in the urban setting
and the fourth defines a diminishing supply of Cl  as time from spring
increases. These relationships are generally linear being stronger
in the rural and for the two multivariate cases. Urban relationships
are weaker due to likely stochastic events which occur in urban environ-

ments.

N
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verall, the intensities of processes operating to produce

varistion hre weaker than those seen in springflow and stormflow, €s-

pecially‘ékr C1~. Again those ions with surficiasl sources (C17) ex-

6.3

[

hibit flushing responses; whereas, those with normally subsurface
{

sources display dilution response. Urban flushing and dilution rates
are greater than those in the rural setting by 1.2 to 8.0 times for ell
comparsble ions except HCO3- under relatively wet watershed conditions.

Bicarbonate flux during these conditions is two times rreater in the

[}

rural setting. Generally the urban to rural differentials of the rates
of processes causing solute variance are much less than for springflow
or stormflow, indicating that curing lowflow the intensities of these

processes are closer 1o being equal. For exemple, the maximun urban

ral difterentials for Cl1 range {rom 9.0 for springflow through

ct
o]
H
5~

-~

4.0 Tor stormflow to 3.6 for lowflew. Thus it iéﬁ?pparent that lowflow
solute responses are different Irom those during springflow and storn-
flow and the intensities of these responses vary between urban and rural

settings.

Spatial Solute Variation

Spatial or between-site solute variance is produced bﬂ,the
dgiffering physical and anthropogenic character of the sub-basins supply-
ing water and sclute to the Chippewa Creek channel. Thus spatial varia-
tion in Gownstream solute load can be introduced by spatial diversity

of such physical aspects as forest cover, geclogy, soils and geometric

e

properties of the sub-basins. In addition various degrees of urbaniza-

tion d characteristics of landuse will also introduce spatial

-

5

L



variance to solute c0ncentratibns downstream. In this study, differing
geology is discounted as a source of variance bhecause the basin is
underlain generally by similar rock type. Thus eight sites along the
creek have been sampled to determine if downstream solute variability
exists in the creek and it is concluded from the analyses of the data
that the soiutes studied do exhibit spatial variation in concentratiecn
along the creek. Purthermore this varlance differs_over the three flow
‘regimes, springflow, stormflow, and lowfleow, because of the differing
sub-basin response to these different hydrologic conditions.

Generally mean solute values are greater at rural sites except
for Cl , spring Na+ and spring and storm TDS, all of which are greater
at the urban sites. The relative megnitudes of ionic concentrations

do not change 2 preat deazl over the three {low regimes. Chloride is

t
=
'd
ol
]
s
1]

d to the creek during all flow regimes in relatively large amounts

and since the local rock has little or no chloride, all C1~ is suppli

t
by road salting or waste dispcesal with very minor amounts supplied by

rainfall., Generally lowflow solute concentration wvalues are highest

o s 3 o - -\'+ 1 3 ~ 3 2~
for a given ion except for (1 ané ¥a ; whereas, springflow and storm-
flow values generally display more dilute concentrations suggesting

that primarily subsurface sources and contrels are operating in the
Chippewa Watershed. Sodium end Cl , derived from surface sources, are
hirphest in springflow but persist for lowflow a2s well due to infilira-

-

tion at road sides. '

. - +4+ ++
Urban mean concentrations for H4, nCO3 ., K 4, Ca and Mg

_ > o »e +
are helow surface water background values and obove background for Nz
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and C17. Rural means are all higher than background surface values
except those at Site 5 which because of its steep physiopraphy and lack
of cover, produce little solute load.

Anomelous site means are found at Sites L, 6 and 7. All sclute

parameters except spring Net and K* exhibit greater than adjacent urban

values at Site L4, which is thought to be due to either accelerated
weathering or soil pollution.‘ Mean values at Site T,’below the land-
fill operation, are anomalously high for all parameters except soring
Cl- and are roughly five to eleven times background levels of surface
waters. ¢

A statistical analysis of the site means using regression analyses
identified eight geo-urban variab;es which reasonably explained the spatial
variance in the mean downstream solute concentrations. Strong relation-
ships were found to exist (Re values from 0.52 to 0.96) between the
watershed variables and the solute means, strong enough in some cases
to use as predictive models. The stronpest predictors are sub-basin
form ratios (FR), Torest cover (FC), road length (RL) and percent till-
cover {T}.. Generally the rural descriptors (FR, FC and T) formed
positive reletionships; whereas, the urban predictors such as RL tended
to form negative relationships. Thus most explanations are due to the

"

degree of "ruralness" of the sub-basins especially for ions derived

. €
from primarily subsurface sources {(i.e. Ca*). On the other hand .
spring TDS, Cl~ and spring Nat were 211 related to the derree of

I g

urbanization. The explanation by FC and FR is thought to have causal

significance in that they control meisture and CQ-o contents of the soils,
3 2
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supply of nutrients in throughfall and leaf litter and the residence
timés of water in the sub—basins. Lowflow conditions produce the largest
divergence in rural and urban values except for ﬁCOB- where the greatest
spread occurs in stormflow. Thus the spatial diversity of watershed

character is definitely responsible for corresponding spatizl variation

in the solutes of Chippewa Creek.

Solute Export

Solute export is greater from the city enviromnment for all sites

3 -

flow loads and yields are generally highest for surficially derived

&

and over all flow regimes except springflow ECO In the city spring-

+ - . .
solutes such as Na and Cl ; whereas,.stormflow values are the highest
!
-+ - . ++ . ) L )
for Ca nCO3 and Mg . Basically the same relationship holds true

for the rural sub-basin as ;ell except that the yields and their‘spreads
emongst the flow regimes af- émgller. Thus the urban environment agsin
displays = higher inteﬁsity of process, the export of solutes during
springflov, stormflow and.lowflow veriods. In this case the way in
which the urban environment reaéts to hydrolﬁgical events'to produce

greater mean discharges overpowers the comparison between urban and

rural on the basis of solute concentration values.

Contributions of This Research

'

. . »
This research has successfully investigated the neture cf

solute response in en urban setting and has uncdvered the relative

mzgnitudes and directions of solute variance in response to hydro-

temporal and spatial controls. It has compared solute response in a
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highly urbanized-sub~basin to a less urbanized rural sub-basin and in
doing.so has been able to show the differeaces in the intensities of
processes controlling solute response between the rural and g;ban set-
ting. Other studies have defined solute relationshipéjin rural env?ron-
. ments, some for springflow conditions (eg. Chyurlia, 1976{, some for
storﬁfldb conditions (eg. Walling and Foster, 1975). None have investi-
gateqﬁrge urban environment to determine the nature and maénitudes or

/
evéngche existence of these relationships. Herein lies the principal
contribution of this research - the demonstration of marked differences
in the intensities of solute responses between the rural and urban
environments over springflow and lowflow regimes and the identificatien
and evaluation of spatial and tgéporal variables controlling these
fntensitiés. As well the rese;rch also sheds light on the nature of
- solute loads generated from a watershed located in the shield terrain
of Northern Ontario. )

In 2 more utilitarian light, the‘research has provided insight
into the export of nutrients from laMfills, the beha;iour and export
of road salts frop the urban environment ag‘well as the behaviour and
magnitudes of solutes within an urban environment.in general. Certainly
this information can be utilized inp planning. In order to prevent de-
gradation or to micigate‘streaqupér quality, it is necessary to first
understand the processes which are supplying and contfplling the solutes

/
to the chjannel. This research has uncovered both physical and human

-

“»
controls which affect the magnitudes and behaviours of solutes in urban

streamwaters. The results- certainly underscore the need for relatively

4 - g
| }
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undevelopéd areas such as sub-basin 6 in the Chippewa Watershed to
provide thé‘dilution capability to reduce the effects of landfill
leachates in downstream waters.

In addition the thesis data itself has proved valuable to planners
and engineers in the development and control of the Chippewa Watershed.
M.M. Dillon, an engineering firm in Toronto, has used the hydfﬁlogical
data to calibrate flood models. Planners from Environment and Transport
Canada have used the water quality.data in planning an airport expansion
just inside the northeast portion of the watershed. Finally Northland
Engineers of North Bay is presently using the hydrologic and water-quality
data to design a new five-year watershed plan for the North Bay—Mattaﬁa

Conservation Authority.

-

Further Work e

Further work could be directed towards a number of areas. Basically
all work could involve more detailed investigation of the various aspects
of solute variance uncovered by tﬁis thesis research. A more compreheasive
study of the urban sources'could lead to better statistiéal explanation. 4n
expansion of the study into ﬁhe upland sectors of the watershed to moniter
the accumulation of.solutes by soil waters and groundwaters and runoff
would add more insight into the solute variance in the channel itself.
Certainly a 10ng—§erm study of the reaction of the landfill leachates to the
frequency and mégn%tudes of hydrometeorogical events would be of interest. As
well, further more detailed investigation of the movement of road salts
thggugh the watershed would be of use and finally, the examination of other

urban watersheds would be necessary to test out the universality of the

relationship uncovered in this research. N
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APPENDIX A

CHEMICAL LABORATORY ANALYSES

Introduction : >

Samples were analyzed in the laboratory for concentrations of

suspended and dissolved loads, of pH, and for various chemical para-

-

-

- meters like the concentration of chlorides, hardness, alkalipity, sodiﬁm,

)

potessium, megnesium and caleium. The first three chemicel parameters

were measured by titrat;ng samples of creek water; the next three by
use® of an atomic ebsorption pﬁotospectrometer and the lz2st by calcula-
tion. ¢
Samples were stored for‘vafying lengths of/g:m . Some of the
1974 set were kept over the winter zonths although rou h.suspended and
dissolved load analyses were done on all when they were~first collected,
There appeared +to be.reasonable correspondenée between values_of immedi-
ate anelysis and later snalyses. Nevertheless, somq possible error
may have been introduced by chemical activity durinzkténg storage, affect-
ing particularly the chemical quelity of the samples (Brown et al., b
1970). For this reascn these samples were rejected for analyses.
Not only could chemical activity have occurred within the samples_

Y .
themselves but it ig possible that the concentration‘of sodium and the
hardness could have wcreased by reaction with the glas%icontainer.

Just howlstdrage time affects chemical quaiiﬁy is hard to predict. The

vermissible length of storage between collection.and analysis depends

269 ' ' -
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on the individual sample, the analysis to be done and the technique

of storage (Brown et al., 1970). A test was undertaken to deter-
mine the amount, if any, of change ir the zbove parameters through

storage. The resulis are listed™in Table Al.

From Table Al it can be seen that storage effects are respongible
for changes in solute values from 5 to 1k per cent on two samples from

“Sites 2 and 3 on the creek. Decreases are likely due to precipitation
over the storage period, especially in the cases of hardness and alka-
linity. Increases could be due to reactions with the glass cogtainers,.
as for sodium, or due to evaporation é;icz_zhy bé responsible for the '
incréases in chlorides and to some extent, those for sodium as well.
Overéll the storesge effects appear to be within the same range of error
as that involved in the analyticel technigues and this storage-induced
error would have egual effect. over the sités because of the comparative
nature of the study. \

N\
Semples teken in{l1975 and 1

,

76 were analyzed for the most part

DL,

. .... " ‘ . . "..
within the same week G:\ij’lqulon. A few sets collected in the autumn

were stored Tor about a menth in brown, opaque, polyprop‘ene botsles. @,

Al.l Tctal Dissolved Solids

‘ .

» Total dissolved solids concentrations were determined from thzz “\\
. )
sarples by first filiering cut the suspended sclids using Whatman #50 .*/;{
. ’ . "
B Y . . !
filter paper in g funnel and vacuum flask set-up. Two 25 ml portions ~

of the filtrate were theh pipetted into two dry, pre-weighed aluminpum

tart tins angd placed into a drying oven for 8 to 10 hours at 70 to 820 : o
-~ ‘ ) . l

.degrees Celslus. When dry, they were removed, cooled in a dessicator .

K ‘ .

o
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TABLE Al

ANALYSIS OF STORAGE EFFECTS

Site 2 % Site 3 %
Variable 1878 1979 change 1976 1979 change
Chloride Ion  48* 55 +13 44 50 414
/

/“\V// - _ ‘ .
Alkalinity 58 - 50 ~-14 53 58 + 9
Hardness 62 154 -13 58 52 -19
Sodium Iort 24.73 27.26 = +10 23.18 25-3] + 9
\ _

'
Potassium Ion - 7.79 7.29 - 6 7.79 7.39 - =~ 5
Magnesium Ion 2.67 2.45 - 8 . 2.09 1.90 i;i
L ] = ra
Q\ * Values are in mg/l.
4“\,/
. o
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and weighed again. The weight of the totel dissolved solids was Calcu- .
lﬁted by subtracting the pan weight from the total weight of solute
and tin, and this value in gms/25 ml was converted te mg/l by multiply-

ing by 100C and then by %0. When the concentrations differed for the

two tins they were averaged.

Chemic¢al Analyses

A2.1  Imirocduction . /f\]

™
* Chemicgl analyses were carf?gﬁ/;ut on the filtered samples to

determine the concentrations of constituents mentioned earlier in Sec-

*tion 4.2. Both titrametric and atomic absorption technigues were used.

Procedures for titration of samples for chloride ion (C1™ ), hardness

. . ++ ++ _ - - -
(principally Ca and Mg = ions) ené alkelinity (CO, , HCO, and CE )

) 3

3
were tzken fronm fgsrican Publi¢ Health Association (1965) and the atomic

. . ) . . . Lt .
absorption analysis for sodium (Na!)}, potasSium (X.), and magnesium
++ hd £l - - . 3
(Mz ) ions, done on a Unicam SP 90 single beam, atomic absorption ‘\\
spectrcphotométer, quipped with an gcetyvlene-2ir burner, were carried \

. [y
o ) N

out in accordance with Instructfons zccompanying the instrument. The

theory and procedure.gf atcmic’ absorption/emission are discussed in

-

detail by Kann {1968), and Pinta (1972).

Likens et al. (1G667), Galie ana Angino (1963), Browg et al. (1970},

-

Church (1972), and others have discussed the varidus and possibleginter-
. . _ <
ferences which can reduce the accuracy of ion concentration determine-’

tion by atomic absorption and/or emission., Of note to this study was

e . . ++ . . -
the possible interference with Mg determinations by sulphate (soh

P

- . 0
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different acids, phosphates, silicate and aluminum (Galle and Angino,
1968). ' The problem of interference can be solved by adding strontium
chleride to the samples. Addition of a 3 per cent sgigpion.of strontium

) was used in.this study for initial analyses to

= h. '1 -
chloride (SrC_2.6n2

reduce possible interference especvially in samples collected close to

v

Third Avenue and QOak Street, where occasional sewage was noted. No

appreciable improvement occurred in the magnesium determinations so
the buffer was not used in subsequent samples. Likely, concentrations

of the interfering substances were dilute encugh to cause no problem.

S - o
In faect, Pinta (1972} has st@teq that interferences with Mg are 3 :

e

fact5£ only when Mg++ concentrations are below 0.1 mg/l, values not
encountered in this study.

The problem of interference by acids is encountered principally
in e hydrogen-air flamé. The use of the*hotter acetylene-sir f{lame
as was done for this stﬁdy has eliminazated this‘problem in the determina-

s P et o ++4+ . cne .
tion of Mg . Effects from Al ; P, sulphate and silicate were also

eliminated by the use of the premixing air-acetylene system (Kzhn, 1968).
Other prcblems outlined by Brown et al. {1970) were deealt with

agpropriately. Flame temperature was controlled with careful attenticn

t¢ thé ‘specifications for the substance in question to prevent ionization
. * , , N
effec§§31n.the flame. Filtering of.the samples was done prior to testing

to reduce the effects or turbidity, and care was taken in handling of N

all apparatus to prevent contamination from the fingers and hands.

At

et
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A2.2 Titrations

Chloride concentration was détermined by the arge ometric methods

as described in American Pubdlie Health'Associgtidn (1965). few drops

of potassium chromate solution was added to 100 ml of fil
- . > : .

The sample was then titrated with .01 N silver nitpdfe solution to a

faint pink end point. The number of milliliters of silver nitrate used

»

times 3.55 gave the chloride concentration in mg/l. Reproducidilfty -

for chloride analyses is b 0.30 mg/1l for the largest and smallest sample

values respectively. -

Total hardness, z measure oI the contentrations of the chleorides

and sulphates of cealcium and magnesium, was, determined as follows. To

50 ml of filtered ‘sample, 1.0 ml of buffer (Potassium Biphthalate Buffer,

.05 M) was added along with Tive drops of erichrome black T indicator.
=
¥

This solution was then titrated to 2 blue end point with sodium versenate

e b s . ’ - - U
(Sogium {di) Ethylenedianmene Tetrzacetate or EDTA). Each miliiliter
-

s
e

[ 1]

: ++ ++
of EDTA used represents 10 ppm (»g/1) of Ca and Mg ions. Thu

++ ) .. ] L+
Ca concentration was later determined by subtracilng Mg concentra-

otion (by atomic absorption/emission) from the total hardness. The

precision of this method is rated at 2.9 per cent on & total hardness

— of 6lCmg/l (APHA, 1976). At = precision of 2.9 per cent the deviance

- - ' + L d ‘
for the larger and smaller samples in this study would be - 1.7 mz/1

“and = 0.06 mg/l respectively.

‘Alkalinity, representing the corncentrations of carbonstes, bi

~

carbonates, hydroxides and occasionally boraetes, silicates, and phos-

Ty

-,

phates, was determined by titration with a stenderd solution of strong

-~

VT
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acid. Four drops of phenolpﬁthalein indicétor weré:added ﬁb a 50 m],
filtered samplé'which turned pink if hydrdxidg and/or carbonste were
Present. The soiution was then titrated‘uhtil colouriess uFing .02 ﬁ
sulphuric acid; If no colour cHange occﬁrred on the addition of phenol-
phthalein then the methyl oréﬁge indicator was ;dded immediately and

the sample titrated to the end point with '.62 N H,80,. Lack of reaction
to the pheﬁolphthalein indicator suggests most of the alkalinity ;E

due to bicarponate anions. All of the samples aﬁalyzed gave this result.

Acid used, times a factor of 20, gave total alkaiinity in mgs/l. Pre-

-+

- . : .. LN + +
cision for this analysis is estimated =t about - 4% or's 2.00 mg/l for

larger concentrations in the samples analyzed in this study.

A2.3 Atomic "Absorption Determinations

Standard solutions of sodium, magnesium and potassium were
according to the instructions for the 6nicam SP 90 atomie sbsorpticn

spect®orhotoneter and consultations with Dr. D. Ledson who is in charge
s T . g

of chemistry at Canadore College in North Bay. "After some experimen-—

.

" tation, a reasonable set of’standa;dy-were derived which could be used

-

to calibrate the spectraphotometer for Chippewa Creek water (see Table
— . ) - ——— .

A2 below). The standards were run before and after each set of samples

»

and transmittance/ebsorption velues of the standards averaged for each

. run to compenSate for a slight drift in the instrument over the time

L= .
. Aty = - .
needed. to run samples. Sodium and -potassium concentrations were deter-
’

. - - ¥4 - - .
mined by emission and magnesium by absorption modes. ¢ .

o

. . i . B .
Curves were fidted to the values' of the spgndﬁrg concentrations

- 4

and,their corresponding per.cent transmittance/per'c t absorpticn values

A A

(VLN
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for each set of samp}es. «Per cent transmittance yields linezar curves
and per cent absorption gives logarithmic curves. The resulting equa-
tions were used to determine concentrations of the three elements in
each semple. Regression and curve fitting were done by computer on
a Decwriter terminal using a standard regression package from a time-
sharing library. The equations and resultant statistics are too numerous
to be included here.

Precision of the atomic absorption analyses was estimated =2t

+
- 1% absorption/transmittance. In terms of the standards and samples,

the deviance in concentrations is not very large. Table A3 summarizes

-+

.. . . +
the effects of precision on concentrations of the elements, Na , K ,
++ ++ . . ) ..
Ca , and Mg in .the-samples of this study. Precision values were

determined from the calibration curves of the atomic absorption analyses.

-
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TABLE A2

STANDARDS FOR SODIUM, POTASSIUM §& MAGNESIUM

ELEMENT _ STANDARDS (mgs/1)

Na 5; 10; 20; 30; 40; 50; 60.
X . 5.21; 10.42; 20.84; 31.26; 40.68.
Mg 2; 5; 7; 8.

—

TABLE A3

PRECISION FOR SODIUM, POTASSIUM AND MAGNESIUM

% 13 absorbance/transmittance)

ELEMENT LOW CONCENTRATIONS HIGH.CONCENTRATIONS AVERAGE

Na 1.50% o 2.00 1.75
K 0.06 ) 0.80 0.43
Ca 0.08 0.98 0.53
Mg 0.04 -0.10 | 0.07

* concentrations in mg/l.
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) APPENDIX B .
SOIL PROPERTIES
Soil pH

Soil pH was determined in distilled water with s Corning dual,

-glass electrode~pH meter after the methodology described by Peech (in

Black, 1965). In a beaker, 20 g. of so0il were added to 20 ml of neutral

distilled water and stirred periodically over thifty minutes then zllowed

to settle overnight. The pH of the supernatant liquid was then read

using the meter described sbove. Results are listed in Table Bl below.

Soil Cation Exchange Capacity (CEC)

The CEC of the soils were determined by summing the total ex-
changeable bases and hydrogen in the soil samples. Total exchangeable
bases and hydrogen were determined using 2 method described by Brown
(1943) and also reperted in Black (1965).

) — --+ = . -~ n - .

Exchangeeble hydrogen (E-) was determined by mixing 2.5 g. of
soil with.25 ml of 1 N neutral smmeonium acetate, shaking vigorously and
allowing to stand overnight in a stoppered flask. Then the pH of the
solution was determined to 0.0l pH units and the curves in Brown (19L3)

. . ) . ..t . . .
were used t¢ determine the ‘exchangeable ¥ . Likewise total exchangeable
bases were determined on 2 similar 1:10 mixture of 1 N acetic acid and
s0il. Basically the variation in solution pH from theibriginal PH of
the ammonium =zcetate and the acetic acid is related to the exchangeable

+ ’ hd 3 - » )
H and beses respectively through the titrstion curves presented in Brown.

I:
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Results are giveq‘in milliequivalents (meq}‘pér.loo gms. of soil in

Table Bl.

. . ++ ++ + +
Concentrations of the cations Ca , Mg , Na and X were de-
termined frem the solutions using acetic acid by means of atomic absorp-

tion as described in Appendix A. Standards for the atomic absorption

u

were made up in acetic acid although tests showed no difference betweéﬁ\\

standards made in water or the a2¢id. Results are given in Table Bl -
-y _

- ~~

v

below.

- e Mt
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TABELE Bl

SOIL CHARACTER IN THE CHIPPEWA WATERSHED

= —_ Exchangeable Bases and CEO - =
% E _ {#ieq/100g) E 9 S
L]l =" o 5 5 |Q|E
E E g Ca Na K Mg H ’ C;‘.f/ & § & % g g
w = w R @] = Py
/1| 8]5.00} 1.9 0.15 0.09 0.70 9.65 12.2€ 21.0°| 5 ¥R 5/1| A
1/2| 28 |k.83| 0.15 0.16 0.09 ©.0k 9.95 10.39 | L.2| 5 YR 5/6 -
/3 é1|k.92| 1.44 0.10 0.06 0.0 7.55 6.19 |17.9|10 YR 7/ | B | =
L/4 1183 | £.76 | 0.55 0.15 ©€.12 0.66 6.75 8.23 [18.0 |10 YR 7/3 ;
1/571366 15.17 1 2.66 0.21 0.10 0.12 5.00 0 8.09 |38.2|10 YR 7/1| C
2/1 515.13| 0.12 0.16 0.25 0.07 B8.85 g.45 | 6.4|10 YR L/2

2/2| 13/5.34| 2.01 0.0 0.05 0.13 6.75 9.02 |25.2 |10 YR b/1l
2/3| 28}5.0T} 0.25 0.07 0.03 0.7 5.78 6.20| 6.8|10 v& 5/2

2/L | 3815.11| 0.33 0.11 0.07 0.05 ©9.k2 9.98 | 5.6|10 v 4/3| 3| 4
2/5] 61 |:.81| 0.15 0.1k 0.05 0.03 6.45 6.82 | 5.4 |10 ¥R b/l —
2/6 1137 | k.90 | 0.55 ©.09 0.0 ©.05 3.90 4.63 |15.8]|10 R i
2/7 | 549 |L.83 ] 0.61 0.09 0.03 0.02 15°  15.75°| L.8] 2.5vr 6/2

3/1| 8|5.15| 2.32 1.21 0.18 0.%5 10.35 1.51 |28.7|10 ¥R 5/1

3/2| 30(s.27 1.§6 0.54 0.05 0.07 8.10 10.32 {21.5|10 YR 7/1| B :
3/3| 61 |k.87| o0.12 0.49 0.03 0.02 7.60 8.26| 8.0|10 YR 6/4 c —
3/4 | Bl ]s5.22] 0.60 0.51 0.03 0.0l T.25 8.40 13.7 | 10 YR T/& &
/1t 30|5.25]13.17 0.81 0.18 5.48 1L.60 3L.2L 5T.L )10 YR 3/2| A -
/2| 16|7.15712.87 0.23 0.08 17.27 0.85 31.30 197.3| 10 YR 6/1 g
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TABLE Bl

SOIL CHARACTER IN THE CHIPPEWA WATERSHED

-

E = Exchangeable Bases and CEC = §
=z | & - (meq/100g) H w | =
€lg| & 92| 5 5 |8| &
n A @ a Na K Mg H CCEC e s S 2=
5/1 5| 5.73] 3.47 0.08 ©¢.21  0.25 9.k0 13.30 |22.7|10 YR T/2 | A

s/2| 25 | 4.78| 0.12 0.07 0.06 0.02 13.75 1L.02 | 1.9]10 YR 4/2 A
5/3 1 38 | 5.54 0.15 0.0T 0.04 0.02 9.k4Qy 9.68 6.0 10 YR 5/3| B :
5/t | 64 ; 5.81} 1.50 0.1C 0.06 0.04 - 8.32 10.92 {17.0| 10 YR T/2 &
s/s | o1 | 5.64 3.b% 0.09 0.20 - 0.09 8.32 12.04 {30.9|10 YR T/1|C '
6/1) 10 | k.61 0.60 0.09 0.05 0.12 35.L5 6.31 13.6| 10 YR T/L

6/2| 23 [ 5.08] 1.65 0.05 0.03 0.02 3.90 5.65|30.9|10 ¥R 6/3 |5 | B
6/3] 71| 4.70| ©.90 0.09 0.05 * 0.02 L.30 5.36 [19.8] 10 YR 7/3 é
T/1 51 5.090 0.%9 0.11 0.25 0.12 9.15 10.10 |10.C|10 YR 6/L| A

T/2| 33| L.67] 0.22 ©.16 0.65 0.03 11.75 12.71 | 7.6|1C ¥R 7/3 3| .
7/3 | 92 | L.661 0.12 (©.17 ©0.11 0.03 10.00 10.43 | L.1|10 YR 6/2 B
T/L 173 | 5.09; 0.13 ©.12 0.09 0.33 8.30 8.67 | L.3|10 YR 6/6 §
7/5 {213 | 5.25| 1.26 ©.11 ©.12 0.20 6.25 T7.9L {21.3| 10 YR 6/3|¢C

T/6 | 610 | 5.25| 1.4 0.13 0.06 0.06 5.25 6.99 |{2L.9| 10 YR 6/1

8/1 5| 5.05| 0.15 0.65 0.03 0.01 15.30 16.1k| 5.2| 10 YR 5/2| A

8/2 | 13| L4.81 0.28 0.37° 0.06 0.02 15.20 15.93 L.é| 10 YR &/2 5

8/31 301 %.91] 0.15 0.3 0.04 0.02 16.30 16.9L| 3.8| 10 ¥R 5/6 =]
8/L | 81| 5.11] 0.2k 0.60 0.03 0.00 8.15 9.02} 9.T 10 YR(§7L j
8/5 1107 | 5.28 0.75 0.51.0.03 0.02 T.62 8.93|1L.7| 10 YR 6/3|C | &
8/6 | 640%| 6.12| 3.08 0.T: 0.11 0.37 7.62 11.92 |3%.1| 10 YR 6/2
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TABLE Bl

SOIL CHARACTER IN TEE CHIPPEWA WATERSHED

2] = Exthangesble Bases and CEC = =

N NCH (meq/100g) = o | 2

m p.' . »r :

> | B z oF = 18] g

2008 |d . |28 5 g |z|&

a A o Ca Na ¥ Mg H CEC s @ Q9 S| £
9/1 5 1L.75| 0.10 0.09 0.11 0.02 6.55 6.77 | 4.7]10 YR L/3 | A

9/2 | 23 {5.80| 0.13 0.05 0.06 ©0.01 L.75 5.001! 5.0|10 ¥R 5/k -
9/3 | 56 |L.24| o0.27 0.05 0.0% 0.01 b.55 L.92 | T.5|10 YR §/h B f
g/t | 8% {L.88| v.15 0.06 0.03 0.01 %4.30 i.55 | 5.5]|10 YR T/3 &=
9/5 oukTls 41| 0.39 0.07 0.0k 0.02 3.L0  3.92 |13.3| 10 YR 6/31C
10/1 5 14.95 0.15 0.68 ©.11 0.05 11.70 12.69 | 7.8 |10 YR 5/L 1A | |
10/2 1 20 |L.9%| 0.18 0.59 0.09 0.06 10.82 11.7: | 7.8| 10 YR 5/% 5 =
10/3 | 43 1u.80| o0.20 0.58 0.03 o0.01 9.00 §.82) 8.4110 YR 6/L :
1o/h | 81 (L.88| o0.k2 ©.39 0.04 0.01 T.50 8.56 [12.4| 10 YR 6/3|C
11/1 5 15.22| 0.96 0.08 0.15 0.23 11.15 12.57 |1l.3 10 YR 3/1| A
11/2 1 25 (k.66 0.06 0.07 0.03 0.03 12.93 13.12 | 1.5| 10 YR 6/3| B A
11/3 {107 |L.TL4 ©.09 C.12 0.03 0.0 13.90 1:.18 | 2.0| 10 YR 5/3 s
11/6 132 1591 ©.09 0.09 0.0k 0.03 13.55 13.80| 1.8 10 YR 4/L|C -
11/5 | 203 |5.35| 0.9% 0.05 0.03 0.03 8.@5 9.30 | 11.3 ] 10 YR 6/4

~
/
-
-
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