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SCOPE AND CONTENTS: This atudy seeks to achicve an gndﬁtstnnding

of the factors which control the te and nature of
karst solution in the Alpine setting of the southern .
Canadian Rockies. Theoretigal controls of the pro-
cess arc reviewed quantitatively in order to
ascertain the effects which they can be exp;;ted
to exert. The value of techniques of hydrochemical
analysis which have begn developed for use in other
environments are examined from the point of view
of karst hydrochemistry.
The process of karst soluticn in two large

' | river basins (the Athabasca and the North Saskatchewan)

"1s described with partfeular reference to the effects

of the hydrological regime of the area and to' the .

theoretical controls of the'procesl. The findings
are shown to be similar in kind to those which are
presented for a number of amnlljaplokarntic basins
within the same area. The hydrochemical behaviour
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SCOP'E AND CONTENTS:

- of k51nt bnninn at both scales can be dLacribed in
{cont'd)

toerms of the iunteraction of a small number of din-
_ v tinct hydrochemical environmenta in which the hydro-
dynamics of solution plays a determining role. T
The implications of this conclunion with
reference ho extent and distribution (hoth
epntinl ndé¥ pornl) of karat solution withln thu
aouthcrg Canadian Rockiea are described. Karast

solution s shown to be the most important gingle

'gcomorﬁh{c procesa presently operating in the area.
Improved estimates of the ratc of this proccas are

prenented., :
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CHAPTER I.

INTRODUCTION  °

The study of small localakarst herrains in which the dominant
geomorphic process is solution hna been intensive. Especially in Europe
numerous workers,-exemplified by Corbel (1256, 1959), have concerned

themselves with the deia;}ed'aébctiption of various karst morphologies

and have.p;ovided semi-q;autiiat;ve explanations of their genesis. The
_ ’basics of‘fhe kirst so}utidn process, apq in particular that of lime-
stone, have been known for a cousiderahle time, -Tillmans (1932) .and
Frear and Johnston (1929) provided detailed mensurements of the solubility
| of calcite in water containing carbon dicxidg. Since that time the solu-
‘tion of calcite haalbg;;QE~QJUe11-documented process, and recently the
more difficult prbblem.qf the solubility of magnesium-calcium carbonates’

. has been substantially resolved. The relevant theoretical solubility

products of most of the cémmon karst minerals are now specified to an

accuracy of 1%.

» Unlike many other iﬁedts of geomorphic changé, therefore, the
waln agent of karat landforn development is known and 1s quantified. The :

thrust of karst reaeatch is now turning fron the 1nvestigntion of the

v

manner in which the process acts upon the natural_9nvironment.¥'necause




e solution of a karst terraiq’}s essentially a mass-transfer problem,

ch of the preliminary work élong thesg lines has been contributed by
a growing groub of workers who are nqot.-karst geomorpbologists. A petro-
lcum geologist, Weyl (1958), intyodpced the basic concepts gf tﬁe mass -
- transfer approach to the problem of éub;surfaée kérst.de@elssﬁbnt and
since that time two engineers, Curl (1968) and Wigley (1971b, c) have
’
extended it. As is the case for the problem of the solub£1ity of karst
‘ >

minerals the theoretical mass-transfer aspects of the interaction between

. water and the karst terrain are-noﬁ known.
\ The fgcts thgt one known process‘is dominant in the evolution of
a karst terrain ind that. the manner in which this process acts upon ?he
terrain {s known in a number of simplified situations (such as sheet-flow
over and pipe-full flow through the rock) make the study of karst land-
forms one of the least imprecise in geomorphology. The processes acting
to produce, forrexsmgle, a specific h;114slopé morﬁhology are many,

their interactions are complex and for ;he most part they are undefined
-and therefore cannot be quanfified- In a similar manner the measurement °
‘6£ the rate of removal of the producta of the solution proceas from a
karst terrain is often easier and more accurat;rthan corresponding measures
of the erosion due to other procesaes. Also in contrast to other agents
of geomorphtc change there 1is very limited re-deposltion or te-uorking of
the eroded material produced by the solution process. Although in certain
circumntancg% siguificant -amounts of eroded mlterial may be deposited fn

the form of travertine or tufa, 1n'df§nates.other ‘than tropical and/or




with‘noo—hydrothermal oatora, the re-deposition of karst materials is only
s minor part of the overall proceso. Because the products of other agents
of erosion are..likely to be re-deposited wtthln the terrain, floods or
other catastroooic events often glve rise to a sudden and large increase
in the amount of material being moved within or removed from an area. In
contrast the omount 0£ 501ut1on_gttr1butnb1e to rare e;ents is llmiled,
.psrcvidouccd by the relative conservatism of the amount of dissolved
material cnrrieJ from a basin by streamflows of various magntiudes.
Douglas (1964) uoll illu:irates the contrast. |

Bl

The aim of most of the present hydrologic and geomorphic work in

."karst terreins is to 1ntegrqte a knoqn body of theoretical knouledge with

hypothcsized morphogenetic processes to defermine the nature of the de-
velopment of the present landscape, and to understand the observad relation-
ships and patterna in the hydrologic and hydrochemical regimes of the
terrain. The practical problema of applying theoretical considerations =
to the developme;t of.a karst terrLin are several, but in broad terms they
~may be grouped into two-sets: 1) the determination of the environmental
controla of the process, and 2) the determination of the locntion of the

ma jor part of tpe solution within the terrain. The two sets are not, of
course,.independeot; 'Iho{eniiroomontal controls change as the water‘pnsheu-
" {nto and EBYough a ﬁafut‘lquifet. In many areas the cootroif-nay.allo
change aeaaonally. In Alpine or Axctic areas in particular the extreme

-neasonality of hydrologie events can be expectcd to be mirrored in a

marked difference in the rate or nntuto of karst 4ovelopnAnt.




]

Since the development of the theoretical analysis of the karst

solution process, one of the tools of the karst geomorphologis: has been

J""

the analyfia of the hydtochemistry of water f;owlng from a karst basin
or aquifer. Hydrochemical analysis in other contexts is in a relatively
a@vanced state. Back (1960, 1961, 1966) has demonstrated that lithologic
facies caﬁ’give gise to hydrocheqiéal facies in groundwater bodie;, and
'scvera}:;oékersssuch as Hall (1970, 1971) have shown that the hydro- ,
chemisl:r; of many streams may be v_i—.’m.‘red as the r_esult of the mixing of
a number of components. This approach has also been used to separate
basin outflow hydrographs into their component parts such as groundwater
discha;ge and surface runoff. ihere.h;s long been an 1mf11éd assumption
in k;rat_geomorphblogy that waters flowing in a number of situatié;s
.within a karst terraiﬁ should exhibit different chemical characteristics.
This is the basis for zmch of the wofk by Ashton (1966)'uﬁo haa attémpted
to define the nature of a karnt aqui fer by the analysis of the hydro-
chemical behaviour of its discharge durlng floods, and fdr various mechan-
isms proposad to explain- the appa;ent,readtivation of the solution procgsp.
deep within the aquifer. Ihe_most discusgsed of these has-been Bogli's h
(1964) concept of-'niqchu;gskorroaion'. The aasumptiongxeferred to above
has reéept?;;rqceived much support from Drake and Harwon (1973) and
‘Harmoﬁ-it nl}f(1972b) who have demonstrated that the hydrologic zonition
‘of a k:rst_aqﬁifer-pystem is paralleled by a hydr;cbenical zonation.
'“?he essential elements for the hydrochemical analysis of the

diuchlrge'frﬁn a karst aquifer or basin are therefore presnnt-in'the'forn

.“1':




of cHaracteristic zones. The southern Canadian Rockies are largely com- -
posed of carbonate materials and they form a large karst area. ‘Small

clements of this area have heen studied by Pord and co-workers at,
VM'Master University (Ford, 157!a, b; Ford et al., 1972; Brown, 1972a), and
.it has been suggesged that the #lfitudinal zonation of vegetation gives
rise to a number of characteriatic karst hydrochemical environmenta It
is the purpose of this thesis t; investigatc the natur; of the overall
karst- development of the southern Canadian Rockies utilisipg the methods
"and téchpiqpes developed for:the hydrochemical énalysis of streams fed
by a nu;bcrrof chemically different components. The area also demonstratfs
a m#rkea seasonality in its hydrologic regime and the relnflonships betw;én
thig and:the seasonal variation in the effects and con;rols of the karst
sclution prbéess are allo_anélysed.-—ihe observed characteristics of. the
runoff from the southern‘Canadign Rocky .Mountains are related to the
theoretical c;ntrols of the karst solutidﬁ process and to the behaviour
exhibitéd by the small, holginratic‘ar;as previously atudied by others.
This theais—ls artaﬁged into six main chapters. Chipterd 11 and
III review the major elements of the karst solution’ proceas and fits
environmental controls and of the téchniques of hydrochemical analyais
in both karst and non-karst areas. Chapter IV describes the pertinent
feaéhres of“the study area and of the study basins. ‘Because one of the
most 1mportant features in the determination of the nature of karst

L

landform devolopuant is the hydrologic regime of the area Chapter v

-

provides an analysis of the hydrologic regime of basins in the southern

Canadian Rockies. Chapter VI describes the use of the techniques revieved

. . - T . - N
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in Chapter III in the analysis bf'the secasonal behaviour of the hydro-
4 :

chemistry of the Athabasca and North

Sagkatchewan River basins which

together drain 8000 sq mi of the gréd./ Chapter VII combines the results
of the a:j}yses in the two previous chapters and relates the karst solu-
tion}ﬁfe ¢ss exhibited in the area at the small scale to characteristics

shown by the small basins that have been described by previous workers.

Chapter VII also draws the conclusions resulting from the preceding

—

chapters.

Ly




CHAPTER I1I

KARST SOLUTION -

2.1 Introduction

The most commoﬁly occurring minerals which are susceptible to
‘ .

solution, and in which solution is likely to be the dominant geomorphic
process, are limestone, doiomfte, gypéum and anhydrite and halite. The
carbonate minerals are by far the most widespre&d but the sulphate
mineratn are important 1n some areas of* North America such as west Texas
‘égg\gast Nova Scotia. Examples of the extensive development of karst
features in chloridé rocks are uncommon because of the limited surficial
distributlon of these rocks. The 3eneraI process of aolution of all of
the karst minerals is, however, the same. In the followiqg uectiona ‘the

nature of this process and of the controls upon it are described The
general principles of the aolution process 1n naturally oc;;;ting rocks
are dealt with by many texts such as Garrels and Christ (1965) ‘and (i
Krauskopf (1967) ' Because knrst landforms develop most frequently in
carbonate rocks tha carbonnte solution procesa has received the most "
.‘attention, and most of the npeciiic examples of the manner in which envir-
onmental cbnttola may affect the karst solution process are drawn from
gtndies of carbonnte karst aTeas. |

b

a':uo-phase fonic disaociation. . \

The aolution of gypsum or anhydxite and of halite (in water) is

LIS




_caso, = Ca?t + s50,%° ‘ (2.1.1a)

+

Nacl = wNat +cC1° 2 (2-1.1b)
Although the solution of limestone (and,dolomite) ma§‘be represented in

the same way,™as

—

24
CaC0, =5 Ca  + COj (2.1.2)

the process is complicated by the instability of the 0032' ion {n the range

3 (

of pH encounLered in most natdnal waters in karst areas. Because the Cl°
" and Sohf?'ions are stable in the natural situation the solugign of gypsum

or anhydrite[and.of halite is completely described by equations 2.1.1.

: i .
The stable éorm of the carbonate species in water with a pH of between

7 and 9 is the bicarbonate ion, HCO. , which then acéounts for over-BOZ

3 ¥
of the total dissolved carbonate species (see, e.g., Krauskop{ 1967, x

Figure 2-2). The solution of these carbonate mi&EEEIs in water can-be
r - Y -

represent!d by two reactions: e _ o . ‘ ‘
‘ nzo = uh + on © (2.1.3a)
and Ca003 +u calt + HCO," - o (2.1.3b)

Any ecid present in weter in the natural environment will dissociate to - \

produce H+ fons. Because these ions associate with the C032 ions produced

4

- by the dissociation of the carbonate mineral, the.carbonate solution pro-
‘cess 1is pH dependent. The most commonly occurring acid preeént in the

e
natural envitonnent where no eqﬁapqncel are introduced by pollution or

-

'J

other extraneous fdctors ?a carbonic acid., All water 1n contecc with
the atmoephere reacts with carbon Jioxide: -

nzo '+ Co, -g-; nzcose., o+ RCO,* (2.1.4)




The carbonate solution process may be represented as the sum of two sub-

systems - the production of carbonic. acid and it§ rcaction.with the

mineral: 7 e
+ - L h
H20 + CO2 = H + HCO3 : . (2.1.58)‘

. i + - - M

Caco; + K' = ca’?t + HCO, - (2.1.5b)
or, summhing, . ’/,

\ 24 .- ‘

CdGO3 + Hp0 + 002 = Ca + 2HCO3 ' (2.1.6)

.The basic solution reactions of the most common karst minerals

are thus represented by equations 2.1.1 and 2.1.5.

K

et

2.2 - Ceochemical Measures of Mineral Saturation

The chemical characteristics 'of water in. a karst setting may be

expressed in terms of the concentrations of the various ions in solution.
A more useful measure in many cases is, houever. the extent to which the

water is saturated with respect to the minerals in the terrain This

approach can indicate the conditions under which the water entered and

-

reacted with the terrain or aquifer, and Hhether any further solution can

-~

\*‘

take place. .

Chemical reactioms may be deucribed by the Lav7of HasSIAction.

re
4

Thus, 1if - ‘ { .
: aA +-bB =’;’ cC +dD : .7 (2.2.1)
._uhere louer case letters 1ndicate the conbining nunbere of the substances

represented by capitals, then at equilibrium




-

5

10

c d
e MR 5 1 ‘ (2.2.2)
~ cA>® cBa®

whg}c C J represents the activity of the enclosed species. K is known
_ '

as the equilibrium constant of the rcaction ﬁivcn in equation 2.2.1, or

in the casc of'the #imple ionic dissocliations represented hy‘cquations

2. l 1 and 2 1.5 1: is termed the solubtlity product The cqullibrtum 5

exprossed by equation 2.2.2 is the thermodynnmic cquilibrium nnd ariscs

~
“

when the two reactions of equation 2.2(1 (thnt is, ohe reaction from
left to right and nndther from right to left) are occurring at the iame
rate. In this situation there iz evidently ho furfher net production

of either the au_h:tances A and B or of the substances C and D.. Although
both reactions are continuing, and individual molecules of any of the
Tsubstancea may be recombined, the reaction as a whole is in a state of
dynamic‘équiltbr;um and the equilibrium concentrations of each of the
substances is cuﬁstnnti It is this ¢ natancy of the"bongentrationa of the
component substances of théﬁlolutlon reactiénn of karst minerals that
wmakes the consideration of ‘the thermodynamic equillbf'ium state important
and useful. _

_. - If the activities of the\subsunceh ;i'._nvolved in a pa':ticulnr
reaction are known, an :Lon-lctivil;; ptoductr (Kiap) can be calculated
from equation 2.2.2. In general this value will not be the same as the.
| equilibrium constant. hly if the reaction is in the thermodynamic
equilibrium state will l two values be equal. If _;up < K .the

reactions of equation 2)2.1 will proceed. in sum to the right; ‘if




s - -
e

—

Kiap > K, to the fcft The solution of gypsum, described‘by equatlon v

-2.1.1a provides an examplc of the use of thi%wgﬂﬁnciple in the study of‘

L

karst waters. ‘The ion-activity product may be calculated from mcasured

values of ECa2+] and £SO 2-

Oy, J by ‘ I

. 2 - :
Kigp = [Ca * 350,272

2.2.3) e
EC_&SO[‘ ¢ .

or, because cue act?iftﬁ of a solid Qf of an undissociated substancc'is

by definition unity, o~
- 24y 2ma |
Kiap : CCa DCSOQ J ‘ (2:2.5)
f this valuc for K . 13 less thhn the known value of K for the rcacticn ‘

(the solubility product of gypsum) the reactions of equactgps 2.1.1a uill

-

in sum proceed to the right and Zﬁre gypsum will be dissolved in the system
uncil thermodynamic equilibrium/is established. ConuEFgc}y. if the cal-
culated value of Kiap.is greater than K, then the renctioﬁs will proceed

{n sum to the left and gypsum will be formed. A compariaon:between Kinp‘ R
\
and K in the case of the mineral aolution in.a karst tarrain dcu thus give

an 1ndication of whether further solution. precipitation or neith\r is

likely to occur. . . ' . - ‘x

T3 ""

The accuracy of any such measure of the equilibrium state of the e
“-

solution reaction of & kKarst mineral depends ultimately on the nccuracy

with which K can be detgrmined, but there are also several complicating :”

-

, _ - B _
- factors in the d¢termination of Kiap* The mos!laignificant of these are,
. firscly.,thp necessity to consider the relationship between the nctivitgea o

. of tPe relavant species and their (measured) concentrations-und, secondly,

' \
7/ . - . - ! Y ) 1
o

— N
.
- /
J

PO




to accounr. for all a:l.aniﬁcant 1on-pu.ting in the qnm fnnccntly. my

workers hlve dutailcd tha-essential ltapl in deriving an eatiﬁlte of t.h.
saturation atate of karst solutions (e.g. G;n'elu and Q;rilt'._ 1964; . ]
Picknett, 1964; lxn'k.a‘.‘ 1970; Léngmuir, 1971; Wigley, 1971a) - “Detéils of
the compuitational scheme .ﬁl{nﬁ_ in this —i;:udy fr'e showm in ;Appqe’ndix 1.
Since the solution of wbonnf?s "is greatly eshanced by the preunce of -

carbon dioxide in the lolution, the procedure to derive an utimte of

the saturation state is not a single stop For karst areas vhere the ’

~ only readily soluble minerals occurring in significant smounts are cal-

cite, d'olcmit_n and gjpaun (or anhydrite), the advent of the computer ha\s

[

enabled the ‘calculation of 'slturit“i.on indices' from field neuutengnti ’

of pH, c‘2+. H32+’.‘ BC03- (dr gikali.:iiﬁy), '8042'.' and vt.:q'ii;irature:‘
" for gypeum s1g = log (((ea2*1[s0, 2 /gt - - (@.2.5)
for calcite SI, = log {([Ca?*][HCO3]Ky/(BT])/Ke} 2.6 .

and for dolomite sxd - log {(10a2*] [Mg2*} [HCO3TK, 2Nyt (2.2.7)
uhare Kg Ky, Ky » Kq sxe tlu theoretical dissociation constants for gypaun,
nzco:,, calclte and dolopite rcspecttvely. s:l,nilat mauurel wmay be deﬂ.ned)

- fo_r any other mi.narnl. N . '
D 'merd’ has been doubl: as to the true meaning of a ut:uration index -
with respect to a given, pure mi.noral. Sona wotkera notnblg Steunct

-(.1969, 1971) hava advocgted a diffetent. technique in vhich a fine pouder .
of the host Yock u addad t:o a \utor sample and chmsu in s pqrnnter .

(such as the con%entral:ion of Ca ) noted.. whilnt this procedute can

produce numerical value for I:hn l.dd:l.ti.onal nount: of dnernl dissclved .
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in or precipitsted from‘rhe'solucion itﬁseemshto be less desirable than

Ql

the thermodynemie sacuration inder approach for four main reasons:
. 1) the reaction can take an extended period of time to reach
a new equilibrium, during which time characteristics of the water-
sample (e.g. temperature) may change,

- - S ' o

2) the‘particular samplegof—host rock used may be no more
. ) ) representative of the whole than is a pure miners15 ) -
' 3? " the deterndn;rion cannot be repeated,- wherens gaturation . -
3 ~ indices may be recomputed from ‘field measurements, -
and ’ . ne | : B J ;
4) the resulting measure is not universal "whereas a

thermodynamic meagure may be reproduced from field data by any

other worker

[ K . - -

N

Although the thermodynamic saturation indices are preferable, there remains

some prohlem in assessing the value of an index with respect to, for
example, cslcite when. most natural environments do not exhibit .a single,"
pure mineral phase. Ihere is evidence (e.g. Terjesen et al. 1961) that
heavy metals suéﬁ*gs copper present in the syscem in trace amounts can -

]
H

signifﬂEEntly reduee the Bolubility of cslcite. Plummer (1972) reports

that calcite containing some magnesium is more soluble than pure calciteﬁ_gp;'
or dolomite, a conclusion also demonscrated qualitatively by Picknett R
(1972).

—Notwlthsthding these-observafions, evidence.;ﬂgt the theoretical




.“*\\ o Ve i{ .
N = K‘ /
aolﬁbilitins do in fdct consticuto real limitn to the solution of limestones,¥
dolomltes nnd gypsum in the natural cnvironmcnt I's accumulating. Langmuir
(1971), brake and Hnrman (1973) and ﬂ:glcy et al. (1973) have used thc
tochniquc with conaidcrnblc success, and At ia also commonly uch in the

high fonic strength anvironmcnt of OCcan waters (e.g. LL et al., 1969).

Onc of the ctiteria for a satia[actory saturation ind?i is that {t should
not show oversaturntion-in a jtable environment. Although waters saturated

uith reapect to calcitc,in a high PCOZ eﬂVironmcnt may become oversaturated

when removed to a lgwcr PCOZ environment, water in equilibrium with its

£

suxroundings cannot be. Pluwmer (1972) considers that an oversaturation

of 2% is necesaary in tho case o£ caloite to overcome the energy barrier

to precipitation presented By the nuclention éktcnttnl In this..case,

[ +

then, equilihrinted waters nhould never exhibit SI. > 0 30. “In atable
environments it seems that this ia in fact a rensonnble upper limit'to

'thcﬂgbserved values (see, C.8., dnta prenented in Langmuir, 1971 Back ~
, .

et al., 1964)

~

The accuracy and precision of ' the derived ‘saturation 1nd1ccg are
dependent upon the apcurdcy and precision of the conbributing measure-

. ments. As shown -in Appendix 2, a conservative estimate of the accyracy

of SI is + 0 10 A similar nccuracy is reaaonable for SIg. A praclaion

.

of 0.02 iaragain a connervative estimate based upon the clatmed precision

"

of many field pH meters. Slg is potentially more accurate since the

'error-prone pH measurement does not ent:cr inte t:hc- cllcqlation. ... .
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-
Environmental Controls of Solution

§

The solution system f limestones and dolomites is different from
- ’ .

that for gypsum in that it is t - rather than two-phase. The addition
of Lthe extra (gaseous) phase adds further controls to the system, and

complicates the basic mechanlsms. The potential controls may be divided

into two groupﬁ:

1} those which influence the chemicall reactioh itself, such

x,

as temperature and, for the carbonate s em, the_availability
. -~ .

2 ? . - . .

and 2) those which influence the intermixing of the solute and

of CQ

solvent, such as the type of fluid flow, the geometry of the
interface and, for the carbonate system, whether the system is
open or Flosed.

The vatious cont;dls are noE'indeﬁe;dent. For example, the ambieﬁt tem;
perature influcnces thc'dﬁailability of CO to thF system, as well as
itself b?ing a.cdhtrqlling factor. Moreover, no éontrol has a unique
influence - any change in the equilibriuﬁ sPatq,ot the solution system
can be produced by changes in any or all of the various defermining |
factors. It is important to apparate_intra- and inter-environment- varia-
tions in sélution.n For‘two seéarate environments phe‘host significant
diffe:qqtiating?factors‘may'uell not be those which influence aea;onal

or other temporal varintion within each environment. Whereas the controls

aréxcomﬁoh to both situations, their relative 1mporFan¢e is not necessarily

the same.
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2.3.1 Temperature

The temperature of any diségiution inf{luences not only the rate
of the rcuction, but-also-the finfi eqh%lihrium atu;?. In general, the
solubility constant, K, is temperature dcﬁcndcnt. For a s81id .- liquid
systef -the dependence Ls positive such that more of the soluro may hc
_diqsolvcd with an increage in Lvmpernturc whilce for a gas’- liquid-
system the reverse is truc. Langmuir (]971)'and Wigley (1972) quote
temperature-dependent forms [or K. d’ ’2, end K from which the vari-
ation in solubility of thesc minerals with tcmpcrntzre may be computed.
FigureAZ.l illustrates-the theoretical temperature dependence of the
cquilibrium‘CaZ+ concentrations of the gypsum - watér and calcite -
water systems, using the values for the dissociation cdnstnntyﬁgfvcn by
Wigley (1972). it is apparent that the solubility of gypsum 1ncrcqaes
with temperature (within the raﬁge considered) whilﬁt that of calcite

- - ‘ '

decrcases. For the case of calcite (or dolomite) solution the mégnitudc

of‘the‘temperatu;e dependcncquf‘the carbott dioxide - water subsystem

r

fepresented by equation 2.1.5a is greater than tﬁat of the HyCO4 -

calcite subsystém'r;presented by ‘equation 2.1.5b, fesulting in an Bvcrnll
‘negative Caz+ - tehperature relationship. This fact has beeﬁ noted by
many'w;rkers including Tillmana‘(1§32), whose caleulations of carbonate
equilibria presaged much of thé earij Eurépean karst research, including )
that of Tfombe (1952). Corbél (1959) considered thaﬁ this'tempe;aturgf;»ﬁ;
dcpendenge‘uaa the“aingle most imfortant control on the rate of limestone

Yo . . . .
solution in different environments: ' :
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. Temperature dependence of the solubility of calcite and gypsum
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"on peu£ donc conclure que, dans son ensemble, la
karstification en région froide .cst plus rapide
que la karstification e¢n région chaude." (p. 118)
In a glven cenvironment, however, the range of temperatures encountcred
during the’year 1is often much less than would be rchuircd to explaln the
. variation observed in the solute concentrations, a fscp apparent in the
data presented by Paterson (1972). In a number of studics it has been
obscrved that the solubility of csrbopates in different environments is
apparently a positive, rhther.than a negative, function of temperature
(pitty, 1966; Kotarba, 1972; Pu}ina, 1972; Harmon c¢t al., 1972a). 1t is
evident that temperature is not the overriding factor that Corbel con-

sidered it to be.

2.3.2 Carbon Dioxide Partial Pressure ' -

s

Figure 2.2 shows the average Ca2+ concentrations of spriné waters

in several different environments, together with the temperature depen-

P
N

‘dent equilibrium vglues for different partial pressures of CO,. As the

' ambient temperature of .the various environments increases, so does the
. partial pressure of COp with which the water is in equilibrium. This

trent. is most evident in comparisons between environments in different

climatic regions?*but it is also apparent within a given environment as

Lo
S

the annual mdfch of'temﬁerature progresses. Ford (197la) {1lustrates

the seasonal change in the equilibrjium P of waters in the vicinity of

co
2
Crowsnest Lake, Alberta. ‘He suggests that the controlling factor in the

availability of 002

I
cover associated with a particular temperature regime.- A cont;o}’by

is not temperature per se, but rather the vggetal
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-Theor'etical and observed temperature dependence of calcite solution
in different environments. Data sources Ford, 1966 ( ¢ ); Ford,
1972 ¢ © ); Harmbon et .al., 1972 ( e ); Sweeting, 1964 (0 ).
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vegetally produced co, 1s similarly suggested by several othér

such as Ek (1964) and Sweeting (1966). Mcasured values of the ¢

concentrations of soil air in various environments support this view

(Smith aﬂd Mead, 1962; Pipky, 1966). Data from the Canadian Rockies
" (D.C. Ford, Mchste%=Uni{£:sit§?;nd ¥.D. Miotke, Technical Universitf

of Hannover, pers. comm.) are shown in Figure 2.3, togethér with water
sample data from Ford (197la,b). Improved cééé?ntcs of the equilibrium
_Pcozf reéomputed using Wigley's (1972j program, are used here. The
figure demonstrates that iﬁ?ﬁbne:nl\g&gﬁifncen;ration of CO, in the soil
air decreases with altitude and strongly s;ggeats that the causative
factor is:the nltltﬁdiqal change in vegetation from forest tb tundra.

Also, -the coé concentration of the atmosphere measured at various alti-

tudes is very close to tHe figure of 0. 031 atm. (or 10 -3.52 atm.) usually

& .
glven as the globhal mean atmospheric value.  Allowance .for the decrease
3

of atmospheric pressure with altitude is according to tables given by

Lisc (1968) . The values shown for the CO2 concentration of the atmosphere
“within the snowpack are considerably less than those for samples of the _
open air at the same sitea. The water sémpies from the same altitude
show th;t the range of Pco2 with which water-can be in equilibrium in the"
area spans the range found in snow and open air. Cogley (1972) suggests
that in the Arctic snowpack coz concentrations decrease with tlme.- ‘
~Ford et al. (1970) note that delicate calcite precipitates £ormed be-
neath the margins of glaciera in the Ht.icaatleguard Alberta, area N
show little sign of Xesolution by meltwater from snow accumulation during
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Altitudinal dependence of Pco, in air and water samples. Symbols
indicate mean and bars indica%e range. )
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¥ s0il air in tundra 1 water in alpine meadows
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the uipter. -The very low PCO2 values shown in Figure 2.3 for air {n.snow
suggest tﬁat in a snownelt environmgnﬁ; solution is likely to be extremely
limited. The survival of the precipitates is thus not Mmexpected,

The equilibrium CO2 partial pressures calculated from data given
by Ford (19?1a) for thé waters of Crowsn;st Creek and;éro;snest River show
that the range is from the value foqnd in forest soils to one slightly
aboyg the atmospheric ;can. This suggests that at variousutimes during
Jdly, 1969, these streans were fed by different amouﬁts of soil- and
runoff-water. This corresponds to the hydrologic conditions at the
time - in the early part of the month, much water was contributed to the
strcams.s§ rupoff from heavy rains which fell duriqg the previous week,
whilst at the end of July the streamflow was almost entirely derived
from ground- and Qoilhuater storage, Old.Nan River Rising (O.M.,R.R,) is
a large karst spring which exhibits an almost constant ‘temperature of
AZQF, ;nd has a much mofe constant‘discharge than either of -the surface
streams. Figure 2.3 shows that during the period of observation the co

2

partial pressure remained within the raﬁge given for fores;‘soils. Sur-

4

face waters might also be expected to show a lower P value than springs

€O,
in qgst*instaﬁces'since water in contact with the atmosphere will tend ~ ..
to &é;ggﬁfcoz until equilikrium with the atmosphere is atlained. This
point 15‘5150 clearly demonstrated by Drake and Harmon'ki973).
The ééculiarities of the carbonate soiuttop process are such that
the type of conditions under wPich the reaction takes place afe-pertinent. .

Garrels and Christ (1965) define five cases of carbonate equilibria, two

1
- .
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of which are applicable to a natural environment in which the only geo-

- -~
chemical controls are those of the process itself. ; These are cases 2

L .

and 5 - "calcium carbonate - water, with externarfy fixed pressure of coi'.

and "equilibrium in a systen of Qater originally open to atmospheric C02.
then closed before thg\gddition of Cacog' respectively. Smith and Mead
(1962) considered the same point using the terms Yequilibrium® and
‘anaerobic' solution. Ihg.process of carbonatc.solution in contact with
a (theoretically) infinite reservolr of air with a fixed PCO dissolves

. 2
r . -
o @s that in the water is combined into HCO3 ions. This ab-

further CO
sorption of CO2 continues until equilibrium is reached. If, hWowever,
there is no (or bﬁiy a very limited) atmospheric reservoir, then the

PCOé of the water uill.decreasc as solution progresses, resulting in less
solution than in the former case. Langmuir (1971) Ehow§ the two paths to
cquilibrium taken by the two cases for various initial Pc02 valués.')ns
Figure 4 is reproduced as‘Figure 2.4, 1t can be seen that for Pg 9 = 1072
atm ;he difference in equilibrium HCO3- concentrations is approximateiy

]
150 ppm. There is, however, evidence ‘which suggests that the equilibrium

system in most environments i3 open. In order to achieve final equilibrium

concentratiéns of Caz*‘> 60 ppm, PCO2 values of more than 0.24% (10-2.6)

atm are required in the_épen system case, whilst the closed system

equilibrium requires the P, to be more than 3.0% (10-1'5) atm. Figure 2.3
2 '

—

] shows that 10-2'6 atm (ten times that of the global mean atmosphere) is a

reasonable approximation to the mean values measured in forest and alpine

meadow soils, whilst 10-1.5 atm was not reached by apny soil air sample.
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‘&?éEd (1971a) quotes the C;2+ concentrations of groundwaters in the -
" Crowsnecst Pass area As being of the order of 60 ppm. Langmuir (19?;) Lo

similarly concludes that the groundwaters in central Pennsylvania origin-‘

ate under opew system conditions, and KHarmon (1973) makes the same claim

on the baugis of a study of stable carbon isotopes. That the source of

AR

Fhe CO2 in karst waters in c#cess of that in thc‘atmospheré its_indeed
of vegetal origin is strvongly supported by Harmon et al. (1973), who
~ demonstrate that aquatic plants consume biogenic 002 during the dnylight'

(photosynthetic) period. Holland et al. (1964) reached the same con-

clusion.

2.3.3 Geolopic Controls

o~

Many Q%Pects of the geology of karst rocks are liable to influence

the rate or extéﬁt‘of the solution process. Structure is one of the main

N ¢ ’ - .
determining factors In the secondary permenbglity of a karst aquifer, and -
thus exerts considerable control via the hydrologic nature of groundwater
flow. This action is conaide;éa in a later section. The physical'and
chemical properties of the rock itself are also pdteﬁtially important
cgn;rols.t/sﬁgéting (1966), considering the morphology of limestone pave-_.

ments in N.W. England, - writes: '

‘"Lithological variations are probably the most
important cause of contrast between—one pavement and
another:" (p. 187)

4

She contends that the relevant property is the nature and spacing of the

-

!
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-9

bcd‘ing plades, which controls the relative impertance ef mechanical and
solutionalttosion. She alao found that undissected pavemtqts are a
fenture of lideato/es with a high silica content. Sweetlng (Oxford .

) UnLver51ty, pers. comm.) has suggested that ‘the differences in the bedding
.o£ thé various limestones are closely correlated with their petrologica}'

cheracter ~ sparry limestonces forming the more massive and biomicrites the

- ' N 3 " - ' {
much less massive units. A further feature enhancing the solution of the

-
kY

micritic limestones 1s thelr greater porosity. Williams (1963) demonstrates

-

that the rate of sclution of the searry limestones of Co. Clare, Ireland,

is less than that of the wmicritic {orms of Yorkshire, England, despite all

2

other factors being in favour of more rapid solution in the former area.

In a comprehensive study of the lithologic controls on cavekn -

-

dcvelopment in central Pennsylvania, Rauch and White (1976\ conclude'

“Cavity devekopﬁszt is enhanced by purity of.the bulk
rock, small grain size (micrite), and possibly by
silty streaks. ‘
Cave development is inhibited by high con-
centrations of S5i0,, Al,04, dolomite, sparite, and
impurities, or by very low dolomite concentrations." (p. 1191)

Their conclusion with respect to the petrologic type of limestone is the
same as Sueeting‘s. Ihey suggest that the inhibiting effect of 510

and Al 03 is due to the fact that these minerals comprise much of the clay
found in the carbonate rocks, and that the clay may have a shielding
effect on the carbonatea. .Such’ shielding effects have been suggested by

many karst geomorphologiats for the case 1in which clay particles protect

the bed of subterranean streams from.‘Lntinued aolucion.r Rauch and Nhite 8

r =]

[
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comment on the importance of dolimite is fgruqting in the light of

. e
Plummer's (1972) work., Plummer stated’ that thé solubility of magnesian

- calcites reaches a maxifwm ot

.

_and Wiite show-that the d

mole 'percent magnesium, whilst Rauch
clopment of solutional veids appears to reach
i mdxinmu1in'tqtk vith a bulg'coﬁtcnt of 27 - 5% M3C63. Both Plummer

und qugnmit (1971) consider that dolomite is less solublgrthnn calcite,

Figure 2.5 ‘tllustrates the variation in solubility and voidlibrmatioﬁ

in carbonates as a function of the Mg2+ contdMt. Ralch and White muggest
' ‘ e ~ 2 A .
that a "partial rcason" for the lesser solubility of rock with very low

el

. B - - . -
Ngz+ content ymay be that proportionately many such units accur In argil-

laccous formacions. Pluwmmer, havever, shows ‘that the petrographic com-

position of shell fragments is highly variable, and that the most soluble

mugncqiun calcites pnrticlea diaaolve first, followed by progrcssively

1&‘5“501ub1e Mg-halcitc particles. - In view of the fuct that this deduction
‘. .
is bnsed upon mloroprobe nnalysLa at a far lnrgcr scnle than the gross

chcmicnl analyses performed by Rnuch and White,’ it is poasible that the

formation of solution vblds dependa not 8o mUch on the overall amount of

+

ng+ present, a8 on .the manner in whlch it 1a combined into Mg~calcite.

1

The effect of tréce metals on the solutlon -of CaCO3 is demonstrated

by Terjesen et al, (1961) Figure 2.6 illustrates their findlngs . It can

2+

be neen that a concentrution 6£ ca” of 10 Mjl, or'of Sc of 10~ M/l.'Ls '

I

sufficient to reduce calcite aolubillty by a factor of twp Unfortunately,‘

all experiments were performed under a Pco2 of ‘1 atm, and so are not
. N \ i Co ;
immediately appliéablé to "the natural case. Terjegen'et al. give the

1

~

0D ’ - [
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order’of importagce of other 1nhi5;tofs, 1n_d;creasiné order of effective-

ness, as: 'Pb2+,'L53+; Y;+,'Sc3+; Cdz+, Cﬁ2+, Au3+, Zn?+; Gea+,‘Hn2+, h12+ =

Bn2+ = ng+ i‘Coz+.- They conaidpr that the nature of the inhibitién ig ,not

the presence of a monémolcgq}nr layer at the calcite surface, gut rathier

thaF the metal carbonates serve to incrensc the fute o; thé reverse calcite
solution reaction. -They also notc(thnt the 1nhib££ing effect becomes more
pronounccd as equilibrium is reached, as eviden;ed by Figure 2. 6 in which ©T
thc curves do not become distinct until a concentratipn of Ca2 of 60 ppm ‘
is exceeded, This fact tends to suggest that in the very dilutelsoluti?nqi
prescn? in a natural carbonate aquifer the effect may be unimportunt B O
Holland et nl.((1966) considered the S:2+ : Ca2+ ratio in a- karst aquifér .
in Pennsylvania and could detect no inhibitory effect. Whilst Ié}jesen

et al. do not list Sr2+ as an inhibitor ita'position in the pcrioq;;'tqple
suggests that it would have a similar cffect as Ba2+ and Mgz+. It eeeﬁs
chetefore that at the present.tim& the possible inhibitory cffect of

2*)

trace metals {(with the exception of Mg may be ignored in the natural

environment.

_'2.3.6 Hydrodynamic Controls

“fhe maésftrinsfer problem of the abiution of a solid-fluid inter-
{ : . . :
face by a moving-fluid has received detailed congi{deration by Leyich (1962).

The specific case of the solution of a karst mineral by water flowing
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, . : J
through it has been invgstigated by Weyl (1958), Curl (1968, 1971),

wigley (1971b,c) and Plummer (1972) . The rate of solution of a solid

—

‘

may be limited by either the rate of the chemical recaction.at the inter- \
\ o *
face, or b? the rate of the physical processrof the diffusion and/or

,.1'

épﬁveqtion'of reactants or products across the laminar bouddéry.luyer
“into the ﬁain boﬁy of the fluid. In some cases the raté of solution may
‘be*limiéed by a combination of these factors. Both potential rate limit-
ing prbcesses are temperdtufe dependent and the rglative importance of

each in a specific reaction may change with temperature., Plummer (1972)

states that the incongruent solution reactions of some naturally occur-

ring minerals mhy resq}t in thg formatﬁbn‘of a porous precipitate on the -
reaction surface which serves to-decrease ihe raté of diffusion of reﬁct-
ants acroségthe laminar boundary layer. This effect would make the rate
of rcaction a relatively more important factor in the determination of the
rate of solution of .the mineral. It is not certain that the rate limiting
factor in the solution of the.yﬁlls of calcite tubeé is thd diffusion of

reactants toward and away from the interface, but Plummer (1§72) presents

data-ﬁhat suppoté this hypéihesis. In the case of the solution of ;aicfte
by wate:,thé limiting diffugion rate'is:thaf of vthe products of the reaction
{Weyl, i958). Pluﬁmmr (19?2) shows that ié the d}ffuaion rafe is the rétel
limiting f#ctor‘in thé_galcitersolution reactidn} then the”concentrgtion'

of the producﬁs of that reaction at the 1nterfaée is the satpration con-

centration; If, howevef, the rate limiting factor .is the rate of the .




. . ) N
veaction itself then the concentration of the products at the interface
is some lesser value, This approach allows the effects of the motion of

the {luid past the interface on the rate of solution to be analysed by

the same mLthod whichever the rate limitlng factor may be. The diffcrence

»
-

beLwcen the two cases is expressed in the value assigned to the concentra-
tion of the reaction products at the éoltd-llquid interface.

Goodchild (1968) demonstrates the effect of fluid motion in a
st;dy of the evolution of eronionnl sc;ilops, nnd'Cownrd (1971)'meusﬁrcd
preater erosion on thc upstrenm side of such fcatures where the fluid
velocity is greater and the boundary layer thinner. Plﬁ%mer (1972) shows
that 1if the é;%fhsion of products into a stationary {luid is ‘the limiting
step then the water in pore spaces less than: 1 em in width ahould be
saturated whilst that in spaces wider than 10 cm would take longer than
100 days to reach equilibrium. Evidently in order to account for-water
in small interstitial apacan being undersaturated (as reported by Back and
nanshau, 1970) or for water in large v°1da being saturated gfter only a
very short residence time it is necessary to cqnside;_ﬁho hydrodynamic
effects of the fluid flow.

. The type of fluid ;i;u is of great sihniffcance since it determines
th; ;ohcentration gradient within the body of the fluid. Kaye (1957)

observed experimentally that the rate of splution of the walls of tubes

in marble blocks by dilute HCL in a turbulent flow situation is dependent

“‘upon the mean £luid velocity through the tubes, -His data show an

[

J

\
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excellent f{t to thae relationship

- 0.4
a - 0’ o ‘ 2.3.0 7"
et o

-

where a-m tube radius (cm) and 'V = mean volocity (cm/mec). Weyl (1958)

provided a dugnilcd theovetical consideration of the effacts of flow
valoclty ﬂﬂﬁJnrrow condults nuch.thnt the flow regime was laminav., Wigley
(1v/71b) derived a thyoretical value for thulroinxntion langth of the
purrurhntioﬁ qf| any fluld prsporty under turbulﬁnt flow through pipes

S , s
of constant radius, and later extonded the analysain to the laminar con=
dition (Wigley, 1971c);*€?or the caso where the inltial borturbntion of .

th fluid £1uw in a doviation frod saturation with respect to the pipe

material, wigloy ahowl that tha ponntrntiun langth, defined by Nuyl (19JB)

an tho distance at which the devlltion of‘thn mean concentration trun
the cquilibrium value has beun reduced to 0;1 offita 1nitial value, {8 n
function qf the fluid velocity and pipe raglua. Ho quotes the rate of

solution-of the pipa walls as o

st ' 2.3.2) - ¥
2f¥>”b oo

whuro q - uolute concnnttation at the pipa wall (the na:urn:lon valuu),

-

q°~- solute concentration o! the fluid santering the plpe. Q= plp. radius (cm),

S
v = moan fluid valocity (cmllqc). P " denaity of pipa material and

Xg = relaxation length (cmo.'givcn by




1
- 2 1
X, = av
3»658D _ e (2.3.3)
for laminar flow, or T o N
.- .
0.08 . . - -
- L oxg w2 7 ./uo 567 al 087 v07.087 7
: (2.3.4)
0.0192 p0.654 ;
for turbule flow, where/fL = fluid viscosity (poise) and D = diffusivﬂ€§/‘
of the solute species (sec/em). Weyl's (1958) analysis of the laminar flow
case 1s shown by Wigley (1971c) to yield a very similar result:
2. : '
X = ay (2.3.5)
4,026D

2.333 and 2.3.4 substituted into 2.3.2 give expressions for the rate of

solution as a function of fluid velocity:

—

'c)at - (9 -nqo) . 1-8291)..2" (2.3.6)
P

for laminar flow, and 5
3 ) 0.654 -0.913
i - 001 (q - q,) D v (2.3.7
Fk al 087 0.567 5 )

for turbulent flow. It is apparent from these last two equations that in
the laminar .flow case the rate of solution is independent of flow §e10c1ty,
vhilst in the turbulent flow case it is almost indeﬁendent of pipe raéius.
In thé case of a diffusion rate limited solution reaction Levich
(1962) is.of'tha opinion that the rate of solution of tube walls by a fluid

: v .
in turbulent flow 1s proportional to the fluid velocity to some power
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between O.S'apd 6.9. He suggests that tﬂe determining factor in the ex-
ponent is thg extent to wh{ch the turbulent boundary layer is developed
within the {luid. Kaye's‘(1959) experiment was performed in short icngths
of marble wherein the establishment of the turbulcné boundary layer may
well have been incomplefe. Levich (1962) considers that the cstnblish%ant
" Y= not complete within a length of plpe céuaiapo cneihundred timesrits
diameter. ﬁn1c exponent of 0.45 which chafactcfiges gnye's expcr;mcnt'is'
thus in keeping with Levich's suggestions, -as 1s'ﬁ§g%ey's (1971c) exponent
of 9.913 which was derived from the theoretical anai;sig_of the fully
developed turbulen; flow situation. - l ‘\ h
Examples of the determining nafure of the hydr;hynamic conditions
‘of flow through a carbonate ;hQifer are, in general, not at the same scale
as the thcoretical considerations detalled ahove. Pitty (1966) demonstrated

that a relationship between flow-through time and the calcium hardness for

waters in Derbyshire, England, existed and in a later paper (Pitty, 1968a)

derived thé expression ' - ’

C = 152 + 0.667T : (2.3.8)
where C = calciﬁﬁ hardness i{n ppm, and T = flow-through time in days for
an area in‘¥orkshire, Englandr In an investigation into the formation of
domepits in Kentucky, Brucker et al. (%972).suggest that the incféape in

erosion by water.running down the walls of domepits consequent upon a
. . s N

transition of the flow regime from super~-critical laminar to sub-critical




.
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laminar over irregularities in‘the walls is responsible for removing the
irregularities, A great increase in the rate of erosion at the flow

transition (sometincs ihcorrcct]y termed the 'hydraﬁlic Jump") has nlso‘

i
Ml

been suggested and explained by wtglcy (1971¢),, Curl (1971), PﬂlmEL ;1971)

and Thrailkill (1968) amongst otherq

The hydrodynamic controls affect msinly the rate of solution éf;
and the rateée of saturn;ion of , thc.watér within an aq;ifcg. Except for
_ thé case where a stream flows through an aquifé; rapidly, water leaving a
carbonate aquifer is usually saturated, In. this situation the hydro-
dynamic controls cannot affect the total amount of solution. The rapid

flowthrough &ise does; however, allow for such controls as has been

documented in the Canadian Rockies by Ford (1971a,b) for two large springs.

!
R

2.4 Spétial Location of Solution

+

In general it is the environmental factors (particularly the

temperature and P of the water and the geologic nature of the aquifer)

co
that affect the ext:nt of solution in a given situation. The hydrodynamLE““\
factors affect the general location of that solution within the aquifer. A\\
The effects of the solution kinctics of the aquifer material are ;150 ‘po-
tentially important in determining the location of solution. Investiga-

tions by Weyl (1958), Curl (1968), Roques (1969) and Plummer (1972) have,

as shﬁ@n in section 2.3.4, demonstrated that it is the diffusion of species




across the solvent - solute interface that is the rate detcrmining factor
in solution, Sane the hydrodynamic factors determine the rate of this
diffusion they arc capable of controlling the location of most solution.
In arcas in the Canadian Arctic that ﬁre virtuaily devold of soil, Cogley
(]UIZ? suggests that the solution of limestone by small st;cams issuing
from snow bodies is substantially completed within the first 100 m of
the stream course. Data from the ﬁt. Castleguard area of the Canadian
~Rocky Mountains shows that a smnl} snowmelt stream is.vcry ncarly saturated
-after traversing only 100’§t of bare limestone.

In both the laminér flow (Weyl, 1958) and the turbulcnt flow
(Wigley, 1971b) situations the water approaches saturation at an expo-
nentially decreasing rate. Some 90% of the solution per unit volume of
water 1s thus concéntrateﬁﬁwiﬁhin two relaxation lengths of the process.
Figure 2.7 shows thé rela#ation leng;hs for both the lamipa; and turbulent
flow rcéimes as a function of pipe raQiusAand.fluid velocity. The con-“
centration of solution near the point at which water enters (or impinges
" upon) the aquifer (or rock surface) is consequent upon'the.small relaxation:
lengths associated with lowrvelocities and small conduits or sheet f}ow.
Figure 2.7 shows that the relaxatiop length for the laminar pipe flow
case is less than 1 m fér flow velocities of less than approximately .3
cm/sec in pipes of radius 0.1 cm. Any water Eyat enters small conduits
in the surface of a carbonate aquifer, or which percolates through the

pores of a carbonate soil or till, becomes saturated within‘a\few_centi-

i
t.
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'(cng(se c)
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Figure 2.7 _ . )

Relaxation length (cm) of the calcite solution process under
- conditions of laminar (Re < 2000) and turbulent (Re > 2000)

pipe flow..
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metres of“tﬁ¢ point at which it first encounters carbonate minerals. This
facr i; responsible for ‘many observed features such as the de-calcification
of calcarcous tills reported by Williams (1970) in Ircland, and the many
vnriuticg-of covered karrcnldescribcd by Quinlan (1973).

The prescnce of large volds in the subsurface testifies to continucd |,
nnlut}hn at dcpﬂlii? mﬁny cnrboﬁaté aquifers. BUgli (1964) fnvoked his
cancept of 'miscﬁungskorrosioh' in an attempt to cxplain these volds by

the passage of presumably suturated water, Figure 2.8 showy the under-

+ + N .
saturation (In ppm Cu2 ) resulting from the mixing of two bodles of water

sutqratcd with respect to calcite, one in equilibrium-with the PCOZ of the

atwosphere (0.037% atm) and the other (n equilibrium with a different P .

o

The most dramatie undersaturation¥dccurs when the miking ratio is betwcen

0.1 and [.0, but exceeds 10 ppm Ca2+ only when the PCO of the added
) 2

water is more than O.SZ'nfﬁ. The implicntion of this figure is that
'mischungskorrosion' has the greatest effect near the surface of the
aquifer where soil water and aurf;ce runoff water¥® mix in nearly equal
volumes. At depth the mixing ratio is very small (the most common situa-
tion is the 1nterccpt16n of amall fracturea.carrying soll wntera.by a

r

large conduit conveying surfﬁceﬁfuanf water). In large conduits of this
o ‘\\ - !

type the water is likely to be underaatd;ite in any event because of the
cxceédingly large relaxation lengths shown in Figure 2 for the turbulent
flow case in pipes of rnéiua“greater than 1 m. An increment of 1 ppm

in the Ca2+ concentration of a stream discharging 1 cfs results in the
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v

-

of 1 | - 10 100

Mixing ratio

Figure 2.8 ' o 3
24 - .
Ca“” increment (ppm) due to 'mischungskorrosion’ resulting from
the mixing of 1 volume of saturated water with Pco2 - 10 atm

.with a aaturated water of shown volume and PCO

2
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annual solution of 31.5 cu ft of limqsfohc. It is cvidbnrrthat whilst

dutniknd processes such as 'mischungskorresion’ or changes in the turbulént
structure of 8 stream in responsc to an ohstacle may be necessary to ex-

plain the exact worphology of a conduit;‘thc exlatence of these features

can be ndcquntv]y-explainnd by the fact that cveh a very small increase
. A oy
in the solute concentration of watbr flowing through them results in the

removinl of large quantities of rnck from a locﬂliscd arca., These small

increcases are to be cxpccted in lnrgc conduits bucnusc of the grelL rYe-

<
lnxntion lcngths associntcd with the solution process in this situation.

1ho formation of- large conduits. requircs that solution’ bc conccn-

=

trated Sanially Cownrd {1972) mecasured an erosion rate of approximntEIy
1000 nm/lOOO yr in an undcrground streamway in West Virginia. The in-

crease in calcium'concentrationqpf the flow was only 1 ppm in some 400 m
&~ |

of streamwuy dnd the water was essentially saturated. The condition of -
spatially conccntratqﬂxsolution is met by a large volume of water flowing

through a defined conduit within the nquifer. Such conduits are charac-

1)

teristic of karat aquifere'and ore in contrast to the émnll inier-granulnr

v

flow paths found in granular aquifnrs.-'The problem of the inifiation and

» -

10caLion of such conduits 18 .a vexed question. ‘A conaiderablc amount of - -~

- [

recent work has, howcver.‘auggested that it is the hydrologic conditiona

- within the aquifer that play a large parr in determining this aapect of-

kargt development, Ewers (1966 1973), Curl (1971) and Palmer (1971) all

suggest that one path evantually becomes the important conduit through an. -




aquifer, and that the‘h&drudynnmic conttqjﬁ df~uﬁlution are such that this

preferred path ﬂgVulopa'mont rapidly.
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CHAPTER III

. HYDROCHEMICAI, ANALYS1S

3.1 General_Consldcration§
: <t

‘The detdilcd nature. of varfous cnvirnﬁmental controls of the rate
and extent of limcstone solution has been considered in Chapter I1. The
manner Iin which all the,controls act determines the ultiﬁatekrclntionshﬁf
between ‘the discharge and solute copcentru}ions of strcams Qithin and 

lcaving a carbonate aquifer, and .also the chemical composition of water

.at various .stages of flow within the nquifur!ﬁxihe final {nteraction is

- - -

largely;dcpcndent upon the hydrologic characteristics of the system. The
distribution and extent of precipitation on the bas%n controls much ;f
the hydrology of a karst aquifer. Climatic paramecters also have a dirgcc
cffect on the_solutfon process in that the témperatugg"can_goutrol the
PC02 of the -soil aif (as shown by Hnrm;n et 'al., 1955y and the eguilibrium '

statc of the reaction.-

In most futural karst basins it 1s not only the water - rock inter-

2]

action in a aingle environment that determines/gse solute concentration -
discharge rela&ionahiﬁs observed at the autlet. The.hydrologlc regime

n. .o ‘
of the influent area plays an important part in that it determines the ‘/////

.i -
,

. . | ’
proportion of effluent water originating from various segments of Ehé/guain.

~
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In arcas where there is 8 uell-defined‘pcrlod of base-flow the different
characteristics of.basc-flow and'sufﬁace runoff have been used ;o seaaratc
strom hydrographé,on chemical grounds. 'This nppronch has been most
stronply advocated by Pinder and Jones (196%). In many instances, however,

> many ‘chemically distinct sources of Jischarge which are sig-

nificqnt. In such cases neither the hydrograph nor the flow - solute

concenthation relationship need be of simple encugh form to allow an

imnediate separation of the constituents. Cherry et al. (1972) describe
some of the potential difficultics assoc?ated with such a hydrochemical
system and suggest that the different bchaviour of & number of ions con=~
sidered SQPnggﬁgly can provide information on the relative importance of
various fléw tYpés.
In uddition to the hydrologic uses of discernible discharge -

solute concentration relationships of streams in carbonate aquifcrs there
are a number of geomorphic uses. Corbel (1159) developed the now clnssic

formula:

X = 4ET : ,
=300 ‘ (3.1)

“where X = crosion of the basin (mm/lOOD yr), E = mean annuul water surplus

(dm) and T = mean total hardness of runoff {ppm Cacoa) to estimate the i&f

erosion of the whole basin. williams (1963) provides a modified vcrsion_

Sf Corbel's formula to permit the consideration of bapins not whoyly de-

o~

velopéﬁ in limestona or those developed in limestones of densities other

i
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than 2.5. Formulae of this, type cannot estimate accurately the annual load

of a stream no matter what refinements mJ’ be developed. It is the con-

~volution of two’ time serigé (thosc for discharge and solute concentration)
that define the load, This convolutien cannot in general be represented

adcqudtqu.by the product of the means of the two series. Williams (1970)

and Dougplas (1?64) realised the geomorphic potential of an analysis of the

load carried iu éolut}on by'streams under various flow conditions. They
did not, howévcr, extend their considerations to ions other than Ca2+

and M32+. Williams' analysis in paﬂETbular is more concerncd with the
arcal "distribution of limestone solution as defined by studies of 895Efa1
t¥ibutaries of the Ferggs river, Co. Clare, Ircland}_éhan with the spatial

distribution of solution between various environments. The difficultips of
’ \ - "
: : Y
deriving a meaningful figure for the solutional erosion when faced with

the problems of the location of most solution make the successful analysis

‘of hydrochemical relationships an important geomorphic task.

3.2 Hydrochemical Models'of Discharge - Conceantratlon Reiationships

eyt

-

The'relatibnships of Douglas (1964) and Williams (1970; williams
and Jennings, 1968) are of the nature of empirical statistical descriptions
rather ‘than formal models. Williams (1970) does, however, fit a power

function to the chemical load - discharge relationship which is in keeping.
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with Wolman and Miller's (1960) conclusiops concerniﬁg the distribution
of the total load betwe?n the various‘flows observed. Pinder and Jones

(1968) consider a basic mixing model

L = CQ' =
= C Q _)i__'CiQi ‘ | L (3.2)

‘ \kﬂ1ore L = chc@Lcal load, C = solute cogcentration, Q = discharge and the
subscript 'i' refers to the various hydrologic provenances of the com- |
poncnts of the total discharge. Thé relationship between discharge and
solnte concentration is genggally inve%sc).ﬁnd in certain cases this can
lead to an nlmost-invarinnt load. Durﬁﬁ {1953) observed sué; a situation
in the Saline River, Kansas, and since that time several other cases
have been described. Hend;ickson and Krieger (1960) reported'onu_such
atr the Salt River, Kentucky,vbut also noted a hystercsis. effect. A
cyclic deviation from a linear rclationship was also found by Gunnerson
(1957) and Toler (1965); The general pattern of the relationship given
by Cunnerson is shown in Figure 3.1. All these authors ascribe the non-
lincarity to the action sf the increasing digcharge in thé Spring in

flushing highly mineralised water out gf‘the soll zone. In the late

summer period of declining flow, when an equivalent dischargp is-observed,

'
=

there is no such flushing action.’
Gunnersocn (1967)'states that dan exponential model of the form:
y = b(l -e™®) +K ' (3.3)

where y = "corrosion raCe“HQnd x = Yyelocity" was also considered, but

J
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From Cunnerson (1966, Fig., 4, p. 5).
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g - 4
gives no indication of its application. Whilst the exact meaning that
Gunnerson iﬁtcndn by "corrosion rate" is unclear, a usual definitioy would
"~ bLe the rate of transport é[ dissolved material pns‘ a point. 1In this in-
stance his sugeesated model r duces to thc-constungflgud model shown 1in
Lquntion 3.2 once the "velocity" or discharge exceeds a certain value.
&hc extent to yﬁich Gunnerson's model icpresents.nn improvement over
the cnnatnn;ffbad model has not been deterﬁined,

The model described above ﬁpplica to a single flow and not to the
situation in which there is a mixing of water from more than one ;%urcc
ot envirooment. A theoretical derivation of a two-system mixing model has
hcun_given by Johnson ct nl.f(1969). Thelr atnrfing point is not ;quution
3.2, but rather:

CoVo + GVe = GV, + Vo) ' | - (3.4)

where Co. Cu, C' = solute concentrations of the two mixing waters and thelr
mixture, ruapectivcly, and Vs Ve ™ volumes of the two mixing water bodies.
Under three assumptiohs: ‘

1) the volume of solvent per unit areca in the uystem—approacheg'

a éinimum as the discharpe approaghes zero, i.e. V-0, V, + Y*—»Vo

as Q — O |

2) the volume of water in fhe system in excess of V is pio-

L~
portional only to the discharge, i.e. V, = ¥ Q




and 3) associated with Vo is a gliven concentration of solute,
Co and ££°C, -C, = Cg and X/Vo = P-’ then

C = _C : '
+ Gy 3.5

1 +3Q & G-3)

Johnson et al. (1969), applying this model to 2 watershgﬁ largely covered

by clays found that a’ positive solute concentratién ~ discharge rclntion-l

3+

-+ . :
ship held for Al and ' (suggesting that these minerals wene being

leached from the soil_byoraihwater);-that no relationship.could be dis-
9. _ .

cerned for SOA and C1 (since the only source of thept ions was the

incident precipitation) or for M82+ (suggesting a strong Ngz+ buffering

reaction in the system), and that a negative relationship held for Nn+

¢
and SiO2 (indicating a dilution effect). The values for Co’ the soil
water solule concentration, for Na+. 8102. b@2+, A13+, H+ and K+ were

..such that they "most likely represent the equilibrium concentration

v, '
with co-existing kaolin' (p. 1362). This study provides a good illustration

‘
-

of the potential uses of multiple concentration - diascharge analyses on the
sgﬁe stream.

The approach of Johnson et al; (1969) using mixing volumes rather
than mixing discharges has been.expdnded by Hall (1950). The two approaches
are formally the same if it can be asaﬁmed that thére is no (or_negligible)
effect on the.relgtionship by any change Ip storage of water in the stream

- chunnel. The essential consngration is the second assumption of Johnson |

et al. (1969) given above, Hall (1970) distinguishes six different mixing .

models and in a subsequent paper (Hail, 1971) discusses their application
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to field data. Hall concludes that in many cases it is not possible to
choose a ';brrect' model from a consideration of the %ata alone - several
nuay give an equally good sﬁatistical fit to the observatibms. The assump-
tions used to derive the various models do, however, represent certain _
chemical and hydrologic constraints on the system which themselves may be

used to choose the mosﬁfapplicable. Hem (1970) reviews the concept of =
mixing models and demons;rates that a simﬁle three-component model pro-
vides a reasonable description of the data obtaingd from the San
Francisco River at Clifton, Arizona. A two-component model is shown to
be uusagisfactory. Hem quotes Steele (1968) as having applied a mixing
_model identical to Hall's model 1 (which is in turn the same as that of
Durum, 1953) to Pescadero Creek, California. |

The causative factors in the cyclic or hysteresis type of
concentration - discharge‘relationships observed by Hendrickson and
Kriecger (1960), Gunnerson (1967) and Ibler {1965) have been used in the
specific e;vironment of karst drainage basins in a semi-quantative manner
by a number of investigators, Ashton (1966) described the flood response
of karst springs and characterised it by the fact that a pulse in solute
concentration preceded the flood waée. The explenation offered is the
samé as that of Hendrickson and Krieger (1960) - that is, that the initial
increase in solute conceutfﬁtion represents highly Qineraliaed water being

flushed out of the aduifer. Smart (1971) used the flood hydrograph and the

corresponding solute concentration curve to assess the time of concentration

o

-

>

|
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and the period of flow dominance of different hydrogcoiogﬁg'provinces of
A small drainage basin in northern Scotland. ,
In any given stream there are liablé to be a numﬁé;.of Eﬁﬁgific

" processes acting which may alter the relationship such that the mixing
nadel bccomes,inappiopriatc. Thﬁ mixing model apppoach cssentlally considers
the transported material to be conservative in the sense that the pnly
spurces ;é sinks present may be considered to be discreet and of fixed

(or simply defined) étrcngths~ This precludes the application of such
models to streams wherein the dominant processes are coqtfolled by non-
hydrologic factors. Barnes (1965) presents ; very detailed'ann}ysis of the
factors influencing the dcpositlon of travertine by a stream in an arid
climate, and concludes that the daily an; seasonal varintion of the .
temperature of the surface stream and of fhe Pcoé'of the interflowing
groundwater are the most important. In this case Fhe.solutc concentration -
discharge relationship .of the stream can only be rapresented by a detailed
model incorporating the geochemical process of Frnve?tine deposition.

The opposite effect, the.sqiution‘by‘gmterinl by a stream from its bed,

is a potentially importantﬁfnctor in a karst drainage basin. Ford (1971b)
shows that a-smali meltwater stream issuing from a snowfield changes its
chemistry radi;ully over a distance of 100 ft. In an earlier paper (Ford,
1966) he showed that the transition:of the shale/Iimestone boundary by |

Teams 1n the Mendip Rills, England, results in a coﬁhidernble and rapid

change in the disaolved s~lids concentration. All such situations violate

- -

- - - 3




the requirement that the solute be conserved in the stream. Non-cQﬁsgrvatiOn
of an inorganic solute usuaily indicates that the strcam is not in chemical
cquilibrium witﬁ its environment. For mixing models to apply to a stream

the requirement of solute conservation thus implies that the hixiné flows

and the mixed flow ahould be in chemical equilibrium with thelr fmmediate ®

surroundings,

3.3 Time Variance of Solute Concentrations

An alternative approach to the study of-solute concentration -

discharge relationships is to regard each as a time serics. Time “series

-

- R

analysis of natural systems is bused upon the assumption that such
syétcms;may be rcpréscntcd as the . sum of two componénta'— one dbtcrminiétic
and the other random. Matelas (1966) describes thé‘nssumption as it -

applies to hydro-metcorological phenomena: '
“The assumption that hydro-metaorological phenomena are -
controlled by periodic astrongtical events implies that
the time series for thesc phenbmena consist of a super ~
. position of periodic functions, with local ctonditions,
©in the form of phyfiographic features and geofBgig‘ .
.structure, tending to obscure the periodicities." “(pp. 277-27Q{

Tiwe serics analysis is based upon the study of the periodbgram and._the
‘ !

autocorrclation function of a set of data. Schuster (1898) provided an

early example of thc use of the ﬁg;fbdogram, and Andéfqg: (1942) derived

4 Tt
‘the statistical properties of the autocorrelation £uncthﬁ}\ In wmore

AN




“recent years much use has been made of power spectrum analysis (e.g. Quimpo,

"hydrologic data it -scems that the ﬁgpure of most such data is such that

“water quality data. Gunnerson (1966) , analysing a short period of specific

¢

e | ' . - .

i)
!
.

1968; Rodrigucz-Iturbe, 1967). Brown (1972a, 1973) provides an éxample of

LT C LamesT

its application to karst hydrology. Matelas (1966) gives a uscful review
of the tcchn;que and its applications and limitations when applied to
hydrnlagic data. Ulrych (1972) details a potenéially moré péwerful methéd
of analysing the power spectrum of incomplcte-of'truncated data records.

Although:this maximum-entropy spectral method has not yet been applied to

N

[ ——— Y

\\
N

-
.

it would have considerable advantages.

The technique of power spectrum analysis has been less applied to

-

cpnductance records of .the Potomac River, Washington, D.C., found only

one significant periodic1ty This 2 cycle/day componenf*he attributed to

the cffcct of the tidal salt water intrusion from the Potomac | estuary.

Y
.

Thomann "(1967) used Fourier analysis to\investigate the tempernture and
dissolved oxygen (DO) concentration in the Delaware estuary, Matyland.
He demonstrated that the annual .cycle accounted for 92% of the annual

variance of temperature, and that-over 907 of the annual variance of DO

was attributable to the first four‘hafmonics. In addition a small varia- - N

‘tioﬁ in DO at non-tidal atations-éduld be discerned, a fact uhich‘Tho?gnn

attributed to a photosynthetic mechanism. " Demayo (1969) provideé-an

'

intcresting comparison of the behaviour of physical (temperature) and

* -
. -

chepical (specific conductance) properties of a stream. .He shows that

-




the temperature recoxd of the ng’Riyg;,nt_Emcrsd;, Manitoba, has strong
spectral peaks at frequencies of 1 cycle/120 days and 1 cycle/30 days
(corresponding to seasonal and monthly cycles) and that there are no

'seculax! (Ln this case cycles with pc:;ods of mote than 120 days). trendu

"L present. SpQCLflc conductance:. albo shows the peak at 1 cycle/lZO days,

b

but hhs no monthlyjcomponent and shows a strong secular trend. The dis-

charge rccord for the same period shows only a secular varinfion. indicating

.,
~

 ‘thﬂt there ia\zzhcyclic variation prcsent with a’'perlod of less than*120

daya and implyinp that thé only cyclic variation is annual, Demayo's
dnaly;1§ demonstrate thac whilst ultimntely the ambient temperatur;
partlally‘detg:mines bot thc-fiow regime of a stream in a snow-melt
situation and tﬁn\?ﬂtcr tempcruture, the two systems do not have the samé

“

response. N

™ .

. g . : : :
One problem of aby form of mixing model expressed as a regression

"~

ch £ -

equation is that the interaction betwéehxdibcharge and a

property is fixed in the sense that it ,cannot vary wit did;-

1

. Y .
scales of'fluctuationslwithih the data\Fccord. Cross»spectral analysis

allows a different Lgteraction between twb time series at all frequencies

and, as illustrated by Jenkins (1961), the resulting transfer function -

between the serles can define the nature of the ayq&em in which they-
Ainteract. The lihiting factor in the appllcntion of Epectral analysis

to water qualbty data is the . exacting data requircments\zf\phe technique.

~,

\

_Gunnerson (19%66) nndxba@gzi\F1969) both considcr the problem of data

\ . - _\\
T ) (T}'; . AN

|
4
‘s
'
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cnlLucttnq; The frequency and period of data required is a function of the

v

resolution and range of frequencles necded Erom- the analysis, Since for

-

©oany purlod the retuirement i basically onec pf a large number of data

»
-

cyqually spaded in timc dutu cbllcction essontially has to be uutOmntbd

-

Whilse tht. is ALCQURION mnttcz Ior diachnzgc, only racuntly -has the use

J"

ot duLumlLLd rccurdingtinatrumnnta been udopted for qudlity measuroe ~ntn,

and then unly for specific purposns

1f both the qunlity and dischnrge of a stream are rcgnrdcd-ns' -

v

time nories, then the nlliptical quality - discharge rclationahips ob- ~,"‘

A

served by uendrickson and Krieger (1960), Toler (1965) nnd/Cunncruon

(1967) and discusscd nbovc .can be scen £0 be thi. repreaentntion -of two

out-of-phagse series. The angle of the major axis of the eliipae is a

}uucttpn of the phase differcnce. “Both lecads and lagr of one series on

the other can be so reprcsentéd' and'cyclcs of different periodu within

o

both records givc rise to-minor ellipticnl traqet supcrimposed on the
annual or aensonnl pattern. Toler (1965) in. pnrticu1a1 demonstratea
\‘.

such minor supcrimpoaitions ‘ ) ' ) M

3.4 Analogies With Studies of Other Strcam Properties
- . e . .
. o ;

1$3 the downstreanm rolhtionships of the solute con?gntrations and

thé Hiéchnrge of a stream auring a flood are regarded as the résult-of the
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. F ~

misxing of two distinct water manees, then an analogy with the behaviour

- -

of other water propertien is puas;gje. e ewsentinl processen are the
propapation of the flood wave downatrenm ond phe_dl[[unlunlni the lnput

mianna ol water {n the stream. In the-care vhere a single peimt - {nput can

be Idrnt{ftnd th renulting nnlutv cuntontlnLiun - dlschnrpo 1vlnltunnhlp

1 nvlvundlily (YLlf( since a flood wave pxopnpntvs mor e rnpidly than the

watev, and Lhun the Lontvnl!ntluh'piéturbﬂtiun £ lown' dnunstlgnm. ﬂlin

- -,

probitem Ie onavntlally the same as that br determining the tiwe-ol- ulBVn

of wnter wlthin»n-rlvor reach, Thiw in a significant pro lem and hnn

revelved much retenllnttcntiun because of the nead to be dble to predict

-~

“the downetream movement ol pullutants accidentally discharged into a

nLreauway. Buchanm. (1964) describea the use of fluotescent dye tracers T

in Limu-or-fruvul btudles, Bince 196& many studiens of both time-o[-tinvol

(¢.p. Stall and Hlnutnnd 1969) nnd the longitudinal danetslun of pol-

t

lutnnt wnven (e.g Fischnx, 1968) hnvc been baund upon the use of dyes
puch ‘ne Rhodamine WI. Flochexr (1968) defonatrates that estimates of

longi tudinal (onu-dimenhinnnl) d%ffueinn coeft}cicnta deriQéd_?y routing
mulhudn nérae well with the obucrved diffunion tnei[icionts-for a dye !
pulne.' The 3enarn1 longitudinal and trnnaVGrne dinpersion thuracterinticL

of a natural stranmway uudur conditions of uniforuldlachnrgu are sum=

3 N » *

marf wed by Yotsukura et al, (1979) C )

. The npeciiic problem of_jhe intnfaction bntween tho\diuchnfge and

~

cunccntrqtiun of a dtuaolvod matnriwl downntrunm from a single input poinL
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‘hrobhhly the DO or biochcwical oxygen demand (BOD).. Drcnnnck snd Dobbhins

57

R—

J
husn bren conuidnrc&thy Shull ﬁnd—Gloynn (1969) . Th;; examined thc‘rnLv

of transport of radfownucleides downatreum of a hypothetical constant
cource., Whth a combinatlion 6f ph&sicnl wmodels for radio-active decay,
Jiffusfon and benthile storape, and statintical models for ntr&nmflow,

.

they predict that the rate of flow of the contnminunt past n pbiﬁt 100 !

Cdovnstream of the input point can vary between one-sinth and three times

- thl 1nyut rate. Thiﬂ paper is important in that it demonstrates thut

——— L,__.—-—-_—_

{f atorape is ponatblc iu the reach, the downntrcum rate uf flow of n

disnnlvnd suhatance can be greater than the input rﬁﬁc - a condition

Lhat is mot ponﬁible with the diffunion and dinpersion plocenﬂuﬂ alone,

ﬂle stroam propcrty that hag been studied most 1ntenaivc1y in “lf

ﬁ{1968) sugpest that the problem of defining the downstream no and BOD

"~ profiles fn a stream ig in many wayn the same - IH dcfining the rate of -

heat cofiduction in solid hﬁra._ Thcy stato, ho

i —
o

of addigional terms in tho equationu and the complex boundary conditions - .

over, that the presence

for DO ahd BOD prevent the derivation of analytical solutions except . . :
for the casc of stendy Ilow in the stream. Falknér-tl‘?n) gives'a com-
prchensiuc review of the processes: 1nvolved in dctermining the DO.

profilc of a ri;er qﬁﬂ presents @ mode! with rcnsopablc predictive 7

power under conditions of sparse data. Thc do@nat;cam disperafon of

thermal plumes {n rivers has been considerad by Weeks ct al. (1971) and

Ahlert et al. (1970) amongst others and {s similar to the consideration
' / .

[




of the dispersion of dye plumes and other contaminantgi

All oE.UuW'studics-discussud above deal with the downstream

I

development of discharge - concentration relationships of propertics or ‘

waterials either input at a single point (the thermal and tracer studices)
. . P ’

or undergoing absorbtion or generation in the streanway {(the radio-

nucleide, DO and BOD studies). As such they are nof strictly.analogous

to the study of the relationships between the discharge and dissolved

solids concentration in a karst strecam. Certain aspects of the two

situations are, however, common. The obscrved relatjonship in a stream
. . .

below the confluence of a large, discreet karst spring may, after a flood
pulse input from the spring, mirrér the disperslon of a thcfmal plume.

A closcer analoguc can bk made between the DO profile in a strcam and the
. i . i
dissolved solids profile of a karst strcam. The analogy is closer be-

causc in both cases sources and sinks may We found along the leﬁgth.of

-

"the strcam, and there is a limit (saturation) to the concentrations. Tﬁe“
studies of wigley (1971¢c) and Weyl (1958) reptresent the mdst,nhalytical

considerations of the downstrcam profile of dissolved solids, but they

are confined to the pipZZflow situation. A considcrationjoﬁ‘the dispersal
of dissolved solids plufiécs within a knfst uquifer is usually not possible
because the characteristics of thé conduits cannot be dc;érmined. Except

. . “
for the case where a stream flows into or onto carbonate rocks from a

non-carbonate area, the change in the characte;istics_dgwnstream is

- usually very minor and difficult to Qetébt. Harmon (1973) considers the

i J
Lot
Ry
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p:dillb downsticam of a spring, and shows that the controlling factor is
the rate ol deposning ol €o, from the water Lo ;quilihrnLc with the at-
ponphere,  In the cases where the analogy wlth other phenomena i clone,
anin the connideratfon of the concentrxation pruftlu_h\ﬁgjuwn the resultn
ol the nnﬂlynin of the karst sfituation are the same an those ol the analogue.
IRy Canes, puwevci. other factors seyve Lo'compllc1tu the nituut!nn

aich that no solution may be derived by ﬁimplu analog

3.0 The Identd fication of Hydrocheomlcend Tnviroum

The chemical cnmponitiun'of'grnundwutiéyliu in genernl terms deter-
mined. by equilibria with the minerals of the aguifcer, If fn o glven
rvnﬂuh there are wmeveral distinct wmineral facices, then it is fonsonnblc
to Expvpt that hydrachemical {ﬁcica may also BQ;pfunént. Back (1960,
1961, 1966, upd Back und Hanshaw, 1965) has been the princlvul proponcnt
of thin concept, althouph others have dlso used Lt (o.g. Senber, 1962;
Morguan and Winner, 1962)., Most of these worke hnvelgsglt largely with -

the differentiation of fresh grouﬁdwntcr and itcursive reawnter in coantal

arcas, It has been shown that both anions and cations can be mapped into

hydrochemical facies. The technique {8 not immcdintely applicable to mont ~

karst investigations since it requires a great amount of data from wolls
at different deptha in-the aquifer. It ‘is also only of l1iwmited use i? u.
single mineral environment since it hns\only ahown_gro&n differonces in

| N
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facies such as are obgerved between arcas of different mincral facies or

different hydrologic provenances. . T

w
The concept of water 'types® has been dealt with extensively by

s
Item (1970) and is related to that of hydroéhemicnl faclies. 1t is also
Inrpoely limited to describing gross diffprenc03 between, for example,
caleium bicnrﬁqnate and sodium chioride,type wiaters. Dawdy and Feth
(1967) used (actgr an?lysis to interpret streamnwater chemical da;p from
the Mojave River/valley, California. They identified three major wataor |
types (calcium bicarbonate, sodium sulphate and sodium chloride) but
conclude that the techniquc'c;nnot be used to reveal the areal sources
of the various congtituent types.* Reeder gt.al. (19?2) also used facﬁor
analysis for 29 dissolved constituents in the Mackenzic River drainage
basin in an uttcﬁpt to define the éource materials and arcas for each.
They concluded that seven factors uccountéd for most of the obsecrved vari -
ance, but all of the major QOnatituengfﬂ(Caz+. Mgz+. HCO3

: o

arc combined into one 'factor representing the influence of "carbonate -

-and SOAZ-)
materials and gypsum'. Evidently such analyses are at too small a scale

to be able to differentiate between enviromments within a carbopnate aquifer.

Jacobson et al. (1971) have shown that a Q-mode factor analysis
can differentiate between waters from wells in the soilgfverlying a car-
bonate aquifer and wate;s_from wells 1{in the aquifer‘ftself. A subsequent
R-mode analysis of the aduifér well water semples revéaled four factors -

carbonate rocks, septic tanks and road salt, depth and elevation, and
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fertiliczers - underlyiﬁ;)the varjation of the chemical and physic&lxpro-'
perties. It has long been assumed Sy many karst geomorphologists that
different classes of water within a carbonate aquifer should have «
characteristic chemistry. Richardson (1968) summariscs these intuitive .
concepts and givcs an example of the use of the different chemical noture
of the wiater fyom a small number of springs in an arca in Yorkshire,
England, Lo ident?f& streams contributing to particular springs. Pitty
(1966, 1968b).dcmonstrntcd that the variation of the cliemical -composition
of certain spring waters could in part be cxplained by antecedent climatic
conditions, a conclusion also rcached Sy pPaterson (1972). Shuster and
Wirite (1971, 1972) have since shown that it is only 'conduit' springs
(that is, springs which discharge water which.has entered the aquifer as

a strecam and.which has flowed through a relatively short, défi&ed conQuit
wikhin it) that can.be se’controlled. 'Diffuse’ springs (that is, springs
which discharge longer resident groundwater from th; aquifer) have an
essentially constanf rcg{me~th;;ughout the year. - Shuster and Whitg.use
the geochEpical measpyes SI, And equilibriﬁm PCOZ to demonstrate that ft
is the annual cycle of biotic activity rather than ‘of temperatur; or
precipitation as aucﬁqthat is responsible for the variation in chemistry
of the water’{lowing ffom conduit springs. Ternan (1972) %}ffetentinted

_ diéfuse and conduit springs on Fhe basis of the coefficient of Qariation
of their calcium hardnesscs. Atkinéon (Dept. of Geography, Univ. of

Bristol, pers. comm.) has used the coefficient of variation of cglcium
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\

hufdnchs of springs in the M:Rdip Nills, England, to estimate the relative
amounts of percolation or diffuse flow wager {feeding them.

Thn differentiation of classes of water within a carbonate aquifcf
on the basis of the behaviour of one of the dissolved aspecies card only
indicate the source of the water in very general terms. 1n the case of
the diffuse and condult spring diffcrc;:}*tion, the behaviour of the solute
roncentrations are easily explaincﬁ. Conduit springs show high scasonal
variability because tﬁe water resides in the aquifgr for only a sﬁort time
ad discharges {rom it with almost thc same characteristics as the strcam-
{tow fuchurgc. Diffuse springs gescharge water which has resided in the il
aquifer long enough to‘aquife atable characteristics. The geochemical
approach taken by Shuster and White (1971, }9 2) is capable of defining
the type of recharge water being disahargcd,mnd niso fhe chemical history
of{ the watcr:within the aquifer. Harmon ct al. (1972) have ghuwn that {

tiie use of SI, and Ppy  can differentiate yarious classes of underground
. -2 .

waters in Kentucky, and.can indicate the conditions under vwhich the
various classes entered and moved through the aquifer., Drake and Harmon

(1973) show that the same two geochemical measures can be used to dif-

e

ferentiate.six different water types within & carbonate aquifer system,
R ™~ .

Their approach uses lincar discriminant-function analysis to confirm

C02

between the six water types considered - soil zone recharge, allogenic

that SIc and P are in fact the most powerful discriminating variables

strcamflow recharge, conduit spring water, diffuse spring water,
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. -
proundvater (well waters), and the surface outflow {rom the‘banin {fed by
the aquifer, The use of the geochemical measures allows the fdentification
uf the processes dacting on the wugcr in the different hydrochemical cgvir-
onrents,  Flpure 3.2 1llustrates the cbﬂential fcpturvs of the alx classes.
e fact that the conduilt {low waters have a higher Pcozlthan the allogenic
recharge streams which [eed them 1s evidence that there is some inter-

uwixing of soil zone recharge water. A nunber of other deductions are

wade from similar reasoning by Drake and Harmon (1972, 1973).

€]
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Characteristics of karst hydrochemicel zones in central Pennsylvania.
Symbols indicate mean and bars indicate one standard deviation.
From Drake and Harmon (1973, Fig. 4, p. 956).
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Ihe previous two chapters have depcvibed the vavioun controls ol

+ T

the Korpt I'-!l]Hli'nl‘l procend and the potontial unces Lu. Nh"l‘i‘.‘l 'nlutllvra of

the discharpe « aolute concentration velationshipn of RLreamn may be pat .
The Canad fan Rocky Mnuntn.lnn are in large part componced of carbonate
tockn and reverasl papern (Ford, 1971a,b; Brown, 1972a) hove illuntrated.
the lm;u:»rlnm'o of the nolution procoss in a number of small arenn within
(them,  Bartler, Corbel (1956, 1958) had l;roviclvd an overview of the
nature of solutional erosion in the Canndh—m Cordlllora which was {n
keeping with his climato-morphogenctic ideos. For the cantern Main Ranpen
he eatimated rates of aolution of between 37 and 50 ;;rnIIOO() yr and {or
the Selkiusn Mountaine to the want 90 mm/l(ﬁ)O yr. Corbel attributed thn'
varfation wolely to the differences in tot-nl amunl precipltation, Thore
can ke 1ittle doubt that Corbel's work, while valuable, wan a rapid over-
view since he vistted the entire western mountsain rogion (including

Albesta, British Columbia, Yukon Territory nnd\the North Went Torritoricws)

in a single \summor. From Corbel's oblervntlonl\\on Mcdicine Lake near

i




. 66

~

Jaspei’, Brown (1972a, p. 14) concludes that he was in the area during the

spring flood and had no opportunity to investigate the temporal variation

of carbonate solution in the area. Similarly Ford (1971a,b) discusses’ the
Lagme ™
karatification of the CrowsnesL Pass and Mount Castlepuard areas from the

standpoint of summer obscrvations. The hydrochemical data given by Brown

-

(1972a) spnn.ﬁnly the summer hiph disghifgc period. .

‘Although many of the small karst hydrqlogic systems appear to
cease {lowing during the winter mouths Lh? ma jor erérs draining thc‘arga
continue to flow., Solution in the contributing aquifers similarly con-
tinues year-round. The annual variation of the extent and spatial dis-

~——_etribution of solutional erosion i& an impo;tant cons@derﬁt%un in'thg
reomorphology of the aréa.- Since the entirc mountain range cast of the
Continental Divide between Sﬁake'lndinn-River and Bow Summit is drained
by the Athabasca and North Saskatchewan Rivers and discharge and dissolved
solid; data a;e dvailable for them this study concentrates on their
d}ainage basins. The main purpose is to describe-the nature of‘solutional
erosion within the basins and to reiate it to the various controls of ic

process.

4102 The Environment

" The general location of the study area is shown in Figure 4.1,

together with the locations of previous studies of karst phenomena in
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the vtcigity. Many morce areuas of knrnt\}qsd[urmn arc known in the general

T
- - R

Coaven (sea, e.g, Ford et al , 1972) tut the paglished accounts are confined

The atudy arca and all
AN

of the aveas previously fatudied, with the exception b{\Nnﬁimu?H;. Tupper >

te the wost well-known and the laryedt examplen,

-

and Canal Fluts, lde within the Contibental Rangen of thesRocky Hountaln
N .
phvaiopraphic divisfon as defined by the Geolopleal Survey RT\Cnnndu. IRt
o ' o 0 o >
coutdinate limits are 49 00" N to 53 49' N and 114 25" W Lo 118 1%' v,
although in fact the arca 18 a narrow (30 mi) bolt trending KW - SE for h

~

a distance ug'nome 350 i, 11hc weslern 1iﬁit to the area {s geuerally .
the Alberta - B.C. boundary becausc this {s defined {n this locale as ther
(kuﬂi:un}&ﬁl Wrvide. In very small locul arcas the Frounduurur divide (s R
not the same as the surface water divide, Anf error introducud by this
factor into the estimation of ;;ninngc basin arcas is n; small tﬁat it Is
ipnored, : ) : ' ' (
Reliefl in the arca is8 of the order of 8000 ft, with clevations
ringing from a little above 3000 {t at thé point of emergence of iﬁc‘
miin rivers from the mount&ins to more than 11060 ft at many points
along the Coniincntul Divide. 1In general the area is drained by st¥ike
line streams which turn easéwards to_cut throﬁgh the Front Ranges and
Foothills in large passcs, Tha gencralisced physiogr;phy iy shown in
Figure 4.2, A conacqucnc; of the,gcﬂcral increase in crest elevation in'-

the vicinity‘of the Athabagsca = North Saskatchewan and the Northl,

Saskatchewan - Bow River system divides 1s the precsence of ‘remnant ice

4% . i
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Ccape, the largest-of which Itc Columbia Ice{iclda and Wapta Iccfield

SLMvh ol thc hcddwator zono

.

.[ the Bow, North Snskntchowan and’ Athnbnucn
‘ﬂivv;: ln In an netive plncial nrcu. Townrd Lhu south peuk ulcvntionu
delltnv such Lhnt none_ o[ tho tributaries of the Crowancnt Rivcr aru fqd
“.ilhtx by ice” fiuldu or sinniflcnnt permanonL tnow fields.
:. lhc vcpptnrion in the area is nltitudinnlly diatrlbutcd }ﬁ
\;lnvrtl thL valley bottomﬂ are oithcr baro of Vebntatinn or coVErcd by -
-

prasses, . depending on the groqucncy and sevcrLLy of floudlng. Abovo tho

va]lvy flnora nnd below the truelinc, which io aL nbout 6500 ft to 7000 ft

thxuughouL most of Lhe nrcu dense canitcroua forost ia untab]inhcd cx;cpt
Y 1 ' . .

:_wherL locnl conditiona such as excouaivcly atenp cliff fncou provcnt the

'Kzucumulutlon of soil and the. g:owth of treca. ﬂf‘the treeline the forest

[ T~

hIVLs wny to alpine meadows or tundra with dwarf conifera. Thc diatribu-

tion of vcgetntion nbove the trauline is lnrgaly controllcd by sheltet. '

- Nowt of the area above about 8000 £t is dovold of any vegetacion. Ford
(19710) has discussed the 1mpottnnce of the’ altitudtnnl vcgetntiou rona+ .
q‘on to the knrat devolopma::t o£ tho ared, % '

A direct conaequcnce of the reliaf structure of tho area and its
,locution within the Cordillara;\physiogrnphic reslon ia tho t¥pe of climnto.
‘ Thermogrnpha and hyetographa for Bnnff Lnkn Louiae and Jnspar are ahoun i

in.Figure 4, 3. Theaa are the only stncionn-in th; ﬁraa-fhnt nre;operated"
Lhroughout the year. The cltmate is contingntal nnd 1s dominated in winter '

'l " by the preacnce of Polnr air maanea and in summqr by-Pacific weather
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nyulvmﬂ. '1ﬁc Iﬁbfuwnifua(1948) blnnuificnéfun-uf the Ban{f wtation £u ‘

'1,(’|h (muiat subhumid, mtcruthnrmnl with litLlc or no wutortdeficlt)

Antanl p\ﬂCIpitﬂLion is 18,5" at Panff and 16,0" at -Jaspor, ui;h a0 slight

siamer maxiptnn,  Approxdmately 20%'01 the total annunl prhclpitation”fn]ln

ot

arx anow,  Records have boen kapt intormlttuntlv durfng the nummcr at

Colunbia lg(ri lxﬁ‘ .The higher avcuan recoilve conuidornhly grontu _hmouiite

3

ol precipitation thnu thc vnlley IluuL nLnLiunn, mud that there iw B ten-

dency tnwurd u-wintcr mnxlmum. All mctuoroloyicnl data uked are compilud

by the Atmospheric anlrunmont Survlcc. Tho relevant ntations record only

dafly aninpm and waximun tempornturun apd pruclpliutiqn onp a roegular basia,

The tiature of any mohntnin_climntc in such that ‘there are not onl& con-
b
niderable nltitudinnl difterencoa, but alwo 3ran upatinl vaxintionn.

VoL -

;Uhv mean {igurecs uhown in Figuru 4.3 can thurefure;?uly reprcaent thu

9

peneral’ nltuution.' Even in late July and early Augupt fraczing temperatures
mul snow. are nqt un;ommon in_tho vicinity_o{ the Columbia Iccfieldi.

h.l.i - Goology

) .

—— z
——t
. . )

1hc study aren lies within thc Rocky Moun:ain Thrunt Bn}t which

in describcd by Douglas (1970)
“"The ﬁouthergmoat sector of the Caradian Cordillera
“the Rocky Mountain Thrust Belt,-was produced by the

: Columbian snd Laramide Orogenies during the Crataceous

: and early Tertiary. The dominant structures are stb- , .
* ‘parallel, west dipping thrusts that produce a sories'of = --
narrow, linear mountain rangos formod of rouiatnnt - :‘M'
' Palcozotc-cnrbonntel.“ (p. 367), : A



S v

hin ntateyent of the peueral satructure of the aren belles Lhie octual

-t:;.. .

pnmp!vﬂgly of the thrusting. overthruste-snd overturns are coumon,
Pnirﬂ und Mount joy (19?0) dencribe in détnil the mont rcqcnilnnnbnnmont
ul Uﬁrt of the nroh. ‘1h{n.ntgdy;ln,fnnébrnod'vithnr,with large drafnage
hqélnn (thulArhnhnucﬁ and North SadKkatchewain) where thu‘genprﬂ] ntr;dturo
controta the muln fontdycﬁ ;f the geehydrology or with amall local nrén
'jnnrh an Hnuntiﬂnntlggﬁurd and Crowsnest Pass) ih_hhlaﬁ the gnolng; in
“‘d;uivvly aimp]é. the pertlnnnt'ténturca of the geology nf the srmnli
|:|nu has been dgnclibed - Mount Lnntllbunrd by Ford (1971&) and Lrownnent

-?
pann by Po{i et al, (1972)..

ne modt significant feature’ with renpect to the devvlupment of

' kgrnf nndfnrmu is the poaitioning of nquifers und aqulcludon. Figure

ihows pacts of two geological cnlumna reluvnnt to thts atudy ‘ \\

i

- Ge o:nlly, ag stnLcd by Douglas (1970. v.8.) the Paleoxolc n.rbonntes nre,

4.4

|ouiutunt “and mnsnive. Throughout the soothern Main Ranges three unitn,z

th Rundle Gruup (cnrrenponding to the Ltvinsstone 1n the Front Rnngen),
the Pnllﬁner Formution nnd the Fairholme qroup ‘are the mnin,nquifurn nnd

I

N
arc alpo tho mntn cltff-iorming units (aen .8 Luckman. 1973). The

-~ Mipaisaipplan Rundle Group is seplrnted from the DoVOninn Palliner-by Lhn

Ranf{ and Exahaw shnlea which ara. af[ect1V¢ nquicludes. Locally in the ’
Mount Cnstlugunrd area tho mnin aquifer ia the Cnmbrtnn Cnthedral dolomita,

but the Pika limustono nnd Eldon dolomtta, adpnratnd £from the Cathodrnl
/ )

. bngbo Stephen ahnlon. nlqg show considcrnbla knratificncion. ' '4/(
. . i ’

",
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Flgure .4 fover) > A | F( '
"’ Lo ) . :

.-
'L

Gewlagic cnludné’fnr‘thclntudy area. From Douglan (1970, Chart I11).
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- ALt units nbove the Gog (effectively the low¢st unit) are shales,

IR . hd

Hucestones, dolumiten ov sandstones with two exceptf$;n; 1n the south

e Nnnni Head unjt.of thé andle Group cuntni;u A e nnhydrlté, and in
the north fhe Nhftchurgé member of the Trioesic Sprﬁs‘ntvor Formalidﬁ rhows
'iumv‘uypuum.l In hulh canen the nulphnteu ﬂppenr to be limfited to the
vasntern uﬁrnin.ul the unita. The Mount Hoand 1y dencnibud by Dauglnn (lU:l

1954 1nd the whitohorue by Glibeon (1968) letweon the North Snnkntchnwnn

mnl Alhnhnucn Rtvorn thn Lower §

rlight Evaporitfc ‘Mejpber of the whitnhuxuo

Fl

Faamation contains limeatoncs pypsum and collapse breccian whichnnro;

according to Qulnlnﬁ 1973), indicat 8 of infurntrntnl kntﬁtificutlon.

The essentinls of the hydroguology of the aren Bre relatively

simple. Noat o[ the thrust ridges are formod -of limestones and dolomiten 7
. . ﬂ,\ ..
which are capable of acting as-aqugfern. The Ln:erVenlng nquicludcs

serve Ld-ejact groundwater from the aquifeors at spring points. In muéh
O o . L. o
of the area the trnnnmlﬂnivlty of the carhonate units ie sufficiently low
- [
Lhat maltwuter Irnm tue-onow cover durtng the spring frolhet drnina from

. them on the aurinne. Only a umnll amount of .the apring meltwatur drains
thrnugh the nquifats buh 1n certain local situntlona they can Lransmit
A
lnrgo_qunntitiuq of water in definod pnthg. as is the case in, fdn oxample,

t

_the Malipne Kiver valley.

Y
« £ .
x /
~
“ v L]
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hol.h nudmotphtc Procennes and kgrnttticntion

~
3

} ) \ T

" The geomorphic procuuqni ncflng within the nLuﬂ;kﬁrun are wmany,
hut way e browdly classificd Into graviational mass-movementn, glucinl,
petiplacial, fluvlnl‘ﬁnd;knrpf procennes, lnatances }nh be found In
inunl arean of uny one being pécdumlhnnt.p Mannive Fockfnlln can hove
cutnnlﬁnphi;'u[kectn on tha development of néronm inloyn nn in‘thd cane
ol the Malipne vnlluf (nrown,'19720) nﬁd Surpriso ;nllpy (Luékmnn,fl?TJ)

vhere the rockfalls have blocked the original stream courna, and halted

* Iusrther fluvial action.” More vegular but emallor rockfnlla and debris o

nvulunchuu b1ny an iﬁportnnt,roln in tho dovelopment of the many tulus slopes

in the ﬂron‘(Cntdnnr. 1970;-iLCkmnn. 1971, 1973). ‘The oiin?lu of glacinl’
‘unuuihn enn he neen thxoughout tho area, Fn}d otfal. (1971), houcverw
tentatively uuggoat that the last two glacinl pefiods (uince 200,000 u.P, )
luworcd the floor of Crowlneat Pnun hy o more thaen 400 ft. The dincrvp-

] 'nncy botwnon Lhe npparontly dvcrwholmtng offactn of glucinl vrosion nnd“thu
‘ relatively amall rnte of ernlion in the.late Pleistocene and Receyt
'guggent the onriy Ploistocena glncials may have bean more uignificnnt

(Y

Ford ot al, (1971) suggest thnt at lﬂllt 637 of the prunent rolief in .
Crowuncst Pnss nxistod 275, 000 yoars B P, In light of thias fncc it would
_soem thnt prelant.goomorphic processes oro modifying the lundformu created
during the Plaiutoceno glucinlu. Proacnt glacinl eronion 13 "1imited to

- areas around the mnjor ice!ielda lnd 0 her amnll glaniors. Thore is

A

[
>
Y




i: N\ \\. - \\‘b

connfdorable avidence for a Neog cislxevent during the late 18th and early

|nth centurfen (Richmnud et al,, 19 5) ahd in the nrann.;djncnnt Lo the
lavper hl.u lorn the vf[ecta can be nnoh in \&Luured rock faces devold of
vrupunzlnu or periplactal activity, \§ \\\

| hﬁ;iu any arca uné;vurod by deulaclhﬂﬁun.‘ggucinl deponition has
contributed to, the dovolhpmpné-nf the lnndforéh. M;} craon (1970) dekcriben
Ny ﬂhpnnlllnnnl [anureu {u_the Uppor North bﬂﬂkﬂtlhern River ‘vatley,
an doen Rutlov (1960) in the Bow River valley near Banif.,, Prepont glnclnl
dnpuull{nnnl plocounoa are limitnd to tho small arcas ndjkaent to th re~
malulng p]n(iern, but nubntnntinl tnorainen are nccumulutln&\in nuch arean,

\) . L
Iho Keoglacial covent left mnrnlnan Nhith can he necen in the bnllnyn con-

s

taining glaclors drnlning from the Lolumbia und waptn Ice[ie

;I!Liul rnaturen nre largoly llmited to the araas above the Lrovllne.

. Peri- .
Corbel (1958) considored thal thele was an abaance of pcrlglnuﬂn activity
in lhu nxon. bt certainly 1t ia widesprond in tho vicinity of H? 1t

hlutlnyunrd (Ford 1971b). At higher elevations near Crowsnont Pasy rock

rlaclers and’ nolttluctlon 1oboa are’ ~common. In pnrtn of the_Front R ngea{

ad on pqngn noar Jnspnr patterped krbuud phcnomena exist. o=

‘The local cffect of grnvitntionil mass -movements, glncidl nnd

Hlnulnl nctlng at prosent can be conaidernblo. Ultimntoly, howevar, ap

LYOHLD“ products must ha ;rlnnpo;tnd out of tha aroa by ltrnnmn.' Tho..

'ntrenms thcmnnlvea show n connidérablo ability to modlfx their chunnola.

L
In the upper ronches moat oxhiblt cOmplex brnlding. with oxtennlv. eronlon~




and | ve=deponition nccurriug'ﬂuslﬁﬁ @hu pyow-melt perfod, Datn {romn -

»

study on the Horth Saskatchewan River uugncnt,'huwnvvr. Lhui thin pruccna'
Y1y have been overcntimated, Some of the brajd 1nlnndﬁ have beon utable .

S omeore Lhan h:u"n('_\"-yunrs (D.G, Smdth, Unlv, of Celpary, hern. comn.),

Langhein and Schunm's (lﬂﬁﬂy‘figuron'nugnvnt That the annual

L

sunpended redfment yleld fop stream busine in the stea should be of the ordev

of GO0 tons/aq mh.  Data Lrom the Water .Suvvey of  Canada (1972) based upon

the une of depth-integrated namplos and shown In Table 4.1 {ndicate a

proeat vinfability {n thé annual nﬁupnndod sediment yleld, 0L the Live

stations shown (the only ones fn the ;ictuity of the nLudy area with com-

plete data for at least one year) only one, Marmot Creck, liea within the .

K Rnchy'Mountnlnn. 1t flown in n rocky chanuol with liLLlo nlluvlum. The

other four statiops are either in the Foothills or un’thn edpe of the

.

Prairien and £lov {n channels cuL in olluvium._ This 1s reflected in tﬁu
gvncrnlly higher sediment yluldu Zhe vnrinhlllty of tluvinl elosion ie

demotistrated by the extrewe loads garried by nll thc streams in 196?. Thc )
Ilvo yenr mean for }flmog Creak, extrapolated to an eroalon rate (nsaUming
-+
a ncdimont bulk donslty of 2.5) gives a figuro of 1.8|un11000 yr.' Thu‘; '

I3

mnximum observed nnnunl Yate is 84. 6 mm/lOOO yr for tha Oldman Rlvor

nenf Brockot in 1967. On thu bnain of thoso mensuronmnta 4t is impoaﬂible

4 ‘

to oatimntn tho nnnunl sodimcnt ytcld for any of tho streams in thia deudy

It 1u. however, . rennonabln to ahtnmo gL t- it lies within the range betwuon .

*

\the valucs for Marmot Creek and the other four atntionn becausc  the atrcqms_‘5
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liive headwaters Himilnr to Marmot Creek and lower reaches more like the

A ]

alluvial Foothill streams. In this qase the vulué; are likely to be ‘ ' .

between 12.6-and 170.6 tons/aq ‘mi/yr,\or 1.8 and 24.1 mn /1000 yr. . These
values are conbid011bly lcss thun those hich would be cxpELfld from
Lunnhbin dand Schumm's (1958) work.

The Main nnd Front Ranges of the Rocky Mountains are mainly com-

posed of carbonate materials. -The carbdnate #solution hrncessris Ehércforc'

wldunp;cud'nnd in potehtial}y the most signi gcomorphic proccss 1n

terms of net hnnunl.eroaion Corbal (1958) quoten ratea of erosion by .

solution of beétween 3T*and 50 mm/lOOO yr in the casturn Hain Ranges. a: v .

llngv somewhat higher thnn the tgntatlve range derived abovn for the

~ crounfon nmprekonted by the. removal of Qolid mutcrinl hlthough relatiﬁaly L

o . i

iow arcos of karst topography have been described ln the southern ROCky

MounLnins i¢ is thought by Eprd ot nl._(1972) thqt.it is a common phono-' /

P ]
menon nnd that the lack of documented occurtencel ig" due o the fnct thnt

N -

access to much of the region is diffiCult Thc arens that havcwbenn

T

+

sLudied are w11cox Col " (Corbel 1958). Hnligne nnd Surpriae vallcyn
(Brown, 1972, Ford et al., 1972) Mount Castlegpnrd (Fordg§1971b Ford et
al., 1972) -and Crowsnest Pass \vord 1971n. Ford et al., 1972). All show .
-extensive karatification. Sinkholes of sevural different typcs (phnfta.
uvdlns. alluviai £111ed)'nre common. Many,cavee are reporced; ;ngludiqg
Hdligne cave (10 mL in lansth) and Castloguard cave (7 mi) At 1eist ) .
Dthrcc-rlver; (bmligneﬁ Castleguatrd_.and C:owsnest) qnl fed by lnrge springa

AN " : -oa
- " - f Cyo
. ‘o
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<

_which contribute over 60% of the flow during the summer months. All rivers

draining from thg\gégion are of thé calcium ﬂ&carbonatejfype. Products of

carbonate solution form thg'main component of the dissoived load carried
. ] ~

’
b} the streams. :

s

Hinor karst forms are ptesent on bare rock su;faces in many locations
Rxll(nkarren and pit-karren ‘are particularly well-developed,in the Surprisc
Vlllcy and Mount Castleguard areas. Whilsc thére are few arcas containing / .
| very large karst surface features some massive rockfalls may have been .
T

_precipitated hy the solutional undermining of the basal membcts of a cliff

face, . Ford (1967) considershthat.the Maligne valley rockfall was 50 caused.
Although the area is not congidered ﬁ~'typ1cn1' karst as are, for -example,

central Keﬁtdcky and southern Yugosfivia, it 1s a large Alpinq-karsﬁ area

wherein the karst process is everywhere active. S

'
i
'
!
F

4.2 Hydrologic Study Basins § *

The Inland wnters Division .of the Canadian Department of the
‘Environment maintaina a number of discharge gauging utationa in the Rocky
Mouﬁt;ina sodth of the Athabaapa River. Eleven of these were selected
for a hydrological study to defina the nain discharge contfolling f;ctorn.
The bpsins'a:e shown in Figure 4.5. Table k 2 showa their location,

altitude, area and mean annual ;unoff. They include a small mountain
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Location of the ctl‘.id.y'ba's'ins._
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L —
basin in the Fronl:'.Ranges {Marmot Creek), a glacial basin (Sunwapta River)
and the three streans \.;hi:ch drain the reported kerst ereas (Athabasca,
“North Saskatclh.ewan and Crowsnest Rivers). Two, Elk and Flathead Rivers,
7‘ dr.:un the western side of the fain Range in British Columbla
Davis and Coulson (1967), using d).scharge records for 17 stations.
divided the Allgertft Rocky Mountains south of the Athabasca River into
scﬁeg eones on the basis of similarity of flou characteristics. The
criterion for oefining a zone was*that the smallest correlation coefficient
of logarithmic monthly flow for any pa-i.r of streams in one zone should be
higher than 0.60. The zones of each of the eleven stations used in this
study ’rare shown in 'rable-lt 2, Dav:ls and Coulson concluded that th\ zones
north of Crowsnest Pass correspond to topographic units and that topographic
effects are the most i.mportant in detetmining the hydrologic regime of a
basin. . Zone & 1; di:stiﬁguiahed from zoae 3 by the influence glacial melt-
waters, have on l:he di.scharge of the b&:ins within it. _ | v
lypsometric analysis of the eleven basins using a random point
count method with 100 points in - each lhoua-.thw all except two are comparable.
The hyp))etx;ic curveq l.tn ,ehoun in Pigure 4.6, Generally the basins have
a disproportionate fractton of their area (approximately 80‘.'.) belcru the
50% relief point. This is cpnsequenl: upon the presence of ui.de valleya
in the lower sections of the basins and st.eep wmountain elopes and peeks

in their headwaters. The .'two‘exc'eptions, Hat_'-ot Creek and Sunwapta River,

,-\.{goth have a more uniform distribution of area. They do not show the
T | - A S

4
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Fipure 4.6 _ _
Hypsometric .curves of .the study basins.




f

hr01d lower vnlley common to the othet nine basius Crowsnest River is .

an extreme example with over 901 Gf'Ittﬁirea below the 50th petcentile

o
Ty R

ol rciief. Much of the basin above theo sﬂuging station at Frank lies

in .4 broad trough betweén the Main-and Front hanges. This trough is

_ two qample £

vesults show

LrOhﬁnLﬁt Ri

pasins form

" one another.

Davi

distinguishe

_«much narrower sorth of the Crowsnest Pass area. A Kolmogorov-Smirnov

est of the hypsometric frequency distributions gives the

n in Table 4.3, It ahows that, at the 0.01_confidence level,

ver basin is uniquc and that Marmot Creek and Sunwapta ﬁiver

I

a unique group. The other eight basins are all similar to

t

-

s and Coulson .(1967) showed that: hydrologic zones could be

d and that they were.diQferentiated by topognaphy. Hypso-

metric analysis of a considerably smaller samplo of basins shows that

'the relief characteriatica of basins. within some - of the zones do reflect

: the topography The charactﬁtistica of a patticular baain are of course

dEpendent upon the position of the 3&Uging station. Although Sunwapta

River (and other headwaters of Athabascn River) has a particulat relief

configuration the'overnll configuration of the Athabnsca ‘basin above

Ninton 1s dominatggfby tho Iower aections.. ‘Many of the stations in

zones in Davis and Coulson 8 (1967)\study away ftoﬁ the continental.

Divide derive a portion of their flow from the headwater zones. The

diSCinguishing'feature between the hypsomctric'typea suggeated above is

not topogtaphic position but the nature ot the bulk of I:he streanway .




Table 4.3 . " , | )

Comparison of Hypsometric Curves

Upper:  Haximum differences between Audultative hypsometric frequency
Curvcs"pr‘the study basins

Lover: Probability of exceede

e by Kolmogorﬁv-Snﬂmov tﬁo-samplé‘: test./
(n = 100) where p <9 . ' ‘

1

. , o >t

F‘. ﬁ oo . 'N’ . “. f-m

o o -+ ‘. ol e o -

o « L~ I - o %) - o vy

g S : R ] - ~ ) g. 3 P

e £ £ § 4 ¥ 3§ § §$Ug ¢

g 53 3-8 9 & 59 3

8 & B 53 = = ﬂ . < = o
Crowsmest R. 26 33 26 .30 .16 41 43 32 31 26
Racehorse Ck. <.,00 . 11+ 7 12 1 .32 377 1 18 13
Flathead R, <.01 - .-a8 3 17 220 27 1 8 7
0Oldman R.  <.01  <.00  “16 1x -31 3 18 20 14
Elk R. . <.01 a1 .00 1% .20 28- 2 -7 6
\NSR.,RHH.I <. .4<,00 06 26 - 30 16 16 10
Marmot Ck.  + K.01<,01<.01 <.01 <.01 <.01 100 22 1% 17
Sunwapta R. < .01<.01<.01 < 01 <.01 <.01 e 27 2_1 - 26
Athabasca R. < .01 - <JOb .01 <01 < K1) B 7 6
N.S.R., S.XF <.01<€.01. . <300 T .01 .04 <.0 6
Bow R. . <,01<.01 K \'- <.01 <.01

. - o e
0 . S L \' ) ‘ "%

lrvlorth Saskatchewan R.iver at Rocky Hountain House

'ZNorth Saskatchewan River at Saskatchmn Croasing

el T
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L;r&e streams flowing in major glaciated and infilled valleys are neces-

sarily diffcrent from small mountain streams regardless of their topogtaphic-

pesition.

H.3 Athabasca ond North Saskatchewan Riveré

/.

4.3.1 The Athabosca,Rivet Basin .

For the purposes of this study the nbasca baoin is defined as
the area drained by Athabasca River and all lits tributaries above Hintbn,
Albcrta The gqhging station at thio point is maintained by the Inland
Waters Division of the Water Survey of Canada (HSC No. 07AD002) and 1is
the highest continuoua station. Continuous reoorda are available from
1961 and their accuracy is considered to be 'good' during periods of.

‘open water and 'faif*“during ice conditions ., The Water Quality Division
of the Water Survey of Canada established a regular monitoring program

. at the same site in September, 1967, and since that time monthly onalyses‘
are available'from,the Division s Cllgary-office. Details of the analy-
tital mechoda used are given by Ttaversy (1971) - , f. * |

I-‘igure 4.7 shous I:he mljm’.‘ stroams ‘and icefields oithiﬁ the 7
Athaoasca River basin. The alignment ot_the tributa:y streams is largely
controlled by the geologic atruoture of ‘the area.. %he, Athabasoa above

-

Jasper; the Sunwaptau Haligno, Rocky. Snaring nnd Snake Indian kivera are
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“and snow feld
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The Athabasca River basin. -
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all qurke .1ine streams flowing in vnlleys positioned by su&-pnrallel,
nt dipping thrusts The Miette and Athnbasca below Jasper flow through

the broad, trapnsverse Ycllogﬂoad Pass, Except for tle uppermost reaches

‘ . . ) -
111 streams flow in wide valleys containing considerable amounts of -glacial

,witerial. The Athabasca ;::oahfﬁt-confluehce of the Sunwapta shows. ex-
teusive terracing up to 350 ft above the present floodplain. Below Jasper

it flows throufh a series of wide, shallow lakes developod in glaciai

deposits . . &
The basin is 4000. sq mi {n-area and is approximatcly 115 mi RW - SE

(parallel to the mountnin ranges) by 55 mi SH = NE. Almost all the basin
£,

lics within Jasper National park and is essentially free-of development. ¥

Jasper is the only settlement within the basin and uses the river for,

waste disposal. Waste wnter is treated before being returned to the river

by scepage through the gravel aquifpr in the moin valley. The Athabasca ;
at Hinton is devoid of large smount of any dissolved material that could
be attributod to human 1n;ervention. .7 o~ \
Although detailed geologic map coverage of the whole area is ;ot
;nvuilnblb Quinlan (U S. pParks Service, pers. comm.) has estimated the basin
to be 31.4% carbonnte rock by area. Much of the precipitatiodyfalling on.
the carbonate area sinks into the aqut!gr and is uubaequently diucharaed
-into the rtvors.‘ Few publiahod accounts denl with the carbonate aquffér
‘qystems but Brown (1972a) descrlbol the Hnligno River underground drainage

system. In a later paper (Brouu, 1972b) he describes the use of infrared

w . »
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iﬁ;“pry to lni:tp R apfing in Medicine LnkoC}n'thé Hnligﬁu vnilcy.’ The
fresent resurgence of thu_Mulignu River cave syatem-{a a numbcr_of small,
\-(;.1-:1‘;\3:ictml aprings In a~limnatone canyoit in the {lanka of the Athabanca
valiey. ‘Tuzd (1967), hyputhunircn that thonc aprings .arc relatively’
veeent and Ahat the aystem origlnnlly discharged through a large spting N
whiich innow buried and 1n£tlled by'glncinl deposits, Ihis hypothcnin
vould acconnt for the apparent scarcity of aprings in the carbonate ﬁrcnn
of j_ll\o basin, | ‘ :
Hluvn;&onu in the bas{ﬁ range from 11847 ft uear the headwaters
of Sunwapta River to 3195 ft at the éndging ssntion at Hiéion. The
uy;ogms lose much of this relief in their upper scctions before flowing
jnto the refﬁtively gentle ﬁain stem Athabasca. A long profile ét the
Athuhascp River and the moan sindienta ovor vatious sagments are shown
in Figure 4.8, There are a number of waterfalls on the various streams
within the basin, including Sunwapta, Athaénlcn and Suake Indian Falls.

Baird (1966) considers that these are qprelltod phenomnna, each having

a qpnciflc geologic cause, rather than being a gtneral indication of any

geomorphic disturbance. ' *’}.f e
4.3.2 . #The North Saskatchewan River Basin SR ‘ .
' e ¢ .
. hR - oA »

The highest‘gaﬁgingzntntionwéﬁ'tha‘North“Sllkl;cﬁgggn'to measure

all the discharge from the Rocky Mountain area is near Rocky Hountniq.
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al., 19ﬁ) and .T“ Baird (1967) reportn_ many small uptinga can be seen in

Housu, Alberta. nmc gnugc is opernted’hy the Water, burxey of nnn&a (HSC

. “ :
L. 0:“\“0]) aud munitora the flow from a h220 aq mi basin Continuous - - '

-

Lecords -of discharge ‘are nvailablo frdm 1953 nnd their accuracy lb cstlm1tcd

to e 'gpnd' ungcr ‘all gonditions. Ihe HaLcr Qualicy Divinlnn has mnin-'

191nvd.n.monthly mnni26q{ng prograg at thc sane site since March, 19&?.
Figurc A'9 ahowslthc North qaskatchawdnlbﬁsin ab;vc RocLy Modntain.

lousc. Althouph the sctttqn above the conflucncc of the Mistaya (at

Sas L\tthcwun Crossing) is ahnilnr to the pattern of the Athabasca, much

dare ol thc basiu lica in the Front Ranges and Foothllln The Upper .

u'
North Snnka:chequ (pbove Saskatchewan Crossing) and Mlatayl Rivura ‘ate

[

uricnted along the ntrike along thrusts. Below the canfluencc ‘the river £

L ’ “
turns unﬁtwnrd und flowa out townxd the Albertn Plains. Tvo large

tribulnries, thc an nnd~Clearwater. join the mlin ntrcam-upéttenm of the

o~

" gauglng utntion and ‘drafn tributary basins Iargely 1n the Front Ranges.

“Most of the North Snskatcha\mn valley ig-a broad, glnclal lnftlled feature.
o -
'rhc upper sections cont.nin a h:aided tteam and. balou SAskntchwnn
v
Crofmlng t:here are’ aunumber of 1nt:enpataed lnku. 'lha uremy is in

. many rcspecca similar qo that oi the Athlbnncn Rivcr.

-

Quinlan (U S Pntks Servtce. pera coem, ) hns utim:ed the area of

Lhe bnsin to be a3. 61 ca:bonate rock-. s i.n the At:hnbadcn basin \mch of

the carhonar.e rock ncts as 8 karat nqui.fcr. 'mera' are nccounu dealins

witli-the carbonate hydrology of the hudwnt:er area (Ford, 1971b; E‘ord et
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AT

abrupt transition to the valley floor situation. The UPper North

49‘_

the arca abdqp éaskatchevan Crot;ingt\ One ot'tte tributarigs of the Upper
rorth Saskatchewan is Castleguard River. This stream 1s"fed in part by a
111ge karst spring which discharges s “meltwater from the Columbia Icefields
(tord, 1 971b).' In August, 1969, the discharge oﬁ the spring was approxi-
rately 400 cfs, one-tenth of the flow of the North Saskattheuan at T

caskatchewan Crossing (WSC Station No. 05DA006) . Because there are

numerous smaller springs in the area and it can be assumed that mucﬁ of

thc‘cnrbonate aquifer discharges diréctly into t?e bed of the major °

utxcams (as is the case in the Athabasca basin) the flow of the North
saskatchewan consists. largely of water that has passed through carbonate
rocks and/or carbonate-rich tf&ls., 7 .

| Elevation in the basin ranges from 11852 f£t near the headwaters

of the North Saskatchewanukiver to 3&48 ft at the Rpcky Mountair House

gau&lng station, Total relief ts thus some 8700 ft. A long.profile of ¢

.the Rorth Saskatchewan River is ahown in Figure 4, 10 A'comparinon of

Figures 4. 8 and dflO shows\that although the two rivers have sim{lar
proflles the Nérth Saskatchewan has less steep headwaters and a less
Saqkatchewan and Histaya Rivers both have waterfalls 1n their courses
but as 1is the case in the Athabasca basin these are attributed to pa:-
ticular local causes, and not to apy geomorphic event affecting the uhole

basin (Baird, 1967). The smaller proportinn of the North Saakatcheuan

" basin lying within the Main and Front;ntggea ;g_ahoun by the hypsometric

£
L~
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curves® in Flgure 4.6. Thirty. per cent of the area of the North Saskatchewan

basin lies below the 20th percentile of relief as contrasted to only 20%

a1 the Athabnsca basin,

L
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CHAPTER V

HYDROLOGY OF THE RIVERS

3.1 Introduction

The general hydroloéic repgime of the streams in this étudy is
illustrateé in Figg;F 5.1 which shows the dailé mean discharges for the ~
Athabasca River iq 1967 and 1968. This hydrograph(;xhibits two of the
chargéteristics of mountain sE;eams -a rapid increase in discharge . b
wvhen the winter's accum:lation oﬁ;fgguabegins to melt in the spring and
considerable year to“}éar variabiilé& of théldischarge pattern. the
hydrograph for 1967 approximates a flood hydragraph with superimposed\
fluctuations whilst tha; for 1968 is dominated to a greater extent sy
short-term events which m#si the seasonal flood trend. The vartability

/

of the discharge during the summer lnnths of both years is in contrast to

o

-

the relative constancy during the uinter periods. . -
The vinter flow of the b;sins is considered'to be ‘base flow' in
the sense thnt Pinder and Jones (1969) define the term. It is the résidual

flow from grounduater bodies uhich is -aintnined at a constant or slowly
h

Ueclfaing rate throughout a period of little or no groundwater recharge or

surface runoff. The excess of digcﬁarge over the base flow during other

-
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scasons is derived from the melting of accumulated snow and from precipito-

tion incident on the baoin. The pattern of snowmelt in the sting_is the

most impoft?nt process determininémooornoturo of :;o hydroé?;obs of the

basins in this study.’ ?ioog et &al, (1570) reach the, same-cohcluaion in

a sinulation study of the Fraser River in the Rocky Mountains of British
Columbia, They also assume that the rate of snowmelt 1s proportional to .

Lhc excess of the wmean daily temperature over some threshold value and’

that thcro is a constant lapse rate. The physical interpretntiod of these

aséumptions'is_that snowmelt begina f#rst in the lower parts of the basin
N : ' . LA ) , .
and progresses upwirds. The lower parts of the basin also become snow. -

free first. .
_ The.implication of the upward.;etreating soowline cohcept is that as
the melt season progresses the higher parts of a drainage bnsin will con- o
tribute proportionately more flow to the basin discharge than will the .
lower parts. Figure 5.2 shows the daily mean discharges of the North
Saskatchewan River at SAskatchewan Crdsaing as a parcentage of the same
river's oischarge at Rocky Mountain House for 1967 and 1968. Tha hydrograph
‘ of-the.river at Rocky Mountain- House for tho-anmz pefiod ia shown in
Figure 5.3. The area of tho basin above SookatchewaniCnoooiné:ia 492 8q o
mi,, or apptoximatoly 11% of the 4000 sq wi area above Rocky Mountain House. ..
It is evident that the flow at Saarzgéhewap Crossing is disproportionately
“high except for short poriods in Junuary and April 1967 and March - Aprllg

1968.  The- pattern during 1967 shows- that the proportion of the total dis- ‘1.

|> . ","r,f‘ i ' '; -
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charge Contfib“tfd‘ by the upper section of the North Saskatchewan River.

basin increases steadily during the melt season. It peaks at approximately
60% oﬁﬁe te,tal flow during September and Cctober, a period of declining
flow in the l‘msin as a whole. During '1968. however, there {8 no suc-h
simple pattern. Throughout the melt season the ‘upper section of the basin
contr.ibutes some 357 of the total dinéhu'ge. As is the c?se‘for the
Athabasca River (see Pigura 5.1) the discharge of the North Saskatchewan
River 1n;1968 fluctuates canaiderabiy and does not have the characteristic
flood hydrograph shape that it does in 1967. Figures 5.2 and 5.3 together
suggest that while the u[;ward retreating snowmelt process may well have
been operating illl 1967, it was not in 1968. The general pattern Vof
melting in 1968 appears from Figurea 5.2 and 5.3 to have been one of(
steady, generalised melt ov§r the entire basin fo‘:.m é;,tén‘déd time. .

" Temperature differences from normal for the Rocky Mntain area as a whole
are given in the General Synopsis of the Monthly Records (Meteorological
Observationu in mnadn. At.nolpheric Environment-Service, Dept. of the

Environment, Ottawa; nonthly) and are shown for l:he melt seadons of 1967

and 1968 in Table 5.1. | S o RN

. Table: 8.l S
f):tfferencéa of:‘r__ugn.ture from Normal |
. : in the Rocky mugl CF)

“April May June July Auss Sept. Oct.

1967 R O . .

1968 - . -2 =2 -1 -k a1 0 -1
, % :

S - .

~
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Although the difference between the two years is sméll the weather patterns

of the two years were diffe;égl.‘“tﬁ%'taptﬂ warming in Hay = June 1967
corresponds tq_the rising sections of the hydrographs of both the Athabasca’
“and No;ch‘Saskatchcwan Rivers. Because this rise in temperature occurs

during the ;ime when the lower parts of the basin are already above thej' >
frecring point (seg'Figure 4.3) the effect is to greatly increase the rate

of melt in these areas, Melting in the upper parts of the basins is n;t
initiated by the rise in temperature in May and June, but begins later

when tﬁc lower parts are snow free. In 1968 the-;ise in tem@era:ure was \\é
more graduq}jgﬁa'the welt progressed in a ;ore uniform maoner over the

Pt al

entire basin.
-

, Much of the runoff of the North Snskatchewan'ﬁiver.basin ih the
latter part of the melt‘ﬁeason {s derived from the melting of-glacier ice
in the headwater areas around the Columbia ;nd Hapta.lcefields.’ The
unusually high Proportion of £low contributed by the North SJskatchewan
basin above Saskatcheuan Crossing in Seéptember 1967 is attrlbuted to this
source during a month when the mean tanperature of tha area vas 8°F above
‘normal.. The same period in11968 shows neither abnormally high tempernturas e
nor an abnormally hiﬁh ru@oli The effect, of glacier melt on the hydro-'
graph of the river at SAskatcheunn Crossing can be considerable. Ihe
basin above Rocky Hountnin House is sufficlently Iarge that glacinl welt-
water Qs only g_very small propo;tion of gha_discyrrgc even during periods
of rapid melting and thd’hydrograbh at this stpéion ;hu;s'no warked effects -

caused by glacial melting.

-
1
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The mean and standard deviation of the annual runoff for eachApf' A

the eleven basins described in Chapter IV is shown in Table 5.2. This

table also shows the years for which partial and complete discharge A

4

records are avallable for these basins, Although the periods of record

-
L

are not equal for all stations it is apparent that the smaller basins

~ have greater variebility of runoff than do tﬁe Atﬁabasca and North

Saskatchg&an River basins. This is to be expectedlbécausg small local
vagaries of -climate affect the largé basins to a proportioanely ;uch.

lesser extent. In general, however, the variation of annual runoff is

largely due to general differences in climatic conditions from year tfh

year. Figure 5.4 shows the an;:;l runoff for the years 1961 - 1968 for

'the six stations which have continuous records available for this: period

Years of high and low runoff from bnsins between Crowsnest Pass and- the -
Yellowhead Pasa are generally)well uorre}atgd.

The annual runoff fr .8n§ river basin is'a function of both
precipitat}gﬁ'hhd graporation. No estimaten of annual evaporation are
';vailébie fp¥ the‘Rpcky Mou ea, and the lack of radiation data
precludes any éhysicalﬂ eil#ng of “the procgss. Although evaporation
and radiation measurements and studies have been undertaken in the Harmot
Creek basin, which is an I.H D. Reseanch Watershed, the data are ‘very e
limited (Storr. 1968, Water Survey of canpdu 1969) - In an earlier atudy

7

of. the headwaters of the SAskatcheuan niﬁer system Laycock {1957) con-

cluded that the annual evaporatlon does not vaxy 3reat1y ‘along the




Table 5.2

) et )

ar

iean and Standard Deviation for the 6 Study Basins (inchesj '

o

"and the Period of Record Used

Parentheses indicate parti..a'.l records

MALAZE Py o
o vz .17#--»10"-;».1bﬂ*-"'ﬂ'ﬂ‘ﬂ“““’;i R
. B . N =

sl “ . .
PRV PR A S LS [P PR S

!

Y

Period of ﬁecordB

Mean " Standard
Deviation_
Crowsnest R. * 16.40 1.77 (1949-1964) , 1965-1968
Racchorse Ck. 15.45 - (1966-1968)
Flathead R. 29.64 4.96 (1949-1951), 1952-1968
" 0ldman R. 12,22 2.94 (1949), 1950-1968
Elk R. 17.82 2.86 (1950-1952); 1953-1957,
' (1958-1959), 1960-1968
N.S.R., RMES O 15.87 2.8 (1949-1953), 1954-1968
Marmot Ck. o 17.15 2.61 (1962),_1953;i9éa i
sunwapta R. 42.52 - (1949-1968). 2 .-
Athabasca R. = . 22.32 2.01 (1961), 1962-1968
N.S.R., S.X.2 42.61 . 6.58 (1950-1966) ,- 1967-1968
Bow R. T e 2.93 1949-1968
lNorth Saskacchews‘xi'iniver at Rocky Mountain House |
ZNorth Saskatchewan River a: .f}askatchﬁwan Crossing 7._  o
3. oo | :

.y

108

£1ie
e
2




v

4

Anpual

(inches) .

runoff

-
i

EKR

N N. Saskatchewaon . R.
at-Rocky Min House

-

3

Oldmon R

R S T |

PERFEY

1961

62 63 64 65 .66 67 68

. ~ -
> b .

Figure 5;& "= Annual runoff from 'six basins, 1961-68.
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fgountain dﬁie.' Storr et al. (1970).-.'@;;%}_‘“1&e daiiy‘ev;;eratiodwrace
in the Marmot Creek basin by enérgﬁ hudget methode.during Julﬁ 1967 and
the) provide a mean daily evaporation of 4.5 ma. They extrapolate this’

alue to an anmal evaporation of 560 nn1(22") By assuming that the July

rate is a maximum and that the mean monthly evaporation through the year -

is distributed qormally Whilst there appears to be little justification
for thlS last assumption, Storr ‘et al: (1970) quote an earlier estimate’ of

the annual evaporation ealculated from water budget methods of 18“ The

“Thotnthwaite (IQQB) calculations for Banff give .a figure for the annual

- f B b : N - \l
actual evapptranspiration of 15", Thesevthree eStimates, obtained by- .

N

different methods, ece not widely disparate. The mean‘anpual‘precipitgtiOn'

" at Banff is 18.5", only 0.5" in excess of the water balance esbimation of ‘4

4

the evapotranspiration at Hermot Creek. The Thornthwaite calculations
for Jasper show that there 1e~e alight water deficit 1n that area. fThese

figurea suggest that little of the streamflow of the basins traversing

the Front Rangee originates in their lower sections. The oldman, Bow, .

.ua'-r =

North Saskatchewan and Achabescq Rivers drein the Main and Front Rangesw
between the Snake Indian River and Crowsneet Pass, and there ere con-

tinuous discharge,records fot them available since at Ieast 1961 The'

. mean annual rynoff for these river beetns 1s ahown in Table 5, 3.; The preci-

pitation must. exceed the eveperetion 1n*ehe upper. parte of these besius
7
by a. considerable emount in ordpt to 'yield' this runoff because 1ttt1e -

water iq‘eontributed by the-parts of the beeine in the. Alberta Plains

o

-




.ruinshadoﬁ. Table 5.3 also shows hh; ptopqrt;on of.each bnainﬁlying to
the cast of the Front Ranges. 'Ii ip evident that most of .the runoff

.;nf these streams comes from the mountaiﬁoua sections of their-baéins
because thérgpis an 1nv¢r;e_ch:elgfion'bétueén mean runoff and the pro;
portion of the b@sin)ih the non-épntrlbufing zoné. Ihe.ﬁroportioé}qf
the arca of-the Basinsﬂpécuéied by lgkes Sr by icgfieids or, p;rma 4nt

“.. . : . . - 2 B
snowfields (with the e;cept{on of the Sunwapta River) ks less than 1%.

L fable 5.3 .
. o .. co ;» .-f . L g -
| ‘ Riv?f'bas}n g '_5. T ‘Oldman  Bow North Sask. Atha.
e Mean rendff (lns) - 122 22.8  15.9 . 22.3
Area in-Alberta Plaias (%) w0 16 . - 3

l
=

‘The cha@gpteristtca of the runoff of the eleven baains described

‘1n Chapter IV are considered moTe fully 1n ;he sections followlng. The
i ortant runoff generating ptoéeaaeu and the-éontributiﬁk axcas of the

.bna‘ s at various times of the year have aignificant effects on the )

4

naturd of the geomorphic phenomena 1n the area. |
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5.2 Spatial Variatioes in Runpff Patferna

-

3 LY .
Table 5.2 shows the years between 1949 and 1968 for which complete

or partial discharge records for the eleven basins in this study are. h“'J
available. The correlation matrix of daily discharges 1s_shown in’
Table 5.4. All correlations ere statiaticelly eigniffcant {(p < 0.001):ﬁ'“
.becauee of the'1arge number of data Pei;s in each. 'The smallestreembeg
of pairs is 683 between Racehorse Creek and each other stream. All
. other eorrelations are eased epon more than 1660 pairs. .Very high cor:
relations exist between streams in the same vicinity. This trend is
‘especially noticeable in the Crowaneat Pass -area which 1nc1udes the"
Crowsnest, Oldman, Elk and Flathead Rivers and Racehorse Creek Three
groups can be established on the basis used by Davis and Coulson (1967),
-that is thét all streoms with;n a zone be intercor;elated w}t? co-
efficients greater than 0 .60. The three greeps are:

19 2 -the Crowsnest PEss group,

2) a group of larger streams yraining the Main and Front °

Ranges which includes the Bow, North Saskatchewan (at both,

. Saskatchewan Crossing and Rocky Hnuntaln House) and Athabasca

Rivere, ‘ - . ) .

_and 3) ‘the Sgewapba River which is a high altitude élacier
. ! N : . .

melt atream.

This grouping excludes narmo: Creek, ubich 18 small (3.63 sq mi) and

o
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Table 5.4 o ™
-‘(:grrulntl.on of Dally Flox:m for Eleven Bnoins
N.
i ; - g ,
£ é : . ﬁli :: . > .
9 . v & oW b ~ - i
v [+ tn S o] U M
Q o - - 4 [T o
(9] | = [o] u) . o9 o . Y]
(2] o] £ [+ =4 = o O -4 £l
x 3] - E . o "o, ]
e 8 ¢ p k0w o B & & 2
(S (e - 0 b = b 2 < | b
Crovsnest Re, 1.0 .937 .979 .610 .807 .262 .500 - =094 .563 .865 .938
Frank: 1.0 (5203) (683)(534%)(2214) (3527) (4713) (3029) (2476) (4682) (4713)
Oldsan Rey - 1.0  .962 .662 .B49 ,268 .554 ~-.081 570 .860 .B77
Paldvens Cross. : (683) (7032) (2455) (3529) (6030) (2918) (2832) (6138) (6210)
Licehorse Ck, 1.0 .592 .796 .241 .400 -,258 .409 BB .94B
c uth ., (683) (683) ‘(683) (683) (520 (683)-(683) (683)
how 1., Danff * < . 1.0 .g61 .790 .895 .387 .948 .863 .612
. o C{2655)(3529) (6030) (3029)(2832)(6138) (6210)
Lrnot Ck. o " 3.0 .519 .749 .095 .768 .926 .740
(1711) (2455) (1124) (2455) (2455) (2455)
KSR, S.X . 1.0  .821 .B38 .894 475 .177
(3324) (2778) (1896) (3313) (3324)
NoSR., R.MAMLZ ' ‘ 1.0 .503 .954 .698 .467
, | (2695) (2832) (5665) (6030)
Sunwapta R. : - e 1.0- - .596 064 -.175
, ‘ - : (1308) (2667) (2695)’
Mhabasca R. . o PR 1.0  ,768 .489
™ inton S, : N ~ (2832) (2832)
L1k R, : | ' 1.0 - .858
, Natal . e _ | (5789)
Flathead R., Flathead , / 1.0

tumber of data pnirﬁ for each correlation are given in parénthesea.

1, ’ . . .
.HNorth Saskatchewan River at Saskatchewan Crossing..

“North Saskatchewad” River at Rock Mountain House. * 2~

T T e Y R
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A :

l\;dch is iﬁcnted in the Foothills‘to the south of the Bow River, Its
dischafgc COrrelatés yéll utth‘thnt of streams in: both of the first two
groups above because it is located in the areifietween.the first, more
southerly and the seéond, more northerly. The other basins with the
exception of Sunwapta River ave éll sufficiently }arge.;hag.the cor -
relation of discharégs between them is a tesuituof general ciimatic
conditions in their respeétive areas and small, local veather variations
do not have a profound cffect on their dis;harges. Widespread climatic

conditions affecting either of the first two groups of basins affect

Marmot Creek basin also and give rise to the obsetved cortelations. The

‘oq.\ e
B AN .

Sunwapta River at Columbia Icefield is fed almost entirely by the melting
pf snow and ice from the Athablscaaclacier and is in a different hydro-t
logicsituation from the other ten'atreams;

The mean anmaal runéff'fot esch of the eleven basins is 1n£1uepced
by th position of the basin within the Rpcky Mountains. Meteorological
recordg in the area suggest thn; lltitudd_is ﬁhe most inpottant factor
in the wariation of precipitntton and teuperature uithin the mountains
(v.;., Section 4.1.2). The correlltion nﬂttix of ten variables relating
“to the spatial location and ralief configuration of each. basin and its.

mean annual runoff is shown in IIble 5.5. The last four variables in

the matrix, “100' Hys, Hggs and Hys are the altltudes belou uhlch 1001,

- 15%, 501 and 25% of the basin area 110: relpectively. “100 1- thus the

. + )
’ .
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Table 5.5
Corvelation Matrix of Runoff and Spatial Variables
= | Y]
e o =
. - > . -

3 o ) v o N
e 1]

g% 3 3 5

e & % B g ¥ 8 . g5

i 8 3 8 &I &8 L4 e A
Mean Annuni N : }
funaff 1 0.64 0.38 0.69 -0.22 =0.71 0_.35 0.77 .0'79 0.74
Gaupe Altitude 1} -0.22 0.25 -0.72 -0.80 =-0.08,.Q.67 0.79 0.9
Latitude” : : "1 0.85 0.65 -0.38 0.83 0.63 0.50 0.26
“Longitude ' 1 - 0,31 ~0.54 0.70 0.75 0.71 0.55
Area 1 0.35  0.60 =006 0,24 -0.49
}'r‘.'\ction Of I“Otest ' - " 1 '0.“7 -0090 -0.92 "-0‘089‘
Caver T . -
Moo - : 1. 0.64 0.50. 0.22
M - ~ , , . 1 '-‘0.97 0.86

* ; i ) ' ’ .OI
Hog . A . - 1‘ 95
s | o ~ 1
n = 11
.\‘ - . .




16

maxinum altitude within a basin, Several features of the spatial distri-

“bunion of the basins are apparent. The geﬁeral SE - NW trend of the

southern Rocky Hountain is reflected in -the high positive correlation
(r = 0.85) between the' latitude nnd the longitude of the gauging stations.
All bnsins‘with the'ekception of Marmot Creek extend upward to the
Continental Divide., Statiﬁns at lower altitudes are further fr;m the
Divide and thus gauge largrr basins. Thid fact‘cxpiains the inverse
correlation (r = -0.72) between gﬁuge altftude and basin areq: The
Conrihental Dirldr grnerally increases in aititude horthward away from
the 49th Parallel and thus the latitude aqﬁ.marimug.altitude are cor-
relared (r = 0.83). The high corrrlation; (r > 0.86) betwéén the.'
altitgges of the basin area qﬁartiles:(H75'etc.)-is a cbnsequgncé of
the fact that'tﬁe altitudinal distributions of all of the bgsins.are
similar as shown by the ‘hypsometric analysis in Section 4.2.

The varisble with the highest gorrelation with the mean annual
runoff of the basins is the altitude'of the 50th percentile of the
basin area, (r = 0.79). ggggkis tiple linear regression shﬁys
that the partial correlation coeffici nts of - all other variables and ’
the mean annual runoff are insignificant (|r|'< 0. 30) The. variation
in Heo thus explains aame 631 of the variation in méan annual runoff ]
and the associated standard error of the estimate is 8.1". | ~ Table 5.5 |

also shows that the perccntage of the basin area that is forest covered

4
is inversely correlated (r -:-0 92) with HSO as ls to be e:pected in an

y . .

-




1y

area throughout which the treeline is at approximately the e ftude.

e dependence of the mean annual runoff on this measure of the altitudinal

posttion of a basin is thus not only @ function of the increase of pre-
— _ !

cip;thtiun with altitude but also of the decreasing potential for' evapo-

tvanaplration coused by a decreasing amount of forest vegetat{on.

P

5.3 Tewporal Variations of Runoff _ .o

In the previou; uﬁction it was dgnmnltratad'thnt‘tﬁ; altfitude  6f
a drafnage basin is the hoat_%ﬁ}ortant apn:ls% variable in determining

{ta mean nnuu;i runoff 16 the atudy area, and tﬁ;t climatic tnfluenceu pre-
dominate tha phynicﬁi processes of runoff genaratton. Jba o!fncts of
climatic conditions on the ;ydrology of the Athlbalcn and North Sngknﬂchc-
wan Rivcr bapins will ba exarmiried in more. datall. Thele two bnlinn ware
xhosen Lecause there in & motcorolosical atacion loclted 1n the vicinity

of the gauging station and because there are watcr quality rnco:dl avnil-

able for -them. Any conclunion- concernins the temporal varintién of ..

=
1

diacharge in these bnuinn can cheraiurn be incurporatad 1n a dlhcu-aion
of their role in the uolutionll erolion of the locky Mountain rcsion‘

The hydrologic regime of tho atralms in the ltudy nrca 1. ‘dominated:
by the apnual anowmelt cvont; riuurc 5.5 shows the péwer lpcctrun of .

the daily din'an:gau ot‘:ho Lthnbalcl ntvor at ninton !or the 1968
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20

15

log power

Figure 55 -

o

. ' ’ . 1 _
425 = 25 375 5 -
o ,_r-'roquency 3 (cycl_umy) |

Po\m: -peetm of daily dhchu-gen of the
M:hnbnu Rtvcr at Rintun. 1968. .
. 3




119

calendar ycar COEPUth with the BMDK92 progtam (Dixon. 1972) Only the
zero frequency peak is distinct uhich shows that over the yearly period
the only. significant periodic ccmponent is that cezsed by annual snow-
nelt. Tf an Ormsby preflltet is consttucted to pass.only those periodic
compencnts with wavelengths of between approximately 7 and 60 days the
paet specfrum_pf the fil;ered geries shows the presence of "cyclic com-
ponents of all such wavelengths (Figute.5.6). There are no diastinct
peaks. Mldc:woo_(nept. of Geograﬁhy, chaste; Univ., pers. comn.) has
noted the same phenomena in the spectra of daily temperatures in the

. Ceast Ranges of Britigh Columbia. Insﬁectton of the hyd;ograpﬁ of the
Athabasca River (Figure 5.1) showJ that there are: short-term fluctuations
superimposed op the annual cycle. These £1uctuat£ons appesr to hnve
periods of between some 6 a&& 15‘daya. Because the BMDX92 estlmntion

of power spectra is discrete and becauae the range of freqpencies of
these short-term cycles upana eeverfl of the frequency clanqel constructed
by the program this perticula:.tech?ique is 111 sutted to TE: purpose of
assessieg the relative importance of such components.

The élou of the Noith Slekltchéwan nivef at 81ekntcheuan Ceolllug
in 1968 comprises between 61 and 55% of thea flou of the river ltﬁloeky
Mountain House. Crosa-spectral annlynls can be used to eltiuate the
amount of the vatiance of each cyclic cumponent at the lqtter station
nttributable to that et the fom-er | Fignra 5.7 ahovs the coherenee and*~

-

4
1ag between the diaeharge seriee at the two statione. Yor all except

N
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Figure 5.6 - tilteréd pouer,'spectrum_of daily discharges
of the Athabasca River at Hintom, 1968.
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1h¢ very short cyclic comppnentq of discharge (with periods of less
days) over 501 of the vuriancn at Rocky Motntain Houae can be 'explaiped’ l
by the vnrinnen >of flow at Snnkqtchowan Crosaing. ‘The lag bctue;niiﬁ
Lo gnnglug-ut§¥lons is gonorallf‘af'thk order .of one dny,_repreaontlng
wave vélucitlcﬁjovar the 105 mf distance of between 6 and 12 fpa;':ihjp
ranpe of velocities ;F in keeping with those commonly mea;;red at both
ptations (K. Davis, District Ensiheer. Inland Waters Directorate,
cﬂlgnry, pers. comm.). The negative “lag at frequencies of under 0,05 [\

cyclesfday (corresponding to poriods of 20 days or more) tepéeaent the

fact that low {requency compononﬁn arise from tho aonnual snowmalt event

which increases flow in the lower parts of the basin !1::&. Frequenclos

ahove 0.05 cycles/day represent uhort terti fluctuations -of diochargc \

arising froni the passage of weather systems acrogs the entire basin. Woo

.(1071) has, obsqpvnd that nuch systems cause short terd fluctuations in the

Lhcrmonraphs_of stations in Britiah Columbia, . k
The discharge of streams in the Rocky Mountain area is & response

Lo climacic conditlonl which can bc togarded as a 'forcing functton' in

time scries modela. There are, hovever, two neparlte-componentn ot;lucr

models in ‘this instance. The !1ra: of tho:c tl?thc gcneral, annual '+5§'

snowmelt event controlled by the annual cycla o! tempc:ature within the

basin ond the second is the presence of short term tluctuations of no

well defined pariod which are controlled by gh- passage of separate

weather lyt%nma'iq:oli the basin. Thn.tpo components should be apalynsd
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separately. The annual cycle of temperature can be represented well by

1

a sine (or cogine) function with a period of one year. The Athabasca

River basin provides an”example, with both neteorological and discharge
data 1vailab1e for the Hintdn station. ~ The daily m;nimum temperature
and the. fitteJ sine function for 1967 are' shown in Figure 5.8. The

-parameters of the function s
— " . ] \

T = T + ‘a sin(eg). o (5.1

[

vhere T. is daily temperature, the overbar denntea:the anoual mean, t is

time and a.and @ are the amplitude and phase parameters of the sine curve

N
VT - : ﬂ?

ar¢ shown in Table 5.6 for the daily ndn!mum, maximum and mean tempera-
X

- tures for 1961 to 1968, This table als& ows the percentage of the
*yartance of the yearly record explained by the fitted\curve and the time
at which the yearly cycle crosses the £reezing point.

' The anngszSHischarge cycle cannot be adeguately described by a'“
trigonometric.function. Because the cycleahas the characteristic shape

of a flood event the funCtioq o - v

g =g + (t-n)“."““'” oL G2 .
where Q is the daily diacharge Qb represents an assuned constant base ,
flow, t is time and ¢, n and k are fitted parnmeters is uaed The para-
meters represent varioua featurea of = f}ood hydrograph ﬂ is the time
from the time origin at which the‘flood tiae begins. n describdk the nature
of .the rising limb of the hydrograph and k is the recessica constant of

of the falling limb. Qb, g, nand k were estinnted by _the use of a T
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non=1inear curvo fitting program using the Marquardt (Na:qum'.-dt ;t: al.,

el alporithm, | The. objective funcci;n mihimhnd wvas chosan to -be tho e
aant of squared doviations in order tb pba\ln the best possiblae fit to

e hn.-.h di._aclmrgo. saction 0;‘.‘ the hydrograph'. Figure 3.9 provides an T~
illu:;n.-lti'én_: of th ' fitted curve and 'dalily hydrograph I‘ur' the Athabasca

River fn i967 Tnble 3.7 nhows the parameters and porcentago of ox=

plained nnnunl varinnco for this river fox the pariod 1961 to 1968 The

I \11uc for n ia 3, 09 and the 957. confidoence ltmttn of this ostimate

are 2,79 < n < 3,39, VWooding (1965) shows that tho depth of the outflow

1

ST it of a simplo cntchmcntria proportional to the elapud time over the

per iud butwean the time of. concentration of the basin nnd the eouation
of “fuput for the case of uniform pracipitation, Annlyaia of measured stage

. and dischm.gn data for the Mhlbuca Rivor from Water Surv.y of Canada

2,66

records shows that QaR whera Q is discharga. In this casa tha Wooding

wodo] .implioa that the discharge should be proportional to the 2.66 power

of the time olapsed since the. b_oslm‘aing of the input, This estimate 1u

similar to that derived above. 'me form Qoxe ~ke is often ua’ad to describe

the falling limb of a hydrograph lm-ulm' cond‘itiona of a dophttna ‘reservoir’ D/{
- citheor groundwnt:er or loll :ono\ ntougo.' Thé cuxve dneribad by , o
lquation 5.2 is thus a refonabla\\:i)proxtution to the expected torm of , ‘
& flood hydrograph and the corrnp'ndlnce o! the paramol:cr n with Hoodins s .

theoretical prediction auggeua that the gnaunl lnowmll: event can be
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[RIN]

Y6 .

1965

1960

(RULY)

168

cfn

1662
1034
1456
1965

1734

815,

1644

1483

n

3.07
3.06
3.03
3.33
3.12
2.91
3.20

3‘01

‘e
)

‘Table 5,1

.|°&7,

‘f.Ohs

=043

-.062
=,047
-.037

F.O:Z

. «,041

days

108.6

117.2

113.8

125.7

118.2

105.2

118.8

116.0

L

Mrametere of Annual Discharge Function

. Day of

Maxioum

173.9

183.7

" 181.1

179.4
184.6

., '183.8

180.3

189.4

Unax
cfs

18995
18789
18191
22604
23106
16208
23297

21843}

Exp.
Variance

76.9
9;.8
90.6
8.2 _
91.8
89.2
92.8

89.6

.
~
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tor a time longer than the time of concentration of the basin, T~
For both tho discharge and temperature records the annual cycle
J’ \

penerally accounts for soma 39% to 75% of the total annual variance.

the correlations between the parametors of the annual temporature func-
Lions and thonc.éf the' annual discharge functions are generally not
-ninﬁirlcnnt (Table 5.8) and are to9 low-for the relation botween them
to have any great predictive power. The cogtolation.botqenn tho.
ampl Ltude of the annual cycle of aliiy winimum temperature and the time
of the bcglnning of the rise of the snowmelt hydfoarnph ia significant
(v = -0.71). Thil'suggostn that it is indeed thoitnittition_ot nteady
above-freczing temperatures that begins thcrgnnoral melting of the
ntcumnlntcd snow cover o! these mountnin basins.

The short-term variations og flow are lcls calily lnnlyled
Thore are fluctuattona with ‘pariods of bctwoen approxlmltoly 6 and 20

3

days. Although they and tho ‘annual cyelal have a common cause - tho
passage of waather lyltcml over the basin - thay do not necessarily agise
Irom.bnsin-Wida ev;n;l. Spuctrnl nnalyais of the dlacharso rncorda-‘or
the two gauging stations on the North- Buklr.chwan Rlvnr has shown that,’
in genaral, such fluctuations o£~§1lchhtgn~tlou duwnntronm at approxi-

motely the same velocity as the water. In this case the fluctuntionu _

must largely ariac above salkntehluan c:olains. nn:norologtcal records

at one site at th. mouth of :hc bllincclnnot ba cxpoctnd to yiold a high

level of stat;aticgl).xplgngtipn"q; }hg_ngqyarsc vurtaacc. Lagged




ST I AR T
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) . Table 5.8
Correlation Matrix of Parameters forf Annual Cycles
of Daily Teuwperature and Discharge
(sec equations 5.1 and 5.2 for definition of parameters)
Q% ¢
T 13 .00
. a 130 .14 -.10 “122
o Inum ] . R
' .26 -.12 .07 =25
1 : i - -
taz "'-1" .10 .01 ) 016
T 267,22 =22 .15 | L
a ~.60 .76 - .80 =71
Mininum o .
¢ T .34 -.00 - -.Q? 'ff26
S | - A - ’ .50
tay . ‘.3.0 ) '17. .10 5 |
.o ’ : ‘ ‘ '
T 17 15 -.20 .05
a . =.30 =50 55 . -.66 oL
Hean ‘ ‘ .
o g .30 -,07 - .01 ~-.26 P
1 _a - Q4 .19
:32,' WAL . .05.‘__ Jd4 5
o . 1 . -- . ‘.L&"--.‘-n.. s p— " f 1,4' d
, tsz_refers'to the day of ‘t_he year on which mm“" tren a
of temperature reaches 32°1’. :
- . - Lt B . \
1'5‘z = .7!?7 R . ‘ .




n

cross-co;xelationg of the résidudis %toﬁ the annual temperature and dis-
charge cycles.show that the coeffic%epts are generally very small.
Figure 5.10 illustrates‘thi;”fof'the Afﬁqbasca River in 1966.: The best
correlation (r = 0,23) 18 obtﬁined‘at ;_lag of 3 to'4 days, but oniy
some Si of -the residual variance is explained. The a;nual cycle forlthia
year, expiai?s 89.2% of the annual variance and the extra reduction achieved
by the cross-correlation is only 0.5%. Seasonal or short term variations
in precipitation do not explain a_significant fraction of the'variancé
of the discharge\:ecord.

1f short-term cycles of ‘different periods show diffg:ent lags on
the meteorological data, cross-correlation is not.a good technique .to in-
vestigate the lag ﬁt;pétute because it can only estimate the best lag -
for all periodicities. Spectral analysis can consider each frequency
component (or each of a number of classes the?eof) separatélf. Figure
5.11 shows the coherence and lag spectrum for théfdischarge and mean
temperature tesi&uéls for the Athabasca River 1n:1966. The coherence
is.gederaily low, exceeding.ghe 95% conf#dence limit'foz only two
frequency-gands. Thésg bands correspond-to periodicities'of approximately
18 and 4.5 days The lag spectrum follows o simple pattern and the
estimates are not significantly differen: from zero. Because of the
non-significant coherences{the lag spactrum cannot . be regarded as a ’
good estimate. The aign reve:aals may be an expreaaion of the fact that

-'
weather systems can Cross the basin ln dliferent'directionl and affect
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Fipure 5.10 - lag correlation of dqilj'minimum air temperature
' residuals and daily discharge reniduals for the
Athabasca River at Hinton, 1967. '
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the wetcorological sta;igp at the mouth either before or after the upper

se T T

* .oncs which contribute wmuch of the runoff ﬁuring the summer months. It T
iv also likely'thaf small, local disturbances affect higher parte of
the drainage system without affecting the meteorolog(cal station at the

south -of the basip which is to the east of the mounfain ranges.

5.0 Summary

The diéchnrgea of the streams in gﬁe Rocky ﬁoqntain area is a
response to the prevail;ng'climatic and weather lyptéms_of the arca.
qhie annual cycle or snovmelt runoff  is the most signifléant feature of
the hydrographs and accounts for between 771-and 93% of the annual vari-
ance. The fluctuiéibns of discharge superimposed on‘the annual trend
care cvidently a response to small, localised weather sfstems within the
jarger basins: Heteorologicll dnﬁa are too sparse to prov;ho ag; basis
for physical modelling of the dincharge patterns, and the climatic effects
) described in the pfevious sécttonq cqnnot be risouroualy quantified. For™
the same reason the mljot basins cannot be disaggregated into smaller |
units. The analysis of basins of tha size of the Athabasca and North
Saskatchewan is at too small a ocale to estimate the effects o: such
. factors as aspect, exposure and vegetal covex on the plttern of snowmelt .

L~

in the southern Cahadianrnnckiasa - ) :,- v




The statistical prediction of discharges based uBon known climatic
cvents is therefore not poésiblg with the présent data base, At attempt

4t statistical modelling of the daily discharges of tﬁe Sunwapta River

at Columbia Icefields has been made by Mathews (1962), using metcorological

Jata for_Jiépcf; Alberfa.mﬁThg_podel used by Mathews was
T Q= (X Tk 4 oab), T p4s%E (5.9

: n=0 - ) - k

vhiere Qg is ‘the discharge for the_day ln ﬁuesfion, T, is tﬁe mean tempera-
ture of the nth ﬁreccding day, k is an empirical recession constung'}ound

by trial and error, and a and .b are ngreSsion coefficients. The model is \\
cssentially a heating degree;day function compou;déd uiéh‘a flow tecession

-

term and is similar in concept to the wodel for the Fraser River given by

pipes et al (1970) Although Mathews states that the correlation co~ .‘

cfficient between the predicted and. actual discharge commonly exceeds

40.80 for individual monthly periods, the values for a, b and k vary with

scason and between years. This variation is sufficiently great and un-

. related to any other bﬁjsical process that_i?e.model cangot.be ué:d for

prediction, ] ' ~ g « ' P
Although‘the atati;tiéal prediction of'diachnrges is not feasible

it is possible to obtain aatimaten of the usual trend of dincharge

through the year. Fignte 5 12 ahows the monthly naan discharge and the

associated standard deviatioa and coefficient of variation for the North

Saskatchewan River at Rocky Hountain House for the period 1949- 1968. The ’ *

coefficient of variation teaches ‘a primary peak of 43% in Aprll and a

Pl |

//
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cocondary peak of 32% in Scptember fhe fmplication ia'tﬁ;t the time

oI the bcginning of the apring flood is more vagiable than its mngnltude
beeaunse thc high coefficients of vaxiations at the times of the begin~
wing, 1nd end of .the flood pcriod are conaequent upon these times vnrying
hrtwvcn'April and Mny and Septembef‘and October respectively. The mean
dirchurgc for the monthe of December t%gpugh Harch is approximately

1000 cja nnd shows a small decline. Tha gtandard devia:ions in thi;"
'pgllud ate “emall.- Theae facgs are evidence for the nsaumption that the
hw:nLcr flow is base flow, derived from ground- .and soil-water Btorage,

rather than any form of surfnce rdnoff *1f the summer runof{ is always

sufficient to fill these storage zones thelt discharge during the base-

-

o flow pcriod is a function of their pbysical propertieu and does not depend

1 c]imatic condrtions o ‘ ‘~~4h

A further .feature of the hydrolosy of the streama in this study
+ which may be eatimated 1ndependent1y of any phyaical model. is the flood
exLdence probability di;tribution. Figurc } 13 nhows this dlutribntion
for the North Saskatchequ Ri.ver at Rocky Hountain House eatinmted by
the procedure 3iven by Coulson (1966) for fltting observed annunl maximn
to the Gumbel distribution.g The ex:rapolation of the curve which is
based upon 20 years' data t;>the 100 yelr flood is exf”hmn and it ;l
probably only reliahle up to the 50 yaar ‘racurrence intfrvnl TheVSO. ’

year f lood is only three I:i.mes the mi.mn bean mont:hly dischnrge as

shown in Figure 5.12. - Mandalb:ot and Wallis (1969.) suggest that most

’.
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;cophyaicnl ‘data show a very ldﬁg-terubself-dependence, and thaﬁ the
>

: runhcl distribution may. not be appropriate to the problem of flood exceed-

ances. In a series of papera (Handelbrot and Wallis 1968 19693 h) they
llnuc Lhat the rescaled range technique dcveloped by Hurst (1951) shows
Lhdt gcophysical datp cannot therefﬁre be describdﬁ adequately by models'
falling wichin the 'Brownian domain of attraction . Two essential features

of such statistrcal models (of- which the G&mbel distributigg\is one) are

that they assume that the ‘mean of a'nample approaches a limit (the

+ 1)

population mean) and the distribution bepomes approximately Gaussidn as
L ;

- . the sample 1ncreases‘1n size. ‘A test for long-term self-dependence in a

data record that violates these assumptions is provided by a réscaied A

:angc annlysis The ﬁaramétér"n'ruhlch expresses the dependence of L

4 .
" the rescaled range (R) on the. _standard -deviation (S) by R a Sn is 0.5» fﬁ?

for models in the Brownian domain.’ ’Figure 5 lh shows the so-called

“pox diagram" of Mandelbrqt and Hnllis applied to 20 day‘diacharges of
the Crowsnest River. It 13 evident that the perameter H has a: value
(0.92) much greater than 0.5. Alth ugh there is a cyclic trend of length

18 data intervals (which correaponds o the annual cycle) present,

Mandelbyot and Wallls (19692) srats . L

.. the preaence of a periodic element. compiicates .
the picture but doee not hide the’ Hurst phenomenon. ' (p. 327)

-

The low rate of increase of the aize of iloodnwith the recurrence 1nterva1

shown in Figure 5.13 may therefore be 2 reflection o( the fact that the )

-
v
~.
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70 years of record are inéuffj.cient to défine the low-probability events

because of their long-term self-dependence.
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CHAPTENVI

HYDROCHEMISIRY OF THE
ATHABASCA AND- NORTH SASKATCHEWAN RIVERS

T

6 Introduction .

f

The Water Quality Division of the Inland Haters_birectorate has
thularly monitored the quality of the Athabasca River. nt Hinton since
July, 1967, and that of the North ‘Saskatchewan R{Ver at Rocky Hountain

llouse since May, 1967. The chemical constituents determined’ 3;5 dis-
2-

solved CO,, PH, total alkal:l.nity. ca , Mgt Na \ xt, uco » 50,77, c1”,

F-,‘POL.2 ) NO3 , and Sioz.' The nethoda used and the estimated eccu:ecy

of the determinations are given‘tn Iraversy (19?1). In:additioﬁ to

 these chemical constituents the physical chatacteristica of temperature,

colour, turbidity and specific conductance are also monitor d For each

g

river the sampling interval since the initiation of the progr has been
roughly monthiy. In this atudy the records up to Februaty,.l 70, are

used, giving a total number of aauplea of 28 for the Athgbas a River

" and 34 for the Notthrsaakatcheuan River. There are certain months

w

for which data are not available and in some 1natancee there are

"two samples in the same month. Ihe diatribution of the available _

samples over the range of stream diaehargea comnonly

=
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cncountered is biassed by the distribution of those discharges.

Bigure
(.1 shous the frequency of sampl}ng.vithiﬁ discharge glasses of 5000, cfs

{or each river. Becauﬁe the'diaéharges of the wintgr months fall within
the first class and, those of the summer months are distributedtbetween

the other five classcs thére is a preponﬁeraﬁce og water quality informa=
tion for discharges of'beéween 0 and 5000 cfs. In general, however, there
is coverage over the range of discharges observed for the rivers,

An estimate of the overall accuracy of the determination of the

conposition of a givén.sample is provided by the fon balance error, Lo
& ' . ’
calculated as _ | ‘
. Error adNey - 2Ney  x 100% | (6.1) .
Y Ney "+ Z:Nai i
: | th o . o th
vhere Ney and Na, represent the normality of the i cation and the i

anlon respeccively and the summation it_performnd over the range of ions
_detcrmined The maximum error'ior the Athabasca River is +2.5% and for
the North Saskatchewan River " is +i. 0% (one sample with an error of +6.8%
is not used in this study) The errors are not distributed with a mean

of zero and a runs test showu that there 48 a marked tendency fot then . ‘
to occur.in positive sequences (p < .0001) for each river. The sequences
of runs do not follow the aequence of htgh and law dischargas. _The fmpli-
cation of this behaviour of the ion ‘bslance errors is that the’ calglry
laboratory of the Water Quality niviaiun tends to overeatimate the cations

present andlor underestinmme the- aninns. In #1}ucuaas the ion balance

Tt
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crror 15 within the range of probable analytical error. The positive bias

suprests, however, that the most- likely source of error is in the estima-
tion of aniong that are presentein very small concentrations. Table 6.1

shovs the maximum concentration of the minog ions vat, k¥, 17, ¥, no.D

_ . 3’
and rohz' reported in the period under consideration.
. i ’- !
Table 6.1 |
Maximum COneeetrations of H%EOl Ions (ppm) , | ////
. + 4+ - e 2e
- Na K CL F Noy Yo
Athabasca R. 2,9 0.7- 1.1 0,22 0.66 0.17
& ' 1
" North Saskatchewan R. ‘5.0 1.0 0.6 0.29 0,40 0.29 :
. 2+ 2+ -
The data for the major ions in solution (Ca”", Mg“ ,-HCO, and

3
) in the two rivera during the period from Hny, 1967 to February,

1970, is presented in Figure 6.2a and 6 3a together uith the stream
A
dlschdr&ﬁ for the aampling dates, The vdluea of tuo geochemicnl measuras

of interest in the Btudy of limestone solution. SI and PCO (v.8., ‘
: 2 Co
section 2.2) are shown in Figure 6.2b and 6.3b togethet with the tempera-

ture and pH data, Figuras 6 2a and 6 3a clearly show an annual cycle in

—

the ma jor ion coneentranion vhich 1q.1u oppoaition to the annual cycle of

D
-

discharge. The concentrationa—reach a maximm during the winter montha
when 'the streamflow represents base flow-nnd a minfmum at the time: of

maximum' discharge (or, as in the case of the Athabaaca River 1n 1969. at

the time of the firat peak of diachl:ga) - Water: temporature, ahoun in

L
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pigures 6.2b and 6. 3b 'also shows a strong annual cycie but in this.

carv it is in phasc thh the'aischarge cycle . The pn of the two rivers

o

(hrnunhout the period of'record remains relatively constant at approxi-
wately §.1 to 8.2, The strong £uncti9n;1 relationship between fH and
e and PCOZ is evident in.Fﬁe general form of their curves. Both

rivers exhiblt PC02 values higher than the global mean atmospheric value
,(10_3’5 atm) throughout the period, indicating that some admixture of
vater cquilibrated with an atmospheric reservoir of elevated Pcq must
occur at all times of the year. The satura:ion index with resPezt to ’
calcite (SIc) sbows éhnt the North Saskatchewan River is generally satur-
ated but that the Athabasca River is undersaturateﬂ with respect to this
nineral for an apprgciable:part of the total peribd. Hpst of the ex-~
t}omc values of both'SIc and.Pc'O2 arise from extyeme vnluésﬁqupﬂ. “The
plt values of 7.7 for the Athapasca and North édskatch%wan Rivgrs and 8.6
" for the North Saskatchewan RL ? Fﬂy represent errors og determination
and ncither they nor the associated values of.SIc and ?co,'are considered

reliable.

6.2  Controls of the Hydrochemistry

‘The simple correlation mstti: of thc various tonic concentxations

T

e
and physical properties for the two rivers is shown- in Table 6.2. There
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* e Lwo mnin-sdnturCs-eviddht'in the*tﬁterrolntloﬁshipr of thr fourtoen

-~

: ~
\wrlahlco riratly, thc mnjor 1bn concentrationa tn both rivers are

IIHTI'LJ) correlatcd thh tamperntura (as nro thc minor ion canccnt#ationa
L) \ L

5- ‘ol the norrh Saskntchcwqq River) and necondly, nlmout all ion concentra-

T tious are poqttivoly intercorfhluted The pﬂ in both cases shows a -

s 4
t(ﬂl(ldtion only with diuaolved COZ' Ihis inm becauae pH remains relntiucly

censfant throughuut the pariod -undex connideratioh und therefore roiloc:s
. little of Lhe vnrintion obae:vud in the othor varinblea.- Diupolvcd CO -

fnon 1unctinn chtafly Q£ the PH of. the snlution ‘and o cnuaa and effect N

-

ltldlionohip is to’ bd oxpected The lack of any such relntionnhlp betwecn

plt and the vnriablcs of the pn-dependant cnrbonato oquilibrium (Ca2+;

rm? and’ HCO ) suggestn thaE 1t.is not this nquilibrium ‘that is the "..

\nlt cuntrolling factor 1n the chemistry of the wntor flowiqgfin the tWo~

o

xivcls n1e fact that n11 ionic concentrations rhow en inverse dorreln-_

‘Lion with.the water tchperature 1mp11as that in. 3aneral~%§?’con:rolling

- [

“fuctor-is ot the- tempuxatﬁra-dependanc mineral solubilltiea. If this
- were rhc case then the vartdbltu reflecting the cqrhpnate equilibrium

would show nn‘invarse correlation wlth tempuraturg but vnriahlen rgé}acting

\ - Ll

' Dter mineral aquiltbria (such as nulphatao) wpuld be posittvely correlated .

‘wiLh temparnturaj 1he low cor:ola\lona obsarvod with No3 -and with F for

-

' the North Saskatchewnn Riuer reflecc tha fact that mnny of th« dhalyaes

3

.'\l‘ N

found only trace amqunta of thesa ioﬁl uhich ware conﬂﬂqueﬂtlv fﬁported &

to be present in the. animum detactable concantration.A=, ..éu
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Although l:h. 1ntttcmclnt£on of the variables shown in Tnble 6.2 .

suggests that ‘it is not io genunl thu nineuk oquilibri.l thnt dacnmin.\-

the ion concontﬂ.l:!.onl :Ln tho tvo rivo:l, Pigutc 6.3b .hmu that the —
North Sukatcl_:wan River 11 utuut:cd\with rcqpoct to calcite (within

the limits of probable error) for much of the 'ii‘o.riod of record, In

-

o

this csse it is the mineral solubility that {is the connofling ‘factor

in the behaviour of the concentrations 61 C&2+ and Héoa'. The waters
of the two rivers are not 'ututtt'cd with respact to gypsum or dolomite.

Table 6.3 shows the maximum values for SIg and SI4. The max{mum valuss

Table 6.3
. -_— 4 r»
Maximm Values of SIg and 8Id
".-‘ ’ ’
: 8Ig, 814
g | M:hlbuca River S 158 -0.08
. North sumchmn River 71.'53 . -0.04
of SId are obuﬂod at the ti.nu o! extreme pn, and are liable to the same
o
potentul srror from. t:hu cmu u is SIa. The valun o! 8Id axe othot-
| wiu less than -0.50. The solubility of carbonatc nincrall 14 a function
‘r <
. of “both tmperlture and’ POOZ' and.the’ t.hcorct:ical curves of  the tmpcntuu-

Caz"" relationahip !or vu:ioul vlluu of P co, are lhc\nm in ri;uro 6.4 to- -

8ether with ths curves ohtd.ncd by the taguu!.on of thne two vu-nblu

for the Ar.habuca and: North Sulntchnun Ri.vctl. The 95% contidonco l:l.wd.tl
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. . A\ .
of (he regression coefficlents are -2.46 < b < -1.48 ppm[oé for the

: o _
Athabasca River and -2.51 < ;g < -1.57 ppm/ €' for the North Saskatchewan @

~ ’
River. The gradients of the theoretical curves/ for Pp, wvalues of

10735 atm, 1072-0 atm and 10713 atm are -0.35, -1.20 and -2.05 ppm/°C

renpectively.  The tempcrature-0a2+ concentration relationship in both

“

of the rivers thus follows the trond that would be expected if thé water

-1.5

vere in equilibrium with an atmospheric reservolr of Pco = 10 °'7 atm,

2 .
}hulmuusured concentrations are, however, only gome 407 of the theoretical

values for this Peo and the river waters show an equilibrium Poo of
2

-3.25 -3.00

botween 10 atm and 10 atm, o . :

The obscrved behaviour of the variables‘of the calcite solution

system of the two rivera suggest that the calcite equilibrium is one of

-

the dctermining factors in the concentration of some of the disaolved ions.

ﬂxi particular factor is im turn a §unction of the temperature and . PCO2
2+
of the systcm ~The obsgerved relationship between temperature and Ca

concentration togother with the relatiwely conatant PCOZ exhibited by ‘the

Ealy

river waters suggest that the water is not derived from a aingle environ<™- -

ment, There 1is considerable evidence (Shuster and Hhite, 1971; Pitty,‘

»

1968) that water from a single environment that interacts with carbonate"
minerals aquires either a atable character (the diffuse flow case) or
exhibits a Pg that -varies with saason (the conduit flow case).- This

. ' 2 . .

latter pattern 1s attributed to the annual variation in the conceqtgation
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Pl

oroU, in soll aix connogqpnt upongtho annunl variation in biological

s

activity. The two rivers in this study thuﬁ show the tempétnturuf;nd

¢a” D concentration behavidur that would be expected of a conduit flow
s .

Cyitem but the PUOg behaviour is morg that of arga {low system in

c-tensive conthct with the atmosphare.

.

The obsorved characteristice of the garbodnte equilibrium system

could arlse from the mixing of two bodies of vater - one. with ﬁ Lo
2

action of the temperaturoe

t

ot 107"7 atm in which the aquilibrium is a
and the other {n cquilibrium with the atmoapheric rogngvpir of Co, and
in which tho temperature andthe‘staté of ¢ rBBhéEo'nolu:ton is conatant
1hruuﬂhpyt tho year, ‘Tho unniynla 6! the hydrology of the streams in -
the Kecky Mountain area prosented in Chapter Q suggested that their. .
dincharpe could be rogarded as the aum of two components, OnoApf.thgno'
iu‘thv relatively constant baso flow cpmponnﬁt.;nd the othar in tho main
run"i‘tu of wntuf dorived fxom the molniné of accumulntod snow, Thnnh
Clw Lvnponqpte are analogous to the two bodion of water introduced above.
1f thin mixiﬁ; of wator bodiol is the lxplanntlon of _the varlntton
in the curbonath hydrochumintry of the Athablsca and- North Sankntchewnn
Rivers Lhen the anulysis of other chnmicnl componcntl should:toveal the
same mechanism.  Reedor at Il. (1972) hlV. shown that flctor .“‘IY'i'

of the hydrochamlqnl_variablau of the streams of the Mackenzie River systom

can collapse the set of varfables into a swaller number. of !actorn.thtt

- .

-1
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£

can he interpreted in hydro-geologic terms, Such an snalyris of tha data

tor the two rivers in this study ylnldg tha information luuﬁhr;ned {n

I3

REIBRS The- first Inc;o;izwhich accounts for the approxtmately 607
of the tutal variance ennentlallfAreprisunt; the influence of a sedi-
wentary vock provinea. Reodor (13 al. ulso obtninnd a vingle factor

pep enenting thc {ufluence n! “carbonate mntd:inla und gypsum" Thu

second tactor shown ia T@blc 6.4 rnptelen;n tho influence of the atmosphere

’

vihteh controls tha pll and dissolved gas cdncﬁgtrntion of tho water and

-

. &7 .
the third and fourth ropresontd thd?hourcea of the fons that are present .

-

i trage amounta, Bacaule many analyses raport th- concentration of

thene ionw s the low;;~iIEIE_BI thn nnnlytlcal Lechniqua the variance ' -
v the concentrations la lnrgnly a function of tho method of rqportlng
rather than of nctunl.vnriatiodn of tho conceatratlon in the r;vur-. All
of lho'mu]o}'innn nhbw similar behaviour and are grohpud into tho same
factor,  The techniqpn is o! very limitud use in hydrochemical environ-
wents in which th.:u are no rndicnlly di!tarunt provenances: ot in uhlch
“lhe ma jor conuti;unnts of the dillolvnd load of Lhc utroaml are dorived
from closely related geologic units,

If only tho‘mdjqr loni aro considered the cmnpduitton of the

dlunolved load carried by the Athabnnca-and North Snnkntchcwnnlntvorn

varioes conniﬂgrnb}y :h:ouah :h. year, 'FiguroFa.S lhOHl the concentrationms
'S

of Cal nnd,Mg as p:oportiono of the total cations in solution and tho

f—
RS -

R




Table 6.4

Factor Analysis of Hydrochemical Variables

Athabasgca River

1Y

Factor - Hain'éoggonenté Curulative Explained .i
) ' ‘ ' h _ variance (% '
1 Temp,, SPC, ca?t, wg?t, mat, 59.7.
2 Dissolved coz, pH 71.6
3 . KF, c17, wo,” . T1.0
6 . F- T _ 80.7
north Saskatchewan River
Fackor
el ' 24+ F .
1 ) Temp., SpC C,az'i} Mg~ , Na , K,
HCO3 ’ SOA s Cl ,_5102 .62.8
2 Dissolved.coz,_pﬂ. : : ‘ 7§.4
' = ' © 80.3
3 NO, L B
4 . F : 84.2
}
o
A h]
v 'f
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comeentratfons of HCOB- and soaz' as proportions of the total anions in
colntion fnf the period of record;"lt is cvident that. the ratie Caz+7

' remains relatively constant whilst the ratio ﬁ003'I50;:' varics
.o owonally. ‘The proportion of 56&2; rises during the winter, basc-flow
po1ied and reaches a maximum of ovdrIASZ of the total anionn in solution,
;wqing the summer high discharge per;od the SQAZ- propqrtion declines |
(v i minimum of- approximately 20% of tho tqtnl. Th;a variation can only
ot i Jrom the‘ihtermixing qf two or more water bodies which ;bntributn
virylng proportions of the total discharge of the rivers through the
y;nr. The solution kinetics of gypsum and calcite or dolomite are such

that a relative increasa in the 5042- concentration with respect to that

_of NCo. (and hence a decrease of the value of HCOJ-ISOaz') would be

3

enpectled i wafer were to flow at an increasdd rate through an environ-
went containing th;ae minerals, This i; the opposite of the oboerved
pattern = the value of ucoa‘[soag' 1ncreaséﬁ during periods of higﬁ dig-
charpe and cnnséquently'grolt;r flow velbctties: As already.noted the
|cmpcrntufcrdependepca of the mineral equilibria fia such that it, nct;ng
alone, would decrease the value of ucoa'/soaz' during the poripda'éf
increased qiécharge. |

The sources of the Spaz' fon are the Triassic Spray River Formation
and the Mississippinn Mt. Head uhgp that are described in Chapter v.
These uﬁlts both conqpinigyp;um and anhydrite. Tha Mt. Head {s a momber

- i

ot the Rundlh.croup';ﬁtch 1s widespread in the eastern parts of the study

¢

- .




- —
area.  The conclusion that the hydrochemistry of the Athabasca and Nortg |
Gintalchewan Rivers can be explained by‘the mixing of two Qater bodles
. ,
irglics that one is & grodndwatcr body that has had extensive contact
ith rocks of cithex or both of thg unlts detutied above and that the
other I8 water from anowﬁelt that has had only limited contact with
carbondate rocks, There are no‘magncsium sulphnt;s reported in the arca.
e sulphate oceurs in association with calcium in the form of gypsum
or anhydrite, Of the total Ca2+ conce;f:ation observed in fhc samples
of the two river waters an amount equﬁl'ip the soaz' concentration must
thvafure be dcfived from the solution of sulphate rocks. Figure'6.6
shows the Cazr{'/}igz+ valucs for the Athabasca and North Saskatchewan
ﬁivcrs?gomputcd after allowing for the Ca2+ associated with’SOaz-. The
Lean values for the ratio calculated with no such allowance are 2.30 for thc
QLhAbnscn River and 2.02 for the North Snsk;tchewan River. The values’
shown in Figure 6.6.may be divided into two groups (one fo? high discharges
and ;ne for low discharges) for each Tiver. The mean values and_standard

deviations of these groups are shown fn Table 6.5. It is apparent that

there is a considerable difference between the two seasons for each river,

N o Tnble.6.5'

2- -
ca2* /g2t Ratios with Allowance for SO,
ﬁu ' Winter ~ Summet “
Athabasca River 050 (0.22)  1.66 (0.37)

North Saskatchewan River 0.77 (0.23) 1.?6 (0.17)
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put that thé two rivers are quite similar. Langmuir (1971) derives values i

. . . 1:

Cor Cattmg?t of water in equilibrium with both calcite and dolomite of i

0 70 at 0°C and 0.99 at 10°C (Table 3, p. 1036), Ford (19713) gives a i
value of 2.5 as a mean for many measurements taken in the summer months

Lnlclhhdpt th&: southern Rocky Mountains. Ford 5. vork has becn mainly in 4

celeite areas in which the dcvelopment of karst landforms has becn most

provneunced. Thc ratios observed in the Athabasca and North Saskdtchewan

vivers is at all times’less than the mean valuc for waters in these N
alclt( areas. The ratios corrected for the 8042‘ concentrations during RN
Ay ) *

C gt
-~ et - "t
Sy s

the winter period are very similar to those of Langmuir quoted abdve. N

6.3 Mixing Models

Because thé'dischaége of fhe Athabasca and North Saskatchewan

Livers appears as the result of the mixing of two components cach with

.d1fforcnn hydrochemical chnracteristics the simple two~-component mixing
model described in Section 3 2 should provide a good description °§ the

behaviour of the ions in solution. The basic model may be reptescntfd'-

as

c Q Z'CiQi; S ] o

where C and C represent\the concentration of a PaPEFCU1Er ion in th“_

..

s -_—




‘ S : th !
;v flow énd in the 177 component respectively and Q and Qi are defined ;
. : - 3
isidarly fi"or discHarge. The two-component system is thus | . J
CQ = G\ +C 0 ) o ‘
T I S (%> '
Q. - Ql +. Qz ) :

which t::n&' be combined in the form ~

o Q 2 (6.3) R

.
S -,

Pduards §1973) describes the behavimtﬂrdf the dissolved jons’in several

rivers in eastern Fngland with a similar model and observes that 1f Cp =0

r

then equation 69 mayw.be lincarised as

. = '
it states incorrectly that the general linear form for C; g 0 is

InC - In(CyQy) - b InQ . ' O (6.5) - - (

. 1f ¢, and (Cy -~ C,)Q are asf;umed constant in equation 6.3 then the

cquat fon has the form of a linea'r regression of C on llQ. Thc aasumption

¢
that C, is constant is equivhlent to the assumption that the surface runoff r

cor pcsuent has a coﬁstant ionic concenbration. The assumption that cy - c)Q

is constant is cquivalent to the aaaumption thnt cither both cl and Q arc

{.'

constant or that

. 6.6,

cl Ehreg ’ 2 . ) ( " ) ]
- S )

tion coefficients

-

'l‘ublc 6.6 shows the ﬁgresaion equations and corrcla

fm the model expreased by aquation 6. 3 for the four major :i.ons in both

)

N




alile 6,6
Aunle 2.

)

Mixing Model for the Major Jonr.

gt aond Brvor of

Pt it te (ppm)

Athabascn River
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Ui Athabasca and Rorth Saskatcliewan Rivera., - 1t “is n‘pp;lrunt from this - iy
c,ote ihat the simple two-component mixing model {n general cxplatns -

ot ol the varlance of the lonie concentrations of the two rilvers, ' 3

HOE corrclation coeffilclents fur the 12.12+ and llf‘.l!,; concentratlons . a4

s . - ’ ) "
ot North Saskatchiewan River are due to the fact that this river ts ' b
¥

e eted with pespeet to caledte for much of the time and there Is thus

JiJvet peochemical control cxprtvd by the mlueral sulﬁhi]ity. ﬂull

Cieee L var., scction 3.2) has shown that a number of other mixing wodels

H
N

ceec be approxnioated hy‘u lincar repression of simple transforms of the i :

rvvvvnlrntiqnn and the digﬁunrgvn‘of the various compontnls. Table 6.%

Lo the correlation cscffiélunLﬁ‘for six such models for the major - - 7 i
‘ } _— \ ‘ ' '

fon rnncpntrdtiqps of the Athnhnncu River. No model glves signlflcantly

l-‘-aln-r 1:;'nults: ;‘lmn tlie two--com‘.ii\al-wnt %_nodcl, and none are the rusu,}“t o}

ph ‘ .

cu-h simple and reasonable nsuumhfibns as is the model deseribed nhove.

k ;

s

G ' Summary

The theoretical equilibrium Ca2+ concentrations of ghu'suluLion of
caleite shows in Figure 2.1 for PCO = 1073+ atm compare well with the

. - . 2 2 -
vilugs for C, of 28.4 ppm and 34.0 ppm derived above. s The value of

\

o)

P ‘e ' 2-
", ” . . » . H -
VA“F/Ug“P for the 02 component’, when corrected for.the presence of 50,

. . . 2+ oy
is very close to that of the summer flow given in Table 6.5. The €&

.

kY
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uqfrulfgj\nm Coefficlents of Negresaion Modeln

.

<ot Tande aendent

e e enlt
Vot bl e

0
Q)
1/Q

O
Int;

1/Q

for the Major lonu

Athabacda R,

24

7 -
Ca Hg"+ Heo

3
79«83 -.78

2,93 .94 =.90

.94 4,92 k.90

-.82 -.84 -.80

~94  -,94 ~-,91

+.93 +.88 -+.88
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North Snnkntliuwuu1lt
2 I S NN B
0,77 ™ mg™ oy so,
-84 | ~.74 =79 ~:63 ° -85
.96 | -84 <94 -,71 =97
+.05 | 479 4.96 .69 +.90
-,91 | ~.77 <.81 -.65 -9l
=98 | ~.87 -.947 -.73 -.u8
+92 | +.76 +8B4 +.67 1450
~ o
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ot HUU}' concentrations of ﬁhe presuned snowmelt component are .ﬂ
1 toe wvalwes reported by Ford {1971a,b), Ford ot nl.:(iﬁ?ﬂ) and
/;111 oo (1971) for surface runoff ir:t the Recky Mountalns In the summer Nl
gL TThe valaes for the concentrations of SOAZ" of thin flow c;;? g

gt

1 are shoen to be approximately 22 ppm to 24 ppm whereas the ST

lkpﬂlttd {u the works 1iuLLd above {ind no sulphate. T(n e

\H.II St
s ) ey ;»niml. on the rivers in this study ure downstreanm from turf.mv

cateropn of tha aulphate bearing units, Anulyﬁuu of the water {lowing

2-

Lioe Crowsnest Pass in Crowsnest. River also nhow that 904 i present
\ i

inoa min oo concentration of 13.0 ppm. 1t is suggested that only -in

L1011 loeal areas conslating almost entirely of single formations of

caubonate rocks 1s the concvﬁtrntion of 8042— nogligible. TFlgure h.h

sl the geologle column of the general area and the units that are

> !
2 u~|nltd with UxLLn%lVL karst dcvclopmunt. 1t is evident that eachy -

foeal kavst area is associated only with a limited part of the column

Lud that in the Main Ranges none of these arcas is developed on the

sulphate bearing unlts.

The characteristics of the groundvater component of the total

da-:hxryu of the Athabasca and North Saskafchewan Rivers arce pugmarived

in “uh]o 6.8. These flgurcs aro dcrived from the valucs of (C - C2)QJA-

plven in Table 6.6 by nsnuming that Ql for cach river is 100Q Qﬁpﬁ; This

he

can nnly he an approximntion to the trae valuc. put is represcntative

of the period under considcrntionﬁxgihﬂ Cﬂ

Eonccntrn;ionh shown in
‘ . X

P

.
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vpen

tomperature dependence of the Ca

t

1

t

tions of gypbum or anliydrite (which ard 0[ tho

t

{ r

ot atn of approximately 60 ppnoat 10°¢,

sotem solution proccus.

low months

.
n“l-J

atm. ‘The SO 2-
4

otal decthgL is muiL)luuh Lhnn theo vqullibrium qaturatlu\ concentra-’
N

Y

2+

-
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4
Table 6.8
(htmitdl Loncvntratinn= In Croundwater Dischnrﬂi
~(ppu) ,
) i+ 2+ - 2-
Ca Hg HCO4 . SO,
Ahabagsea R, 6.0 17.4 155.7 100.7
Horth Saskatchewan R, 58,0 19.4 - 161.8 93.%
MWle 6.8 are-similar to the closed system equllibrium value for P =
! - 2

Harmon (1973) has vhown that

proundwaters In the Apralachian ?ugiun of PenNHylvunia follow the closed

The tcmpv raturt dependence af the closed and

"r A R

systems are similar and it hat been shown in aection 6.2 that the

concentratlons in the winter. basu-

{5 similar to that of a system in uq&llihrlum with a PCO -

2

concentration of the groundwater component of the

ordcr of 1000 ppm). It lu

hlllfan Loncludcd thdt either ouly a small proportion of the broundwatcr

o

thﬂlbﬂd to the rivers flows :hrough sulphatc rockq or the aulﬁhutc

!
rocks are distributed in such a way that water does no; rcsidc in thvm

for a long cnough time to rench equilibriun.

iu vuutiun 6 2> for the winter petiod .a

Il“?muir (1971) for waters in equil

The Caz*YMgz*‘vuluus corrected fo

e

sulphate bearing units shown 1

~

1brium'w1th calcite and dolomitc.

T thc presence of 50 2- derived

t

re vcry uimilar to those gilven by

The

n Figure 6 4 are both nssociatcd with
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Cgeleaites, and (he gruﬁndwntef concentfaéiona-give; in Table 6.8 ;rc
SUTHERIY kouping with the guology of the contributing nreus. Lungmuir
evul) and Wigtey (1973) both obrerve that the soluttunal reactioin of
(chiun"lilh ‘dolémites 1s an 1ncongruvut proceas aud iuvolvun the

imul tancous precipitation of calcite. wigley (1973) predicts the same
Jepositlonal phvnOmanon in the solution of ideal dolpmitc at Lempcrnturus
helow 10 ¢ and aloo in situations whore, vater flows aequentially through,:

caleite and gypsum beds. The groundwater component o[ the total discharge
’ ?

{lwe has @ potential to prncipitnte calcite in chg'mntcrials_through whinh
L fows. The river:vnlleya-n:é for the mbat'bart‘floordd by glncidl

deposits through which tho groundWater flows 1nto ‘the rivers. These

%

depos L te. may thcrefora be the site of cnlcite dcposition rather than of

Ve

carbonite erosion. -Ford (DLPL. of Gcoglﬂphy. Mcitustor bulv., pers. coma. 1'
s uh«Lrvod glacial- tills to. ba strongly “cemented by secondnry calcitc ’
in a tributary valley near Hedicine Lake, Jnspur National Park. -

"The downstruam changea 1n uhe.pu. the BCO3 and SoazA‘ conccntra-

t lons, ond thL total hnrdnuaa are illuatrated in Fggurc 6. 7. The nnalyaua

ol thc ‘North Saskntchcwan River at 5 Strnet bridge are‘ﬂﬂﬁilnblc from

the Nlter Pollution Brnnch.(Albercn) Departmcnt of the anironment.

S'mp]eqahave becn taken intnrmittently since 1950 but only the data for

the- Pcriod that coincides with the pariod. of record for the river at

Rncky Mountain House is shown.' The unuuuully 1ow pH and high nco3 N

sy

:LPULtOd £6€Jihe Edmonton sample of July 9, 1969- are nnomulous-‘i;n

‘ .

e
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. ' o i
ponevaly howevaer, ghe trends at the two aiteé during the period from
Jn}v 19nﬁ'to March 1970 are very similar. The concentrations at
Fdeemton du the wfn;er months urcfgenérully lower than those at Rocky
st aln House while the discharges are h! gher, This shows that tho
in|1knvnt n[ dlughnrge has a low concentrtion of leHOIVLd jons, and
Phat  Bome flow iédaérivod from the Alberta Plninn.cven durlng perindn

ol hutnw—frovring tcmperaturen. The ndditional runoff 18 most probably

cowme bt runninb ovorlnnd or over show lntn the sLroam Lhuﬂnul
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CHAPTER VIL

i

Lo,

DISCUSSION AND CONCLUSIONS

5.1 Sunnnarx"

M hydroch;mistry of tho North Saakntchewaﬁ nnd'l(thubuacq Rivers
lmch shown to be well raprenentod by [ two-componant mixlng model.v
The hydrolngic chnrncteriuticn of tha rivers also lndicntc that most
ol lhc nnnuul vnri.ance o£ the. mean ¢ ily diac}\ur;;o record 18 ac::ountcd
for- by the annual anowmelt event,, " B th tha hy rulogy and the hydro=

(homlntry of ‘these two rivers, each of which rntna some 4000 sq mi of

Ih( :.uuthern Rockyu Mountains, nre a reaponge to the hehavinur of/two '
J ’ B ’ -
A{1ow components = a gronndwnter body and anowmelt water. In the winter

athes almost all. of the discl.nrgo of thc At.huhusm and North Saakntchwnu
Rivers is derived from groundwut.cr bodies and the hydrochcmistry of t'hc

rivers appronchu thar. predicted for one £low componont of thé mixing

e

model. At the t:ime of m‘xi.mum annual diacharsc tha groundwnter component '.
is but a minor pnr: of the total dincharge and the h ydrochemlntry of the
L rivers npproaches :hat. predi.cted for I:he othcr flow component “of the -

_ _mixing model, A comgaplnou of the predicted hydx:ochemiatry of t:ho two o

“< components nnd that of. typical numcr nd wtncar ﬂ.o\n for both rt jora—is
shown in Figure 7.1. » = = T s ..='.. ) T

-
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IL has. bean shown (v.s., Chapter Iv) that the snowmelt discharg

wak fn the Athabanca River basin was a response to the annual trend
It is ovident that models at this lavel of

ot wean g ly tompcrnturén;
- The lack

peneral bty are of 1ittle uac. for the prediction of discharge.

T
o p1udlc11vo powor stems in largd pnrt from the facts that the d!nchurgo
the AthabaRea River at Hinton is the sum nf the discharges of mnny

w!
whebaring and that the trendn of tcmpurnturc at Minton roflect the

in these {ndividual, sub-bnslnn only in the broadest terms, In a

frewmds
0 tntnl dinchurge of the

simi lar mamner cach of thn ‘two compononts of th

A:Lxlx iea and North Suakn:chnwnn Rivern is the sun of nany sub-components,

e h\d:nahvmlqtry of Lhc runoff’ componcnt of the Athuhnucn Rivor may. for

cample, he regarded us ‘the gum oﬁ the ruuoff componentu of the Maligne,

Qnaﬂu. IndLan, Each of thesa sub-compun«nts iu in turn
Ford (1971n)

s o! a number of yet smallor indlvidunl componenits.
.' /'
¢ terms that the hydrochemistry o{ tho

boing produced by the mixing of runo££

Miotte, ce-. Rivorn.

L

has {llustrated in qnnltgntiv
eas. ihnt-tho llmplu reprosentation
: -~

from limestone ond’ from sandntone ar
Athabnnca and North SAukatchewnn Rivers 1nff

of thu hydrochcmiatry of the

”l]ihnc Rivor may be ragavded as

o cffcctive is an exprelaion «of the !act thnt there are 8 nymbor of

ohavlour of aach of the umnllcut olemonts.

conmon £uctotn undnrlying the b

ustiftcatton for ‘the usc of the 11
rectanly this presence of innumer

but which p

near togreslion form

The ﬂtatiaticll B
able

of the two-component mislng model 18 p:

A
mny duvtntc from-the ovornll modoL;

nuh-hnsinn cach of which
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T pepother yleld a normal distribution of lon concentrations at a plven

dischirpe, . . v

.'Tlu‘_ urnéa that have beot duncribed in previous atudies of the
b echembntey of streams in the Rn;ky‘Mmml‘mi.un. ol .knrnt londLotnm
deve I_\npm;'nl. or of k}ral'.hy(lr_nlnw (Corbel, 1950, 1958; Ford, 1974p,b3
Loer ! ':L al,, 19724 hrowit, ‘:973; Mcbherson, l)e.pt.-_.nf ceopraphy, Univ,

ol \;\Hu';;t.'\. pote. comn,) are all small In cumpnriaun“tn the -Athabasca

o

b rmlh faskatchewan River baalna. .'me)‘ are uxmﬁplen of the mmall

TSR whuh mnu ibute, to the two larpa r;l.vma nnd'tharefmje may show

dittevent h)droloatc nml liydrochemical ranpouncs. The ||nnlc Y eHPOURCE,

s,

A the larpe rtvera ‘should, huwe\'or, bn aimlln: 4n kind LI vot o entent
1o those Lovnd at the uinnll ncale. linniﬁn.‘-in which k‘nr_nt r.n__ndun.n CArry
an approciaoble pxoportlon of the total. di{rcharge are not the waual- type

-;,. whicl  the Liwaslone. mwi.fm avle lu a wapuer uunilm tuo a gmn.u lax
:riltxfl'J:f' Most .imni.n'n in which the affactn of largu korst condulte Are

. l'r:'l\u,\:l\cmi h(o.a. .in thn Crowstnesat lasa and Mount castleguard ,aregu) le
ahove llm nlLitude to whieh mlu.’wa glm:inl vnlluy £i11s extend. Yit
(hin‘cane tha grounduar.er componont {au du!inud in Chapter V) n[ dlsqlmrge

-

in virtually nbsont and tho hydrodynamics. ot the cn@onnta nolution pro-

a

“counew are of greater importance.

v
T



7.0 Limestone Solution in Small -Hanins . -

~

Ford (1971a)-has given a cqmpreheﬁsivu review of the nature of
Jiv: «tone solution in a numbcr of small areas In the southern Canadien
focnies in whlch he concludcb thnt in general it szthe avallabiliLy
ol varbon dioxfde which governs the solution profess. Flgure 7.2 shows
1h; uu2+ concentration measured in Qnters in the southern Rockics ﬁgd‘-J
the selkirk Mountains by Tord and co-workers'&including the prcseéfl
author) as a’ fhnction of altiLude. Thiﬂ figure dlstinguishcs between
ton classes of watér - surfacc wntcrs, cave streams, springs nnd
cave seeps (which ove drips wlthin cavea with a £low’ of ohly A fow .
mifine) . There s evidently 8 strong agrceanL hotchn the gcnctal - N
Irvnd of this diagrom and thot shown by Figure 2. 3 which shows the PCOA

o atwoapheric and soil air. snmplel Ln the same. areas. Because of this'.

agreement and becaeé//;igure 2.3 nhows a good corrclntion betwecn the

.

p of the aéhicnt gas phnse und the cquilibrium P of the water ot

viarious altitudés,?ord's conclusion is strongly suppor:ed ‘4 Thr apparent -

correlation between an+ conccntrntion and nltituda is na; a direct

iy

functional relatidnshiﬁ but 1s the reault of an altttudinal control on

the P, of Lhe'nmbien: gas phpse-which in turn controls the equilibrtum
2 ) ." . ) o T -.' 1,

»

2+ o ) ) ST o -
Car oncentrution.,_,‘” ‘ e e e M

Tho effncta o£ different eniirbnmentu at the same altitude is
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1. . Snowmqlt .
R | Fltwr glacial molt glroeam Mt. Cnlilngunrd.nron
: 1N Mo uduw Ck. . . -
a - Turbid glacial molt stronm
oy  Crecka in.Hn]igno\vnllcy ’ o
t. " Prolemy Ck. o " Crowonest Toss
N Athabosco nﬁd North Saskatchewan \
Rivers . - .
. (o vt_ﬂ:*_f‘_ L. . »
1 Nakiwu Cave . ‘e
A . pr:}rj_go ) ¢ < : ' ‘
1 o -E;yc Spring 'HEE Castleguard area .
nlg,Spring ;, ‘ < T
A Prolemy Spring Crowenest Fass N
4~ Old Man River Rising: R e
s ~ Cuve oeeps, B \ K ' .
1 Castleguard Chvn T 5 g
? Nnkima - Cave - - . ‘ T
3 01d Man Rivo: Rising'Cch ?rownqqnt Pass
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o
vicuere 7.3 (over) - Slc and P of karst waters in the southern

co.,
Canaddan Rockies. . -

- Surface water

1 Snowmelt, a2t snow patch' T ~
1 Snowmelt, 10Q' from snow patch . HE. Castleguard area
2 Clear glacial melt stream '
3 - Turbid glacial melt stream E?:
i Megdouw Creek ‘ N
’ P o}pmy_Cfeek : . Crowsnest Pass . .
o Athabasca River : .
7 North-Saskatchcwdﬁ River * . -
s Springs | =
L Lig Spring Mt. Castleguard arca
2 Cave Spring )
3 0ld Man River Pising . Crowsnest Tass
4 _Cave sceps a |
1 Cast}?guard Cave
" , ‘
. .
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CHIAPTER VIT | .

DISCUSSION AND CONCLUSTONS

It Suunnutf

Mie hydtochcmiatry of tho North Saakntchewah and’ Athabasca Rivers
T huch shown to be woll raprencntod by a two-componcnt mixlng modol

The hydrnlnglc characteriatich of tha rivern also indicatc that most

.-

ol lhc nnnuul varinnce of the, menn d ily diachurgo record is nccountcd

s

for - by the annual anowmalt wentJr 13 th the hydrclogy and the hydro-

chvmlntry of thcse two rivers, each of whlch tnins some 4000 sq mi of

|h( southern Rocky-nountainn. aru a responae to the behnviour o{ two '
ATow componentu.— a gxoundwnter body ond anowmelt water. 1In the dinter'
caths almost all. of the dischnrgo of tha Athabasca aéﬂ.North Sankntchuﬁup
“Rivers 1w deriVed from groundwuter bodiea nnd the hydrochémiaté& of thc
vivers appronchcn that predicted for one £low componunt of-fhd‘mixing
modeln At the timn of mgrtmum a;n;;l dlachnrgc tha grounduater componunt
is but a minor pnrt of the total dincharge and the hydrochemintry q: the

Lorivers upproaches that predicted for the othcr flow component “of the -

.. mixing model, A comgpfilou of the ptedtcted hydrochcmiatry of tho tWO )

A combonents und that of,typicnl sunmer and winter flows for both_;}fhft-in
. * e .

shown in Figure 7.1, - T u'--',i T

——

-
ﬂ i
~3
E
.

. .
e |
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»

(Lapter VI for the Athabascz and Yorth Sﬁsﬁatchewnn Rivers is applicabie
to vaters in small kérst bqsins if Ehe_tuo components are de[inea slighLly
dzfluruntly: One component may be rsgarded as sotl @atcr-thut11;s_-
cquilibrated with the enhanced PCOZ of the soil hir»(analégous to the
grovnduater component of the large rivers) and the other may beyegarded
2 surface runoff in equilibrium with the atmospheric PCO (as is the

cane for the surface runoff component of the large rlvers) Such a model
juplics that in general the 032+‘ oncentration of Spr1ng waters at equili-
brium should be greater than that of qurface waters and less than that .

of soil #aters {or seeps) because the water emerging from the spr1ngs is a-

-

'mixtﬁrc of the two. The series of observations in the Crowsnest Fass
aren (Prolemy Creek, 01d Man River Rising and- the secép) supports tﬁis
hypuﬁledis, as does the series in the Houk& Castleguard aréa (Mcagow
Cruck Cave Spring and thc seep) . In each of these areas shere fs also

onc qample or site that 1s anomalous - Ptolemy Spring in the Crowsnest
| -

arca and Big Spring in the Castleguard area. Each of these springs is a
conduit spring and is fed by a conduit which transports water rapidly

from a higher, non—vegetated area to the spring ppinc. The source areas

for both of these springs are at an - altitude of more than 7000 ft and the

2+ S
water issuing from the springs has a Ca conccntration similar to that

of urface water at this altitude. The turbid glacial meltwater shown

in Pigure 7.2 is a surface strcnm sampled approximately 1.5 mi from the

placier and\uhich has 1little inflow from gtound- or soll-waters. The
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colen Tron rhe Nekimu Cave area mear Repers Pass, B.C., chow apain

0 .
the contrast between weeph which originate frow soil-water and streams,
V1o ine thrbugh the aquifer o condulte (vv caves).

Piyure 7.3 shows those samples in F!guréIY.? for which complete .

analynvn are avhilable in the SIC-PCOZ diapram used by heake and latmon

(17 to differentiate hetween hydrochumichl cnvironmvntu-in.n karat

ferialn., only namples from the Crowsnent nnd Cantlepuard arcan, and

{1oo the Athabascd and North § nwkntchowﬂn Rivern are shown. Of the

cleven sftes shown only three purfaceo stroami, Ptolcmy Creek, Athabasca

fiver and North Saskatchewan River, ond Cave Spring ave snturated for

a1l or part of the periods during which they wexe gappled. The char-
actevistics of the aurfaca strecams that drain limesrtonc arcoan Ln the Rockicn

arestlint they.are gsaturated {or nearly so) and thnt thcy arc in cquilihrgum

vith a Py pimilar to that of the atmosphere, old Man Rivcr Rising
2 A ’

approaches gnturation ni'thé‘uﬁhmer progresses {sce Ford. 1971a, Y¥ig. 7)

but iz In cqhilihrlum with a Pco2 ten timen that of the atmoypherc, which &
indianuﬁ that it 158 fed largely by goil-water. This is aupported_by_nyd‘

g spring declines only Alowly

-

ATuT¢) who ahows that tho dischurge of thi

dur tnp, the sumner . |
The act of/i}mplaa from the Cnntloguard arca shuwn~conntduruhlo

variatjon.  The scep is An equilibrium with the highest PC as would be .

1t s undornnturntcd

ted of water originating from lgforest soil.

expec
nly a thin limestone ba

merglin T
Lecauso the water traverses O nd before cmerging

L Ty iy o =]
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It has. beon shown (v.s., Chapter Iv) that the snowmelt discharg

petk fu the Athabanca River basin was @ renponse to the annual trend
ot wmean dadly tomperaturéu; It is evident that models at this laevel of
ceneral ity are of little uae for the prediction of dischurge. -The lack

—_—

prodictive powar stema in large pnft from the facts that the dischurge

ihe Athabamca River at Hinton is thniﬁum of the discharges of many

»

ph-basing and that the trends of tcmpurntufu at Minton roflect the

ol

; in these Lndividual sub- bnninu only in thc broadest termy, In a

frends
of tha ‘two components of thn tntnl dinchnrgc of the

sind lar manner each
thabasea and Novth Sankncchnwnn Rivers is tha sun of nany sub-components.
ponent of the Athubasca Rivcr muy. for

G hydrochembstey of the runof{ com
m oﬁ‘lhe yunoff components of the Maligne,

mple, he rngnrgcd ap ‘the 2u

cees Rivoru. Each ot thesa sub-cumpunonts ls in tutn

s 61 a nunber of yet swallor indlvidunl componento. Furd (1971n)
that the hydrochemlutrf o[ the’ ' f-‘

Indfon, Miette,

niakie,

he 8

hasw {Lluetrated in qunlitntivc terms
ing producod by the mixing of runoff

”tllhnc River may he ragarded as be
That the nimplo reprnaantntion
-

{ rom 1imentone ond’ from nandltone areas.
North Saukatchnwtn Rivers 1a—

f

of th hydrochcmiatry of tho Athabaaca and.
a numbor of

Y cf{ecttvu is an exprelnion af the !nct thnt there are

underlying the" bnhaviour of dtach of
e usc of thn lincar rcgranlion form

common £ucLorn
wco of {nnumerable

‘The statisticll juatlftcation fo: th
pfoctnely this prcue:
*but uhtch .

of the two-component mtxing modol is
from the overnll modoL;

“.
-mh—l)nsina pach of which mny dnviato

tha smallent alemonta.

y



inte the cave and does not have time to rcach cqulllbrium-ULLh the rock.

»

e LdmpLUS from Meadow,Creek have PCO, values highcr'than the atmesphere

¥‘_‘-_“

~ad are also undersaturated. This creek flows across peaty soils and is

1od in part by water from the soil. Thn undcrsaturatiqn resuits from the

-

fact Lthat wmuch of the inflow to the, crtek from- the sofl has had little

interaction with carbonate materials. The two. glaetol-meltwaters and the
fuwo ot prnnﬁs also demonstrate tpé effecta of the availability of carbon

\

gioxide and o£ the hydrodynamtcs of the limestone solution processes..
ihe Cave Spring water and the turbid.glacial meltwater are in equilibrium

with a Pcd slightly below that of the atmosphere and the clear glacial
2 :

meltwater and the water risxng from Big Spring are in equilibrium with -

| ploglLSSiVCly lover values of PCO2 ”The squrccs of the two springs arc

not known, but chat of the Blg Spring is presumcd by Ford (1971a,b) to

be the sole of the Columbia Icefields. The ‘compaction of suow has been

observed by Cogley (1972) to result in the lowering of the P, co, of the

contained air. The lessening Of.PCO from thc Cave Spr1ng and the turbid

blaq&al mcltwater to the clear meltwater at a higher elevation to the Blb
&

Spring may thereforc arise £rom the progrcssively increasing compaction .

of the frozen water bodics that are fceding these sampltng sites.

—

Th—
The vnlues of SIc for these four sites are largely’ tontrolled by
the hydrodynamics of thelr cnvironments. The clenr glacial meltwater

flows from\a high altitudc glacier onto a bare limestone sukface and was

“sﬂmpled a short distance from the’ snOut of thé‘glacier There is little

-~ . -t "
‘-..__ 4, "
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—
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gepether yield a uorml dietribution of fon concentrations at a plven

Jdischarpe. < ‘ .

The arcas that have beon. dum.ribed in prevluun atudier of Lhe,
l-\\hn‘«-hvmllan'}' of mtreams in the Rmky Hnnntnhm. of knrnt 1ond form
deve I.m-xn:wu_ v of kkuat hydrolupy ((mbel, 1950, 1958; Verd, 197)p,b;
RUEL nL al,, 19725 row, 1973; Mclherson, Ilept. of Ceopraphy, Univ.
e AMbopta, pecs. comn,) are all smnll {n comparison “to the -Athabasca

sk rov il Sazkaichewan River baatna. Jhey are exnmplun of the mnall
it whlch cnnLrlbuto to the two laxge rivets nud thntefota may ahoﬁ

divterent hydrolontc nnd hydrochemteal rnnpounuu. e hnnlL renpuunvn

At the larpe rtvera ‘whould, huunvor, bn uimilnr 4n kind LI not ta enuml.
1o those ftound at the uﬁnll ncale, Bnninn 1n which knrnL unndultn COrry
an approeciable pLoporllon of the totnl dincharge are nul the usual-type
i owhid b L Limes Love. ag/u&!m acle lu a manuer uitnllm Le a g\-mulm
uqulfrg}' Mbuh.hnnlﬁh in which the erfuctn of largu knrat condults ave

' vlnnuuncnd (u g in ho Crowsnost tana and Mount.Cnutlegua:d.arogn) 1o
above thn nlLitude to wl\ich ml!siva glaciul Qailésr-lfills e._xtnnd. Y
'hiu case tho 3roundwatur componont (am du!ined iu Chapter V) n{ dtaqhurge
tn virtunlly nbannt and the hydrodynnmlcn o! the cn&bonuta nolution pro-

k]

counes nre of 5rentur 1mpor:anc¢..

o




opportunity for this water to reach cquilibrium: The ni;'ﬁpr!ng iﬂ.tho
nnE!vl it oa high diunhalge condult B)Sttm in hhikh the \Llocitich are hipgh
cooehe that wnL?l lcaves thc system hcforn {t cn; reagh cquilibrium with
the conduit walls, lhc tuthdAglacial mcLéwnter streanm is a fnsL {lowlny
i which carrics a hLdV) load of glacill [lour. This added load of
tiae p;l(i;lL~ n[ limestone cvidcntly does not 1ncrcnrc‘thc opporlunitics
1~x.hp]utlun sufficicently to ullow saturation to be qttainod upstrean
ol the sampling polnt. - In aéditi;n ;he PC02 ;f'thc wﬁtur may be in-
‘rypnﬁlnu downstrcamhab the water cquilibrates with the ﬂighér P002 of
the ntmosphvr&. The Cnyo‘Spriug is a low Jinchutﬁé‘;pping nnd consista
of wany watvr-cunhucfing joints and bcdding'plnﬁpa in a small vcrticql
1L, ~ The interactlion between rock and water in this more diffuse fiow
LLuﬂLIon is su{[iciunt to allow chemical equilibration in the uyatcn.

The hydrodynamic‘controls on the cquilibrium gtate of the water
tlowing from the Big Spring and thq:Cgve SE¥1ng can be estimated from,
Figure 2.7. The Big Spring has been obsarved to danhhrge'Qver.AOO cfn
(Fﬁrd, 1971b) . This impliéq that the cqnduiﬁ through which the water )
flows is at least 1 m in radius, becaﬁae-thc flow velocity through o small?r
comluit would have to exceed 3.5 m/sec. In a tﬁbe of this si?e the re-
laxation length of thelcalciCe solution proccss under conditions of
turbulént flow exceeds 106 cm (6.2 mi). F total length of the systea
s unlikely to be more thnn 10 nii (Ford, {\?Jb): and snturation of ‘the -
water flowing £rom the Big Spring is therecfore not to be expettcd during

the high discharge ﬁgriod._ The Cave Spring, in contrast, disgharges

a v



7.0 1.{mestone Solution in Small Banins .-

~

Pord (19713) -has glivon a cqm'p::chcﬁsive review of thue nature of
liv: tone solution in a numbcr of small areas in the- southcrn Canadian
Bockhies In which he COI‘IC]UdCb ﬂmt fn general it iwtile .w.nlablll!.y
ol arhon dioxide which governs the solution profess, Figure 7.2 shows
the t‘.:|2+ concuntration measured in waters in the southern Rockies 5.nd
(i, nelkirk Mountains by I'ord and co-wo;kgra (including the prcsenl_:."_

author) as a'ffunc'tion of altitude. “This figure distinguishes between

{ir vlasses of water = surface wnter ’ cove streams, springs nnd

cave veeps (which are drips withtn cavea with a £low’ of ohly n few .

g

Wl fin) . There is 'evidently a nr.rong ngrcemum. hotwem: the gencml,: e N
tremd of this diagram and that shown by Figure 2. 3 which shows the PCOL
af ltmonheric and soil air. aamples Ln Lhe same. areas Beénuse pf this’.

apreement and bccnvg//;igure 2.3 ahows a good corrclution betwccn'the

L

I of the amhtcnt a8 phuse and the cqutlibrium Pc of the Uatt.l' at
Co, 02

virious alcitudes,Ford'a concluaion is strongly aupported § Thr apparent -

cuxltlntion between Ca2+ conccntration and nltituda is np; a direct

-

tunctional rclntionship but is the result of an Bltitudiﬂﬂl C°0tf°1 on

the b‘o of xhe nmbient gas phasa-which 1n turn controls the equllibrium
2 oL .

’.

2+ . ‘ o , . o .
Ca concentrntion . Cmp s i‘i:“h",, S

~ The effecta o£ diffprent environments at the same altitude is

illus trntcd by Figure 7 3 The two-compgggnt mixing model dcscribed in .

. .’«

U
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f\rﬂfCY through a series of planar openIRE#’EE-;he order of 1 ecm in width.
1ie veloeity of the resurgent water 1s of the OTdL' of 1 cw/sac Although .
vicure 2.7 is not strlﬁtl} applicable to flow b’twccn plane surfaces it

does suggest that the relgxat}on length of the proccss is of \hie order

S 4 ' T . T
ol 107 to 10 'cm.. Water originalting from the Columbia Iceficld

is discharged by the Cave Spring can therefore be cxpected to be s turated.

The behavicur of the PCO2 of the water flowing from the snowpateh
is unexpected. The Ca2 concentrdtion increaseu by 2 ppm and the vater
cvolvus rowards saturation as it flous from the snowpatch over 100 £t of

. .78
a barce limestone surface. The PCO decrcases considerably from 10 -3 '
. ' 2

atnm to 10-4'22 atm. The PCOZ of the atmosﬁhéfeyat this altitude is more
thén 10qa'0 atm (sée Figure 2.3) and the deEréagE-shown-by the snowpatch
"nelthater cannot be a rcspoﬁse te the gtmospheric value. Harmon (1972)
has noted that uater emerging from apr1ng° in Punnq)lvanié with a PCOZ
greater than that of £hc atmosphcre cquillbrates only slbwly with the
atmosphcrc._.A decrease in PCOZ is expected if thc reaction between water
and limestone occurs under closbd system condxtlons. 1f the exchange

of carbon dxoxid; between the water from the snowpatch‘is slo;cr than

the solution of the limestone over which it flows the overall effect

2+
would be a decrease in the P002 and an fncrease in the Ca concentration
and SIc. This explanation is satisfactory in this extremely small system.
The gcncral behaviour of the limestoné solution process in these

-

small karst ;Bzins is thus in agteement with thcoretical'Considerations,

i e mma s e gy g AR
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Cith the detailed mode| oath]{uhvd by Drake and Harwon (1973) and with

Line gvucrnt-hchdvfnuf of the large river basins ol Lhc'proSunt study..

e

P Trannport Rates of Dissolved Hincrals

- The instangancods rate of 'transport of a digsolved mineral out of

woiver basin 8 ﬁivcn By ‘ ‘
oA et '
it cq Co (7.1

wher'e € Rs-thc Sonccntratton of the mineral and Q I8 the instantancout

. “2 - .
alucharpe. If the SOy _ion in the stream originates entively from :,
fV LT or anhydrite and the HCOj-_ion entirely from theé solution of lime-

utoncs-(ﬁr Gthgr'cnrbonatcs of similsar composltion) then the rate of

transport of these mlngrnln is

-5 ' . ‘
d (CnSOA) » C,QX 4.01 x 10 ~ kg/s ‘ (7.20)
dt . _ .
. . ‘ -5 = ’
and d (Cn003) = C,Q x 2.32 x 10 ki /s (7.2b)
dt .

) . . 2- -
wiiere Cﬂ and Ch.represent the conccntrntiona of S0, and l'lCO3 in ppm

and Q is expreased in cfs. These scaled cquatiqns may be combin?d with

the mixing models which describe the interrelntionstha of the lon coun-

‘ ’
centrations and the discharge (shown {n:Table 6.6) to glve expressions

™
for the rate of transport ©
: {»

diSChnrgbi e discharge figures used in thi

f 1imegtone and sulphate a8 functions of

s atudy arc‘daily means and

T



cemdting rotes of trannport of discolved mincryls are therefore also
G Tenan values. ‘Ttable 7.1 slhiows these funcl‘.iuns for the Athabasca
L] .
T —— |
. Table 7.1 * 'C

haily Menn Dissolved Mijeral Transport Rares (kefs)

*s\\\\‘\*_) . Limestone Gypsum

_ -3 -
SUhoctnace Wiver o 1.59 + 2.12 ~ 10 x Q 3.16 + 0.88 x 10 3 *» Q

’ -3 . - N
o Lh sanbatchoewans River 1.06 + 2.69 x 10 xQ 2.78 +0.97 x 10 3‘:-: Q

¢ .t Saskatchewan Rivers, and Figure 7.4 illustrates them for disghnrgus

'_of up Lo ib,OOO cfs.” The ﬁffcct’of‘thb surface runof{ componcut is to

(
;1LJL1) increase the rate of transport of carbonate mincrals. The ratc of

thn‘purt of sulphate mincrals becomes much 1eqa in proportion to the tothl

dis s nlvgd load at higher dxschargcs because most of these aneralq are

tlan%purted by thc groundwatcr componcnt which has been assumed to have

a constant discharge throughoﬂt the year. Because the mixing models in
“thé regression equatian form are, estimated from‘concentration and dischargc
. data c dlschdrgcs of bétueen approxtmatcly 1000 cfs and 30, 000 cfs the
. rates of transpo:t shown in Tnble 7 1 and Figure 7.4 cannot be extrapolatcd
rcliably beyond these limits . The wlnter bage-flow of both the Athabasca
and North Saskatchewan Rivers in of the order of 1000 cfs and if this
figurc is taken to reprcsent the groundwater cemponent of the total flow

it is poss{ble to estimate the proportion of the “total daily mean dissolved

load contributed by this sourch at various valucs of the total river

.

e ——
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CloCharRe . Tiguve 7.5 shows the percentages of the total transported
TTQJum and Iimestqnc contributed by the groundvater discharge. 1In both
siver bagine the groundwﬁter éomponont accounts for some 10% of the
rvpsua and 5?_6f the lﬁmestoné.bciug trahsportcd in solution by the
yivgrs ac Lhé highest observed Hischafgés. gver 50% of the dissolvcd
]imastc;;_lcavhng the hasins is contributed by groundwater flow at
{ntal discharges of less than 2500 -cfs and over 507 of tho pypsujp comes
from this source at discﬁarges of less than 5000¢éféﬁ -

Figure 7.6 shows the percentage of the total dissolyed loads of
the Athaba#éa and North Saskatchewan Riﬁers that are sulphate.minerals:

. / ) . - ° .
$lichtly less” of the total load consists of sulphate minerals in the

North Saskatchewan River, but for both the propertion varies from

between 507 and 55% during base-flow conditions to approximately‘301 at’ .

a discharge of 30,000 cfs. It is evident that :he__somugn of sulphate

y

minerals is an important part of the overall geomorphic evolution of

these river basins; & pdrt that has previously been overlooked by other

workers.

7.4 Erosion Rates

.

The figurés given above for the daily mean transport rate of

dissolved minerals out of a drainage basin can be summed to prov;dg-ué

o
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~timate of the annual rate. TIf the contributing area of each of the .
minerals is known the annual rate can be converted to a mean annwal
. . ’ ] . !
wpecific erosion rate expressed {n terms of a mass loss per unit area
por year. An assumption of the mcan bulk density of the minerals then
allows this specific erosion rate to be converted to the crosion rate &as
“ t
»

St was dofincd by Corbel (1956). .e. as an average ratc of lowering of

the surface of the basin usually cxpressed in terms of ez 1000 yr, Dfpkc
5nd rord (1973) have shown that the formula given by Corbel

x-i[::_:r_ . . . ' (7.3)
100

vhere X is the erosion rate (ra/1000 yr), E is the annual runoff (dm)
)

and T 1is the mean totnl hardness of the strcaﬁ leaving the basin (ppm
CuCOJ) overeatiﬁatcs ;hc erosion rate for basine in which the stream
showd an inverse felntiohshiﬁ between phe discharge and the ion con-
centrations. In the case of the Athab#scn nqﬂ North Saskatchcwan River
kasins the.ovcrestimgte is of the order of 30% when c0mpared to the
better cstimate derived qpiné’the sum of 12 monfhly galues computcd
according to équation 7.3. | . L

| 'Ehe ion concentrations can be estimated dccurately fo{ifhe two
rivers 1n this study by the use of the mixing models, and the daily
mean transport rqtc of disaolved minerals is given by equation 7.2. The

crosion rate 1s then

E:‘; n(a + Q) xF o (7.4)
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RN

ere B ols tho erosion rate, n in the number of days in the year under
\uuﬂidvlﬂtloﬁ, d is the mean dafly discharge of that year, A is the area

o1 the basin, a and b nre the regression constants for the relevant mineral
frea Table 7.1 and F s a sealling facgor to rationnlise the various units
nhpd.r Table 7.2 shows the crogiou rates calculated for the carbonate nod

cvpusum minerals in the Athabasca and North Saskatehcwan River basing for

fons and 1969, Thesu figures have been calculated with the assumptions

-~

Table 7.2

Frosion Rates in the Athabasca and

North Saskatchewan River Rawina (i /1000 yr) ) !
Athnhnscn_Bnnin North Saskatchewan Ranrin
Limcatone Gyprum Totgi lLimestone Gypsum Total
1968 18.17 11.08 29:25 iS.ll %.22 23:33
. 1969 17.99 10,51 28,50 16.87 B.85 24.92 -
Mean lé.OB 10.80 28.88 15.99 B.%h 72&.53

mitmaiee:

(hat the bulk density of both minerals &8 2.5 and that sthe outcrop area of

cach mineral is the entire basin. The latter assumption is pnrtiCulnrly

questionable for tho case of gypsum which occuZs in only two of the litho-

logic. units within tha basins. The erosion rates given in Table 7.2 are

for comparative purposed only and are not meant to represont the ratu oF

crosion of the exposed gypsum OF of the unexposed gypsum within the“basina.
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vore dccurate estimates of the erosion rates of the carbonate minerals
i1 the two basins éaﬂ be made. Approximate figures for the percentage
of the Athabasca and North Saskatchewan River basins underlain by car-
Lonale rocks are 31.47 and 33.47 respectively (v.s., Section 4.3). The
v a1 carbonate erosion rates'showﬁ in Table 7.2 can be corrected for this
to give flgures of 58 mm/lOOO yr and 48 rm/1000 yr Ihese £1gures are
preater than the 37 50 nm/lOOO yr that Corbel (1958) gives for the
ceneral area, They are the pean figures for two years of averape dis-
chiarges but are approximately twice the likely maxirum figure of 24.1
/1000 yr derived in Section 4.1.4 for the erosion by processes that
Tesult in the transport of material from the basin in suspension.

Quinlgn (u.S. Parks Service, pers. comm.) has estimated that ‘each
of the Athabasca and North Saskatchewan River basins contains appruximately
GﬁofmiB of carbonate minerals. This estimate is based upon tbe areal
outcrop of cnrbonnte-containiﬁg lithélogics hnd upon the approximate pro-
;&m;ion of cnrbonateAmiqeralé‘in each of these units estipated from the.
descriptions in Douglas (1969). The annualt rate of erosion of thg car-
bonate minerals in the basins shown in Table 7.2 implies that all such
minerals coul& be removed from the basins by solution in a period of time
of the order of 10 million years. Because the areal outcrop of sulphate

minerals is much smaller than that of carbonate minerals their erosion

rate is correspondingly such greater. This rapid erosion rate in part
- . .

) i
explains the absence of sulphates in much qf the lithologic units 1in

o g e b




L

“i.h they are reported and also the presence of extensive collapse
nreccias in these units and in particular those reported by Gibson

(1963) in the Triassic Whitehorse Formation.

-

7.5 Temporal Variation of Frosion bv Sclution

- The perccnﬁages of the total amounts of limestone carbonate and

sulphate minerals transported in solution by the Athabasca and North
Saskatchewan Rivers vhen flowing at various discharges is shown in
Figure 7.7. This figurc covers the period 1968- 1969. Low discharges

(lcss than 4000 cfs) transport some 327 of the sulphate and some 237%

~_ .

of the carbonate minerals. 607 of the daily mean discharges fall within

this range, and aécouht for 161 of the total runoff from the basin. igh
[

discharges (of more than 20,000 cfs) occur on only 77 of the days in .
1968 and 1969 but carry approximately 267 of the total runoff, 217 of

the total carbonates and 19% of the total sulphates -discharged from the .

|
basin. The remainder of the total runoff (58%), of the total carbonates

L

(567) and of the total sulphates (491) is transported by discharges of

between 4000 cfs and 20,000 cfs. LoV discharge periods are thereforg
{

important in the overall patterf of the transport of dissolved minerals

as are the very shott'high discharge periods. the importance of the low

discharge period in the transport of dissolved mimerals is in contrast

to its minor role in the transport of suspended material and bed load.

Ty .
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Figure 7.§ shows the mean percentages of the total runoff, of the |

total dissolved carbonates an_d of the total dissolved sulphates trana- E
‘ported duriug\ekﬁa?hby the Athabasca Fg.ver.du:!.ng 1968-1969.  The
histogram of tﬁe perdentages of the total runoff :l'.s a representation of
the mean annual hydrograph, and the histograms for the dissolved car-
bonates and 'nulphataa show the same general shq‘:a.‘ Previous stud_iea of
.the nature of limutoﬁ. solutiﬁn.in the southern Rocky Ho.unt;.ainl hav‘e
for the mast part baan -undertaken in the summer months (June, July and *
August) .’ Dq'ting these mont:hu nome 58‘& of the total diuolved carbonates
"and 51% of the total diuolved nulphutes are trannported out of the.
Athabasca .River baain. Almoat 50% of the dissolved mterlala carried
from t:he; ‘basin flow from :lt‘ during the nj.nn month Peri.od that has re-
. ceived little atr.en’tibn from karst geomorphtltlogiltn. Previous work
has,-es has- been diacuund abova, becn liuited to the study of mll karst
baains 1n the hendwater zones of the Rockiu in vhi.ch the most (or ouly)
aignificant component of the discharge is detivod lonlly from snov or
{ce melt. In such circumstances it 1is likely that most 0’,5 the qolul:i.onal
erosion does occur during the summer mlt season. A great smouat of the
geomorphic e\iolution of the lower plrtl of the larger basins in t.hc Rockies
must occur during the winter period of snow cover. . This is true of the -
geomorphic evolution of the sulphate rocks in particular bacwu the ,
amount of dissolv,e;. sulphate transported frm the Athabuca River basin

K

does not fall below &% of the total annual smount in &ny month.
! .
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Conclusions : : —_

The main conclusions of this stuay with respect to the gecmorpholeny

and nvirology of the southern Canadian Rocky Moﬁntdins are summarised

.:.‘ L. l \"‘"i' -

 saskatchewan Rivcrs ts'well described by a model incorporating

-

L The 51ngle most lmportant Iactor in determining the rean
annual runoff of dralnagc basins in this zrea is the altitude
of the fiftieth percentile of the basin area. The effcet of
altitude acts both through orograé;;i and tqpoéréphtc {nfluences 5

-

on the distributxon of precipitation and through an influence

on the vegcta;ion‘in the basin which is in ‘turn a primary fac-

tor in the rdté of evapotranspiration.

. ‘( -

2) The h)drologic regxme of the Athabasca and North -~
two ;omponenﬁs. One component {s groundwater which has &

refhtively‘cqnstant discharge and the other 1is gurface runoff

primarily derived from the melting of the apnual snow accumu-

- lation. - - . - .

3). The nature'of the pnowmelt:cbmponent of the discharge

of the Athabasca and North Saskatchewan Rivers is similar

. to that of a storm nydrograph in 2 cmall basin. Snowmelt

ptogreéées upward through the basins. A considerable.

»
i

=1
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Y

proportion of the total runoff of theme two rivars n late

eunmuor and fall s derived from the woltlng of high altitude

-
permanent snow aud fce massca, ’
-~

L

o) _'mu pattern of snowmelt in the Athabagea and North
saskatchewan River basins is largely poverned by the ounual

. . : /L

trend of dally wcan air temperaturcs a6 estinated f{rom data

- recorded at the mouths of the barins. Short term fluctuntions
in-the discharge flowing from these basina are responsca to
local climatic disturbances: Such fluctuations account on
the average for only 117 of the total annual variance of

dlnchargoe.

5) The hydlrochemlatry of the Athabasca River and that of
the North ".aslmtchcwnn River are very similar. Becaune all
majnr chcmical‘ componcntn of the diu.ved load ara derived .
from the scdimentary rocks which occur throughout" Lhc hnuina,

multivariate statistical methods are of no practical dse In

defining source areas or common fedtures amongst any subngtn

of thesa comp’onéhtu .

. -

r

6) The hyd:ochemiftry of both rivers ia well described by
a two-comportbut mixing wodel, Oms componcnt connists of more

- mincralised water (which in ‘particular contains moro sulphita)



~

kY

wnd fu of relatlvely conatant discharye und.thc other component
conniats of less mineralised water and has a highly variable

dincharge.

N The two components of the hydrochcmiénl miring model are
cquivalent to the two components of discharge which describe
the hvdrologic regime of the Afhabasca and North Saskatchowvau

~Sjivern.,

8) The erosion rates w;thin the Athabasea and North Saska-

t chewan, River basina are similar to onc another. The ecrosfon

/

rate of the sulphate mincrals is much greater than that ¢f the

carbonatcs. The rapid erosibn of  the sulﬁhntcs accountk {ov

the formation of collapse breccias in the sulphate-bearing

litheloglic units,

9) The average rate of orosion by golution of the carbonate
wincerals is compsrable to the expected maximum erosion rate by
other processes that rosult in the transport of suspended

materials out of the basins.

Y
1

10) All scasons of tho year are {mportant in the solutional : -
erosion of the southern Cpﬁthan Rockles. poth the winter

pcriod.nnd the pfoaence of sulphite minerals must be considered

in any geomorphic. atudy of the arca. ' \
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11) “The glacial gravels infilling 2 large part of the major

river valley systems are gore likeky’{o be a site of carbonate

A
.

deposition than one of carbonate solution.

L
. -

In additlcn to those COnClUblOHS whlch ‘concern the
large river basins in ;he area, a number of conclusxons con-
.f - )
cerning the nature of limestone erosion in afic small holokarstic
. |

basins that comprise much of. the hcaduatef 2ones of. the Rockies

may be drawn. N

12) In most instances thejavailability of carbon dioxide
governs the extent of limestone solution in small basigij The
hydrodynamics of the sblution process in very local arcas can

influence thewlocation of the greatest erosion.

-

13) iThe water flpuing in these small basins may be diﬁided
into two components that are similar in conpeppl tﬁough not

in scqle, to those in the ma jor river basins. Onc‘of ﬁhese
components js soil water equilibrated with the partial pressure
of carbon'dioxlde in the soil air and thé other is watetr that

flows directly over or through carbonate rocks and that is in

'équilibrium with the partial pressure of carbon dioxide in

the atmosphere. -

-

-



14) The - chemical jﬁﬁrﬂcteristics of water flowing within a

small karst basin depends on the extent of the inferuixing of 1
L] - 4
the two components -described above. The nature of the aquifer

feeding a spring in these areas may be inferred from the hydro-

chemistry of the emerging water. Lo

-

15) The most useful measurcs of the chemical state of waters
in a small karst basin are the saturation with respect to calcire

and the céuilibrium partial pressure of carbon dioxide.

1.7 ‘Unresolved Problems

This study has revealed the nature of the hydrology and hydrod
chemistry of the large riverrbasins fn the Rocky Mountains. ConFlusions
have been drawn concerning the significance and nature of the solution ‘
process in. the overall geomorphic development o} the area. Somc-prqblqms-
arise from the findingé 1isted above. .Thcy QFe stat;d simply below but
are in fact sufficiently complex to warrant decgiled investigation.

1) The exact source ék the groundwater.;omponent oi.the

discharge of thie Athabasca and North gaskatchewan Rivers is

- . \\ .
unknown. A detailed program of water level meagurgpents

- throughout the year in the glacial £111§ in the major villeys




-t

v

could reveal the role of these materials in the hydrolopic

regime of the basins.

T

s ’
2) The ecxact source of the sulphate present in the water

draining from the two basins is unknown. A Eomprchensive

© waler sampling program along the lenglh of these rivers and

thelr tribucapics_throughout'thc year could locate the most

important source areas more precisely. Stable isotope studics

might indicate the most-importdnt source materilals. .

3) The erosion rates caleulated in this study are only

. . L
very genﬁraliscd approximations. * There, is no precise informa-

tion on thc_hature of solutional activity in small basins

cxcept during the summer months.

in order to estimate more accurately the nature of karst evolu-

L]

tion in the Rockies.

Suclhi inférmahion-is pecessary’

et -.&‘ -\ '(.; ;;:_‘-
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APPENDIX 1 . - - s

THE CALCULATION OF SATURATION INDICES AND Trp

P

e

The progran used in this study wab oribinnlly written by the
present nuthor, and later expnndcd ond inproved by Wigley (1972),
cives a Listing and n description of the FORTRAN 1V source. The basic
aleps Aares: . ’ ' E ' ' &
1) Compute thelionic';ﬁrength dfithe water sample ffom the
analytical repbrt, ageuming in the first {nstance that
all nctivity coefficlents are unity, :
2) Estimnte the nctivit) cocfficicnts for all species from

L )

he Debyc-Huckel equntion. .

o

3 Re—evaluate the 1on1c atrcngth and iterate steps 2 and 3

" 1

until a pre—sct error cfitcrion ia satiafied }

4) _"Compute the ~values, of thc various equilibrium conntuntn at
the tcmperature of the uater sample from the tcmpcrnturc \
dependent forms 4escribed by Wigley (1972)

5) - Compute SIc, SId sIg, and PCbi'




- 7 . h ‘.
(; - APPENDIX 1L N | S

ERRORS IN THE CALCULATION OF Slc AND Peo,

STc is calculated as .

sIc = iog (CaZ'] + log [HCOy ] + pH - pKp ¥ PKq

and thus p

Lsle = aSlc A[gﬂj 3slc A[HC03] 51g APH\ 1CSIC .&pKé\
3(cal a{uco3] PpRg -
1

' : - -* ESI:.APKS\
t : . opKg

or .' g :

aSle . 0.4343.8Ca 4 0. A3&3 A[HC03] , bpH & _pkz + bpKg

[ca]l [HCO3])
In most “nat:_uhry\situations-in a calc;té sys};em the pll of a karsr. water Jis

such that

2({ca] = (HCO3]

Traversy (1971} provides estimates of the accuracy of the analyses madc by

the Water Quality D:Lvision and suggests that alca) = 0.02 m4/1, A[HCO3) ==

0.02 mt/1 and Ap‘d - 0.05. " wigley (1971:1) suggests that ApKp = 0.01 and
Lpkg = 0.02.°
Thus

Anc-mm3+omsw' ~

' [Ca)

-

ASIc =™ 0.1 is thus reasonabie for w.:aterjs in which

and the assumption that :
! .

fcal > 24 ppm.



—

Pco, is calculated as

Pco,= pH - Jog [HCO3}+ pK,+ pKy -
o thuas -

EPcoo.Ap“\

e 3Pcoy ..’_-[HC03]l . lEPcﬂ:.npKo\ N ];_choz.zxpr:l\
SR - Y

3(HCO3) apK, 3pKy

4 -

LPcoy = OpH 4 0.4343.8[HCO5) + OpK, + BPKy
[HCO3 1~ -

. reasonable value fgg ApK, and &pKy i 0.02 (Wigley, 1971a) and thus

APcog = 0.09 + 0086
‘ {HCO5)

e assumnption &hat APco, x 0,1 is thus valid for waters in which

[liCvg] > 5; ppm. T ' _" .

A T e e Gk N
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