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filpine karst throughout the worid has besrn aftefted bu

t glaciation, and yet Ixttle 12 krown 2+ fhe

pa:

L

interaztions betuszen glaczeé 1oe 'ang karst.  TrRis .
'dissertation attempts fp gain _ome-understanclng’of troa2
problem through the étudv'of‘the Qa?p}égﬁabd Araa’;glberta,
where a karst aqﬁifan 13 preseﬁtlp owerlaln bu tempéfate

+

glacier ice.. o i .

Quantitative fluorometric tracing and hudrometric
measurements generategd a broad data base on ajuifer

M * Ll

behaviour. Tracer breoakthrsugh. curves were interpreted

using a new systemati1c approach which donsidérs am explicit

set of proceszes likelu te ‘affect the particular tracer

.

. - *

under  the given experimental concitions. . Hon-limsarity.rn -

aquifter behaviou~ and rapid groynduater velocifizz '

demonstrated the aguifer to be an axtreme condult typs.

Condult springs are alements in a - wertical hierarchy, . fa,

o -

which the topmost spraings are “over{laws", and =xhib’t
greater {"‘]_ou \J‘ar.iabillt'k,_‘ than “their associatad

“"underflpws". A numerical model was developed. teo simulate

a condult aguifer. - [t demonstratea that-pulSE'ﬁra&nfand

recession analysis; widely accepred mettiods of karst
_ . . o
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aquifer 1nvestigation, could be rathes misleading whed
b . b . .

applied to -onduit aguifercs. : S .

[

Interactions betwéan i1ce and grounduatar were observed
o ' . R ; : oL .
at two scales: regelation water appeared to teed a dittuse
percolation system. and supraglacial melt passed into
e o= o
subglacial zonduits wuhich gntered open vadose shattis. .

.o -

Karst is unlikelv to -be =ntirely subglacial in qrigjn.

b - * . ) . .
- - - LN

betause of the ]Jimited agaressiveness of subglacial waters,

.

- .

- N . ' -
. . .o \ .

The Cactleguard Karst appeared to nhéve originated
preglac;éllvAjn rasﬁonse'iofthe Drgachxﬁg of ;ﬁparmeabie

'
’ v

caprock. Glaciation ne—drdered:EhelianSCapetanq p?odhced'
abundant clastic’ debris which gUbéedugntWyﬁblS;ked or :

. . . - -

»

v . .

Cobstructed Karst conduifs. Mych of the resulting kirst is ,
paragenetiﬁ and'cohbarat}vglv-iqmatﬁre/gﬁé tokglaéial Tl

. ~

disruption ahd‘sicy géobgﬁ_réfes., Ge&mérﬁ“ic and

hydthogitfiqféracfjoﬁé bétugen;dte'qndaK§r§£xdepenﬁ

inpihatalQ upon the rélationship bBetween .the geograpbic
STy AR ORI R o T LR
. zones »f the glacier and-the aquifer. . .
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CHAPTER. ONE

INTRODUCTION.

The ﬁharacteristic caves, c}ose& deprgssions“ahdﬁ
undergrpund'drainage of the karst landécabe can be observed

to'soma axﬁeﬁﬁ in every phy-xographic envxronment "élbingu':'
kar:t is one d15t1nut:v2 type developed in ;eglqns,oP §reat;
local:relieF yhere_the genmoarphology anq hgdrqlogy A;er-
signifiganﬁ}y gﬁfﬁctedqby snoéranq ice . - Hahy:alﬁiﬁé kéfgt
areéas ;re:préséntly;ice Fréé; although‘thAQ ﬁayuﬁaye begﬁs-

A
L3

zntensxvely glacmated dur:ng the PIE1st0cpnP.‘ Thé{ﬁ '

13nd€orm: corre;pondxngly reflect the 1ppact of baéf

-

giacxat:on and are presently're11c_Form§ Uh1le the

r o A
.

evidence For.paét glaciatiogfi57qlear, the past behavlour_“

of the karst when it .was beneath ice 1s much~1ess-obv:ous,.
- and as a résult rather sppculétive Lnfernnces have baan. -

A <

made -oncern:ng glacxervkarst 1nteraut10n. fhis.stqdy '

attempts Qs.establxsh_the nature'oi actxve processes, de
.glacier—karsg intqrac@iohﬁ_»?igld'dork tnbk_ﬁia;e'fn'the

-
s

Castleguard karst, a locétiqn wbege-ﬁemﬁeraté-gléciér.i&q -

presently éverlies.hyérolpgically active kaqsi.'



-

The bastleguard karst lies at the northern end of

Banf? Hat:onal Park in “the Maln Ranges of -the Canadian

. Rotky Hountalns focal relxe+'eXCeeds 500 m», and the

v"'.adgacent Columbia Icefield is the largest extant ice body

. in. the Rocky Mounta:ns Drauing dﬁ hydrochemical,

e,

_sz-hydroioggcal and geomorpholog:cal evidence., Ford (197fa)

-wknﬁerred that the . Lolumbxa Icefleld Purnlshed the majority

-~ . -

oT the uater entrglng from karst :prrhgs in the Lastleguard

Vailep‘ Jn other known giacxer1sed karstS-(eg Maire

e -
-

+9(8) €he glacier ice obscures the karst and Ixttle dxrect

”_Lnteractxon can be observed. At Lastlﬁguard an extens:ve

caua system passes at shallow depth beneath tht“bolumb1a

Igefield, provxdxng a unique opportunxty to study

.

'5.subg1ac1al hydrology Unfortunately, parts of the cave are

-

Flooded in. sunner,'and d:rect observatlon is not‘possxblt

L gt B s e
- -

ldurlng the_peak ablatlon stason “However, recent retreat

EE IR T

-.oP gIatrers in the area has !xposed extens:dh "“neoglacial-

- e -

pavements uh;ch pr091de comparatxvely_undxsturbed examples

e
-
- e -

oP a karst gfaczer bed- T

- o~
. - AR -
Lo -’

-

The—lnaecessxbxrity of thc*subgla;xal karst meant ;hat

- . = P S

Ll ~

"a d:rtct sbudy of. hydrplogxcal and hydrochem:cal processas

ey

- was hot pogs1b1e Instead 1t uas~dec;ded th:t“a study of

-

karst aqux#er bthav1our nght reveal someth;ng oP’the role

- ~ - - . -

- - o - -~ —_

—_an ‘awareness of current gprk on:gLa;{er,hydrology could

_of the glac;er 1ce, and that obtervatlons teom the cave.and .



- ﬁrob}em in this indirect smanner were balanced by the

"As a result, the study became increasingly commitﬁe

- -
-t _ 7

"suﬁblgment this data. The uncertainties of tacfling_the

.advantades'ofilhe sﬁort—rfved-aﬁlation season and the

-

4
diurnal flow regime. Thase ‘meant that a great deal of

. hydrological 1nFornat10n Lould be gathered in a relat1vely

short butiiotg951ve field season.’
V AN

The majority of the hydrologically active ﬁarst_is

inaccessible at Castleguérd anﬂ Jlike'nqst karst agquiters

nust 1n1t1a11y be censxdered an undx+?erent1ated nblack

H
.

box Prellnrnary results sﬁgaed that aqux{er behaz;our-‘

5y ;
was con51derab}y more gomplex than hﬁd been 15&t1a11y

supposed, and it was difficult to diétinghisﬁ the effects

of the aquifer from the effects of the overlying k?cier.

-

towards an attempt to resolve the nature of the .aquifer.

-?His fnvo[ved.both passive thrological measurements and -

- e

active water tracing; These studies revealed the équifer

- . - v
- nd -

n

. study. These methods centered around high prhéision uater

- -

tr%ﬁing, and the development of a ngurnupericai model.. for

. -
> -

simulatiné roﬁduit équi?é%s. The result of these studies

Ed -

was a reasonably satxsfagtory model for “the, conduxt system,

- - L.

.which then prov1ded a basis for nvaluatrng the past and

- »

present 1npac§ of glacier ice on the Cagtlaguard karst:f

" .to be an—ixtrdht type of karst_ systed, dominated by rapfd_ B

.conduit fio“-f‘NOVél:gbéfoachgi Rad to be developed fo¥ xts e

N

oy
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The present work constitutes the most intensive
P !

7
.

h;drological stydy to date in a glacieriééd karst, and has

-

developed techniqdas-applicable-to karst systems in

general. However, in a broader sense it provides some

basic_data_ph the thrological'beH%viodr of éskarst

caﬁchmeﬁt-in«the Rbckéyﬂquntaihs. Many of the rivers

,rising-inlthe Rockies'sgﬁb1y water to more arid areas of .

.

Uesternléangda. _Both glaciers and groundwater are

‘,importsﬁf.jn‘moderating flow

h -

© 1Ford 1974, Dzoray 1977, Young 1977), but have so far

received relatively little detailed study. ~ -

¢ ~
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THE CONTEXTY
GLACIER HYDROLDGY, ALFINE KARST

AND -

) THE ' CaASTLEGUARD "AREA
b N
-~ Y .
L -
- . 4Ipine karst is characterised by high relative
relief and the pressnce of snow and ice. Castleguard is an

outstanding example of actiwve alpine karst: the local

-~ -

relief exceeds 1000m and exposed karst features adjoin an
. lce cap-oF 325 square kilometres.

1 s
~ - - T Al

1 ~

2.1, GLACIER HYDROLOBY

. 2.1.1. SUBGCLACIAL WaTERS - .

I
The dominant hydrological feature of glacier 1ce 4

LI}

" - = : ' . * . . - » . .
» the reglease of wintar précipitation during a relatively
. - ] . .
“briet ablation season. In general, there-1s an 1nvarssa

—temporal relationship he2tween ablation and precipitat}on
- !

which means that glaciers are iﬁportant in regulating

v
!



+

stream flow by acting as natural dynamic resarvoirs <'Young

19773, The glaciers of intgrest here are “"temperate" in
"that the bulk of the ice is-aluays_at pressure melting .

point throughout %he year, élthougﬁ Fhe surfage will be
colder in Jinter, and "cold ;pots“ may deveI;p on the
glacier bed. Conditions beneath a2 cold based glacier ,or a
major i1ce sheet will be qdite.different, but are not of

direct concern here.

Most water discharged from a glacier is derived

trom surface melt; this may amount_to several metres per -

year.I'IP the ice ig at pressure melting point, then
, B .
geothermal heat and viscous flow will also generate ‘some &

mm/a of water (Weertman 1972).. Much of this water is

routed through the glacier to the portal. Little

observational information is available concarning this {low

route, but studies on deglaciated surfaces (Walder and

Hallet 1979), and using boreholes in ice (e.g:Hodge 1976,

19?9;‘Engelh5rdt 1978) have supplemented more theoretical
descriptions (e.g.HQe 1976, Eothligberger 1572, Sh}eve

1972, Weertman 1§?25.“Thelre$u]tin§ general model suggests
Ehaé.thert 15 an iniegfaﬁad nétuqrﬁ oF,aiéqregé condﬁiés,
moge qrdléss weakly cbnnéctéd‘td an‘éxtgnsive] but :
diséontihﬁous,_gﬁin s;bgi;ciél w;ter Film. -

rThe conduit netuorﬁ is a abproximateiy étmospﬁeric

pressure, and serves primarily to tranzport surface

~ ~

S , . . ~



=~

r

“ ‘?,

¥

‘meitwaters through the glacier. The network is & rz=sponss
s . - -

to the. relative disposition of recharge and discharge
- r ’

points. The bulk permeability of glacier ice is pressuﬁe

dependant, but permits a water flux of less than 0.1 mm-a

at "depth <(Raymond and Harrison, 1975), so that most suriace

A

melt water therefore reaches the glacier bed through cracks

- <

and fissures, and the more obvious moulins and crevasses.
In general the topology of subglacial chanmels 1is

controlled by the basal p;essure field which 15 a

-
.

. . S ..
reflection of ice thickness and basal shear stress. In -

addition, subglacial conduits represant an equilibrium
between enlargement by meltinghand closure by ice
deformation: Tgis results 1n a competitive advantage for
larger changals so that a dendritic network will tend to

1

evolve (Shreve 1972). -

Subglacial channels may be formed =2ither 1n 1ce or
in bedrock. The former are referred to as Rothlisbarger

channals, and are prone to closure by 1ce deformation and
flow around obstacles. The latter channels are called "
Nye-channels" and are cut 1in bedrock so that they are more
resistant to closure by ice flow. This will encourage
water flow to be renswed along £he same axlis in succeeding
years, despite changes in glacier conditions. In addition,

Weertman (1972) has shown that Nve channels have the

ability to drain water from the subglacial water f1lm under



flowing ice.

The subglacial water film is deri;ed;?rom basal and
Frictionai meltuatgrs, and the occasional entry of waier ’
trom overpressurised conduits. The water film appears to
be a few micrometres in thickness, but on occasion may
thicken (Hallet 1979). These thickening avents havq'bean
associated with spring-runocff and uplift of the glacier
surface (Jken et 51.19?5;, and with occasional tr;nsiént
rainfall events exceeding conduit capacity {Engelhardt
1978). UWalder and Hallet (1379) suggest that there are O
also larger discrete uateribodies of a few square metres in-
area at the glacier bad, -fhe pressure 1n the basal Film?
varies from 50X to over 100X of ice overburden pressure.
This variability is egplained by the presence of areas of
direct ice-bedrock centact fﬁoodman et al.1979) and the the

cccaslonal ablity of glacier ice to confine water under

artesian conditions (Baranowski 1973, Boulton et al.1574),
r

The glacier bed is not usually a clean ice-bedrock
contact. Many lithologies are readily abraded, producing a
layer of heterogeneous and plastic suésole drift
(Engelhardt 1578), which may infill and occlude conduits
.and generally limit the hydraulfﬁ continuity implicit in

\the above model.



D

2.1.2. SUBGEQCfﬁL HYDROCHEMISTRY
By definition, chemical processes aré'dqﬁiﬁant In

thé development of kars#,:thus.i6 order bo,ﬁnderstaﬁd-

subglacial karst, it is nécéssary‘éo consider the nature Qf

jsubglacial solution chemistry,

) ; “The low partial—pfessures,offcarbpnfd{o%idg.iﬁi
‘glacial mgltuaéérs (Ek 1964, 1965, Ford 1971) résult in a
relatfvely louw solutian'éapatiﬁy: ?}ou route, fgs;deﬁcé
time aqd m#xiﬁg determine to ghgtféxtént_tgié-féebie_
solution ‘potential is.ﬁeéiiséd."Turbia'sﬁsgiécjél gﬁd_
P’Qg¥acial u;ters may rapialy{géin £0t31 ;afdﬁesseé of
30-40ppm“(ColJfﬁs 1979, Ford 19?1,'Réynolas’and;ﬂbhnsﬁn'
C1972) dus to £he ready_solution of.the crdshed‘cr9s£al’
lattices typiFally préduﬁed byAglacigi'abrasion.: Much of .
the solutional capacity is expended on colleidal and >
susﬁgnded-éediment @hich-cons{derablg_beducg§ £hQ"

gnombéphic impact.

-~

' ' Chemical conditions in ghelguéglacialifijm feﬁéin‘
poorly understood, but they ;re‘dominhted Syﬂtge hiéh‘ |
overburdea pressure and the cyéliq.soiytion—precipitatioh
induced by regelation processes. .Haljet‘(19?6$) gas |
described ch;mical conditidns for a caﬁbbng?é bad

exhibiting, local sélution—preﬁiéitatiﬁn Fgature;l fhé ﬁigh"
ambient pressure at the glacier bed .allows. a largé qﬁdntiﬁp’

v
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'  of-éarbon dioxide-tﬁ bé-held'in solufioa._ The critical
_quzst1ona are hou much ‘carbon d:ox:de is available at the

»glac:er bed ;nd_uhat'hhg rexl;sed parﬁial pressdres‘are.

Tﬁe e;olution ;& polycrystallxne 1ceiTraﬁ an@ L
I.resulﬁs xn a gradual purglng of xmpur:tles bgefltime.
 PHy§1cal excluszon by s:nterlng, remoQal xn éercolatxng
Qaﬁcrs and purxfxcatzon by zone meltxng result in an
iﬁp;ess;ve reductxon oF 1mpur1t1es in the‘passaée.;+ ice
‘ :through a glaczer (Berner et al t§?7' ulen et al. 19?() . In;f
'1th¢ basal zone of a glacxer these procasses are compllLated
by ‘the refrcez:ng of squcezed 1nterst1txa1 water and
. pressure melt (bouchez et al. 19?8); Dn‘fretz;ng, the'loQ
'-p;rtxtxon'coeffxgyant betueen ?ce.hnﬁuuqtep‘for-ail-sdlutes
hnglts-in sﬁpersétu?atién aﬁd prec{pitatioﬂ'gf_iﬁey
solutes, either as subglacial precipitates, solid
fi5;1a§;onsﬁ.or'g;s]ﬁﬁb51es in ice (Hé]f?ﬁ‘f§?§5, Ha;1et et
aLJ(Q?B)i Fnaezipg there?o}e bréﬁides a-méchanism Yor
concéﬁtfatiné'Boﬁh-di#solugd ;olids aéd ﬁasgs 9t;the base,
o#_; temﬁaraterg}écier. ‘ o ..- | . -
Gas bubbles in basal 1ce (Kamb and LaLhappeIle
'Iqu) denonstrate that Londxtxons of gaseous o .
supgrsaturat1on occur occaﬁxonally-yn the basal water film,
.Théée b;bblés eiist-ﬁndeg high pressu;éf andlhigh,partiai

pressure'of-phé cbméoqent gases is possible,
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The composition of basal gas bubbles 15 unknown,
but measurement§ on gases in bulk temperate glacier 1ce
show a depletion that is compatible with meltwater
striﬁping (Meiss et al.1972>. .Carbon—dioxidé,Athe gas of

concern here, is an exception. The propertion of carbon

’

dioxide increases in relation to total gas content down
giaciér, although the bulk concentration decreaseas.
btauffer and - Berner C1373) attr:bute this to d1ssolu+1on

uxthxn the ice, and’ possibly to clathrate formation (Mliler

1959,_19?3>, Sl

%

It-appgars-there¢ore Ehat'carbon dioxide'is

‘relatzvaly res:stant to englacxal renovai and may become
SOmeuhat roncentrated in the basal 1ce af temperate .

_glacxers The gruc1al d1++erence betueen condu1t and film

uaters 15 thg relatzvely hlgh amblent pressures and the Iow

'gager.flux in the 1attgr:_fif. L

’
.

-

The 1sot0pes in. gg@cxar 1ce prov1de a valuable

.
4.

- néiurel.tra;er, alfhough fhay \afre a++ected by numerous

processes. - The dguter;ym conpentuqf pcec1p1tat10n

’ decreases with dititude-éna'latitude; and in winter 'at a

-

g1ven location <Krouse 19?0 Noser et al 19?2 Noser and

"bt1ther 1981) bummer precxpitatxon xs generally lxghter

than ablation water’ (ﬁmbaqh-et al.iB?bJ. Furthermorg, the

age of glac:ar icé resilts in an extremely low tritium

.content (nmbach et al.197 3pf Within a bééﬁicular glacier

. . . .



the isotopic signature of the sdarct‘arga‘ié moditied- by
firnification and ice metamorphisn Data rather ueékly-

. support the Plou concept of Reid (1896) in which hxgh ‘ul

altxtude accunulaﬁxon is subducted beneath the equxl:br:um .

- v

lxne to reappear at lower altitude 1n the ablatlon zone
(Epsteln and bharp 1959 Hambrey 19?4 Krouse 19?U, Lawsen

and Kulla 13763.

\

The isotopic effects of 1ce metamorphzsm are

-

complxcated because the iract:onatzon depends Iargely on
the degrea of completion of ireezxng (Joutel and bouchez

1982) Nelt:ng is. knoun to have lxttle 1sotope effect, -

3

compared to partial reFreezxng which can caqse sxgnxf:canﬁ _

"Pcict;onatlon.‘ Th:s effgct is probablp responszble for the

isotopic enrichaent of baSal ice (e, '9. Lauson ‘and Kulla

19785, T Co o -

Runoff . from aipine glaciers shows both seasonal ana‘o

diurnal variations in isotopic coﬁpoéitibn. Seaéonally,

i spring runoff is lightcSt u:th aarked: var:atxons in suamer

1
. -

'and a steady heavy base +lou (zf any) 1n wxnter (émbach et

al 19767 D1urnally, the p#ak Flou is heav1est th:s is
‘\conventtonally explaxned by a rather unsatzsfactory ; .
ablat:on Plou base flow . mlxxng model (e g. Behrens et

_al 1971, meach et al, 19?6J.' Summer prqc1p1tat10n events .

]

‘ have a marked effect .on the conp091t10n of glacxer runoff,

. %

b»cause of their dxst:nct 1sotop1c conposztion and the-

!



reduétion in ablation during precipitation awvehts. N

2.1.3. GLACIAL CROUNDMATERS oo | .

g

The nature and behaviour of groundwater beneath ~

'.glécieré'is>$ highly speculative subject. It is difficult

to difPeﬁentiate;grougduater from: subglacial water uiﬁb‘é
J o "similér rgéidence time on any a priori physical or c@ﬁ{i;al

s basis. Tﬁis-is é-major criticism of thosa uﬁo'attempf flow

.separation of glacier runofi by conductimetry (2.g.Collins

"

,andiYoun§,19??){ :

Clayton and Moran ¢1974) have developed a

b ' ;grbunddatcr model for cgﬁtinental ice sheets overlwing

permééb;e material., The g}oundyater.pﬁtenbial gradient

. t "reflects the basallpregsgrg fielﬁ;-and is strongest ne=ar
- v v ' )
. the glacier margin. This also corresponds to the frozen

zone, which drauétiéélly de=reases substrate permeability.
Thesa'conditibns‘are_believed to have a particular landform
_ association (Méran et al 1979y, '

\ . - - '

R . ~ )

. The dontfnqntal nodel 'is inappropriate for .

¢

" conditions benheath temperate alpine glaciers, such as those

-

iiat'CasﬁIégﬁékdl 'qud <1979, 1983) has presented a model

‘for the alpiné-siﬁdation in which subglacial groundwater '

potential is-enhanced benzath ice caps lécatgq abdﬁé;'

' :udglagigrised valieys. 'thn iée“qccupiés‘thége valleys the,

[ .
\
I
S - '
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pot&ﬁtial is dranatxcally decreaaed ané ghounduater flow
may stagnate - Several examples oF actlve subglac:al karst
'have been descrlbed by Maire (19?8} but Ford et al. (19?&)

provxde the nost deta;led account oF condxtxons in sueh an

i)

aqux?er The matin. eFiect o? subglacxal grounduater flow -
' appears to be the dxnxnut:on of basal geothermal heat flux,,

bacause of heat abstractxon by c:rculatlng uater Further‘

'observat1ans On subglacral Londxtxons are presented later

.in Chapter Seven. ‘ } B . LT ' -

.The botenfial Par‘gioundwater flow beneath,glaciers
is only realxsed whaﬁ su1table flow routes exist. It is

speculated that karst nay davclop beneath temperate ice,

¢

'but in many examples gubglacxal wvwaters are probably
tollowing pathways -developed prior to glacierisation,

-

©2.2. ALPINE KARST

\

. -

}nn appropriate definition of the karst aquifer is -

necessary beforé_tbe subcateqony“o? alpine karst can be
idcntifigd. Bakalowicz ‘and Mangig (1980) define the karst
aquifer as one it which-a charactdristic heterogeneity }s
devélobiné Promdtha o?gaﬁfsati6h of underground flow routes
into a‘gtruttdkeq‘hiefarchg. They identify three zones:

the epikarstic (or subcutaneous) aguifer, the unsaturated

-

zoné (chbraeteriséd-byhthe:yerfical rovement of uateﬁ): and

.
~
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’

. the‘éatuhated zone in which water in cénﬁeyed in

predominantly honizonta]\coﬁduitsfan@,étobage_oécurs in

semi-isolated voids termed "systemes annexes". ‘A
convenient extension of this defipition for the

-

.hydrngomorphologisE'&s that-Karét }s-éllﬁhds;abe

assemblage evolving  towards an organised routing of surface
* ‘waters into a karstwaquifér as defined above. Abandoned.
caves, pa]aeokarsﬁ_and;microf?eaﬁures”do not +all.into this

,‘de?initién: although glaciers may be cpnsiaared to-be &aq&t}

aquiPers.; o= .
L Within this definition alpine karst may

conveniently be defined ‘as a qu;t system characteriséd by

high hydraulic gr%diénts-gnd a marked seasonality in the
.

availability of water in response to the accumulation and

N

. 1
ablation of snow and ice. - : .
! * \

7

The classical Yiterature on alpine karst comes from

the mountainous regiod&fc? Europe. The Muotatal valley in

13

Switzerland and the-Picos de Europa are considered type

.

localities (Bogri 1964, Miotke 1968), altheough both areas

are nou-devoidfof.qjacier ice. Much of the Europgan
LT f .
literature is concerned with geomorphological

......

N .4
classification, and inevitably, a major concern in the &alps

v -

is with gedlogic étﬁuéﬁurg, The two classical types of

i » ~
glaciated karst are Schichtreppen (stepped) karst and

Rundhoicker (Rbchehoutoneg)lxarst, formed respecfively on’

~

~ -

:

. . A,
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gentle and steuply dxpp:ng sbrata (Boglx 1964) Nicod

(1974 1976, 19?9)‘?{ a leadzng proponent oP the

-~ -~

geonorpholog:cal school ur1t1ng prxnarxly dascrxpt:ve “.

- ~

. reports cenﬁred on’geomorphlc mapplng and concentraﬁlng

»

L a:cordzngly on the classx?xcatxon oF Forn Th:s aﬁproach

-
- e T

) encourages 1np11cxt assump£1ons concern;ng landform

'~gvolut10n, and cnntrzbutes llttle to cur understandzng of

the systgmatxc Puncbzon and evolut:on of . karsﬁ and the

- 7? karst aquxfer The d¢i1n1tlon oF karst stated abova uould

"

o

be roundly'regtcted by th:s group

- L. - - -

Eeomorphlc ﬂbaervatzon has_prov1ded some’ T

1nd1catrons oﬁ‘thg 1nteract:on bctuetn-rc; and karst

-t -

houever,..ﬁxotke (19&8) suggestnd that closed depressions

PRt R - A

were pveferrcd lacations for thg 1njt1at:on of glacxers,

and that peranxal ice forms at louer altxtqde in karst."
.areas. In contrast> Barrere {19647 noted that glaciers

- . . e

T ~overlying kerst apprared to hg:g been less active than

~ -

those éh:;djiacnt non-k@rsthocks.

, . .
L] ™ F -
-

A variant on the geomorphic approach is the

= .

s

_ speleclogieal bias of Maire (1976, 1977a,b, 1978). Alpine

-~ - -

-—

sfructure. e / o

o - —
s

Exceptions in the European work are the thesis of

N
T

-

U11dbarger (1981) and recen collective research_on the

',--_.-—
~

e

cave sUstenms are interpreted largely in teras of geologic..
Y



e ’ - -
Hthata} in Switzerland (Behrens et al.i1981)., UWildberger -

draws on <o ble hydrological and hydrochemical data

- A -

to characterise the alpine karst of the Rawil ;egion. The

S
i

Muotatal study describes a sygtemitic_tracer s‘dﬁ}

undertaken by a large team, - This region provéd to have a

LI -

most coaplex hydrolegy, including multiple spring groups,

. R * - ' . .
tracer-dependant divides, and flow routes passing beneath -
valleys and'riiing at springs above the intervehing valley

floor level. The tracer work followed that initiated by -

‘Zotl {1374 inlﬂu;triad and Ege methods and locale are

&~

similar to those of the pre%ehfiuork. ’ -

.- ) : 4 e -
The -interactions described between alpine karst and
glaciers are complex. The local” effects are some

a

conpronise between solutional enhancement caused by
' . s

proglacial discharge and subpression by the debris .’

characteristically produced in the glacial n&vironment.‘

fﬁﬁﬁuBbsarvations in glacjated karst (Hora 1935, Lauritzen 1981,

P.L.Qmart and P.W.Williams pers comm.) show that certa;j>

\\_’/’-\\\?onduits <could only have functipngﬂnéubglaciilly? ponons on

- - -
divides or on roches moutonnes, and ascending passages in

L = "

valley walls are examples Walder and Hallet x19?9)
_describe prev;ohsly subglac1a1 karst from exposcd

proglac:al bedrogk areas I@e 1rregu1ar subglac1al -

»

dra:nage system 1n€2rred Trom surface norphology was not

- -

/iq1ear1y Antegratnd with the karst _ - T,

=

‘.

-

AN



! The karst aquifer\nab be dramatically. affectiad by
b ‘ ~ . g '. . b )
- glaciation. In particular Ford (19?9‘ 15835 idEntiFfeS'

nine effects, ‘which ‘are broadly cIasSed undtr destructxon,-
- Y

ggrangenent 1nh15?110n, preservatlon and :nhancement
Ford- boxnt» out that while some of these eifects‘have,bee;

- obsefved, others remain hypothetical. Indtharaipine‘
- ?situaéion, glacial dissection-;n& deposttion have resulted
1n-ext¢ns:v¢ d:structson and angement of karst aqq1+ers.

-

The 1npaﬂt of extant’ Jce‘reﬁaxns speculatxve, but depends

on the dxstrlbutxon and ‘extent of the ice body. ﬁn eianpl%‘

-

- oP postglac:al derrangement is descrxbed by Brown (19?2)

. +rom the _entral Canadian Rockies., in which karst has begn

\ !

buried at theﬁsinks\by a-postglacial landslide, and at the

. \,
"Torisitigz by fluybha®lacial and fluvial sedimentation. Where
- postglacial tntrznh@mant has occured, the karst may be
~— rejuvenathd Palmer ?\QF?) and Mylroie (19813 confirm

these;effttﬁs in louéF“FeineP J2reas.

- . \_
- L]

T . The abalxky of caves to st:flgsﬁglfcxat1on has made

-

them a use?u%-palaeoenv1ronmental

~

to have bg§n a decrease in speleothem productxon durxng
-

glac1é§;on5'(@fk4nson et al 1976, Gasgoyne ?Q‘? p2d6,

Harmon et al.19773, uh:th suggests reduced 'qgose

sSource Thzre appears

tast)leguard Cave suggest that this need notBe an absolute

I [

cessation. Howewer, .major infilliggLQthts in caves appear

e —
hY

o

-

oy
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to date from glacial epochs,

Ford (1971a) and Ford et al.<1976) have shown that
temperatures beneath the Columbia Icefield .are iﬁsuPFiceni
- to méintain:permafros%.:‘ﬁﬁeas beyond the‘“protection".gf

the ice are'heaviiy frost shattered although arounduater

-

appears to be able to +1ow through pre exzstan condu1t5

(Ford 19?13,_Tolstxkh1n and Tolstxkhxn 19?b). In this

cpnﬁext glaciers may be viewed as-aF+ording protection:¢r6m

‘the birmafrost'éeginé.aPFé;tjng-exEraglgcial éregé.

2.3. THE CASTLEGUARD AREA  ~ ~ _ . - = = .77
; Sweetlng (19?2) dESCPlbeS Lastleguard as’ ‘a typa a4

IOCaIity of Schxchtreppen karst It is st:Il largely

oaerla;n by glac1er 1ce, "so that the as;oczatxon betu#en

. ,) . . - <
.the 1c2 and karst may»be actxvely obseﬁued, rather than

inferred From_rel:cilandforms,‘QS'has been iﬁg_case~1n aﬁét

T * . . . - . . ’ - -

other studies. . T o L. - “ .

[ - - v

- The Cﬁstlgguard area lia; in the northern extremity

-

of Banff National park, &lberta, adjik@nt to the

continental divide (Fig.2.1}

!' ‘ .~ {
r . The landscape 1s domtnatvd by Castlequard Mountain

(3083m, Fig 2.1, a ho:n peak cut into tpper Cambrian

clastics and Hestlng on a broad plinth of resistant
»
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limestones and dolomites. The plinth supports small cirfque

glaciers to the south and east with broad preglacial

benches 1n front ok them. DOn the north and west sides of
the mountain lies the Columbia Icefield. This supplies the
Saskatchedan and the Scuth Castlegﬁard Glaciers., The

Icefield and thesngiaciers'deFine the northern and western

boundaries of the area. The glaciers become deeply -
crevassed where they flow over the edge of the Castleguara
Mountain pedestal and occupy deep glacial troughs in their

lower courses,

C;stleguard Maadd;s is a broad transection wvalley
extending between the Saskatchewan ‘and Castleguard valleys.
It descends 200m from north to south where i1t hangs 300m.
To the east of the Meadows an elongated bench, matching
that beneath Castlequard Mountain supports a series of
vgriogsly evolved horn peaks and residual ice bodies called

{

the Terraqe Mountain Range.

~ T
v

Borea{ forest occupies much of the Castlegquard
valley up'to’2050m. Whare a stablé substrate is avaiiqble,
alpine meahpw extends up to 2300m. Above this and in
recently deglécierised area§ there is little if any‘

vegetation,



The lithology and étrgcture hayé been described by
" Ford ¢1974, 19832 and are sumnariséd‘in figure 2.2. The’
najor'karsﬁ rocks are platformlcabbonateé of Cambrian age,

with greater than 560m anregate ﬁhickﬁess‘

e basal Cathedral Formation may be divided into

twoThembers, the‘ﬁain';nd Upper .. The Main Member-i% a very

-+

uniform, well bedded, massive black cfystalliné limestone,

whereas the;Upper'Hember'in;ludés ere‘shéllow water

facies, and is more wvariable, including coarse and

:

porcelaneous beds,

The.Stcphen‘Formatién_overlies the Cathadral

: *Limesténe,énd.ls,a.60m'sequénce of more thinly bedded 4

doloniteﬁ, limestdnéﬁ_aAd célcgre?Us shéles. The Eldon and

.

Pika Fornatiqns”are'ffne:grained‘limeﬁtonés with regular

dolomite féminae ieparéﬁing.tha é-iﬁcm limestone beds.

~

South ..of Castleguard Mountain occasional 10-30cm thick,

veﬁtical-éedinentarv dikes dissect the Eldon and Pika
..- - . , * L . ) -
‘Formation. Similar dikes are seen in Castleguard Cave,

- L

350m‘b¢10u in the Cathedral Formation. It is nmnot_koown

T ~ -~

Jwhether there is vertical continuity between thease

-

Lt features. Aabbve the Pika, the Arctomys Formation commences-
. A 1
a sequence of middle to late Cambrian shales, sandstones -

~

and_dolomites. . | :



22

The Cathedral, the Eldon and the Pika Formations
are exceptionally mas;;ya limestones,‘notQithétanding their
laminated composition. These are cli??-?orning Iimgsébnes
and the infréquent, but extensive joiﬁtzfaces are important
in thig respect. The Stephen Formation is more akin to the
upgar:shalg units, being mechanically weak and gielding

~

abundant talus.

Hydroaeologicallb, #he Cathedral is the predominant
aquifer, ‘Host‘a;tive_cgnduits occupy the Main Member, h
.uhile-éastleguqrd-Cave occurs in the Upper Heqberl ,Uheﬁe
ét-ig exposed, tﬁis limestone is clearly prone fo
solu?ionaiiattack.',Tha Stephen Formation is gene;ally”an‘
aquiclude, the z#céptions'probably associatéd with ioints

or the'SCdiﬁentary dikes which may traverse the whole unit.

[
3

The frequent dolomite Ianinae'prevent large scale
karsti?ic;tion of "the Eldon and Pika Formations. Hobgven,

joints ‘have -proven suitable flow routes, and have clearly

i

- been sofdtionally eplargéd.- Where the uﬁdeblying Stephen

Formation acts as an aquiclude, numerous springs occur,
! .

such as‘along the eastern edge of Castleguard Meadows .

r

-

'The local structure.is unusually sEEaightPorwhrd.;
The Saskatchewan and Castleguard valleys occupy the only o

obvious fold -axes. In'betueeﬁ, the dip'is‘&.s-é.S degress
SSE. In the Castlaguard'valley, dip increases suddenly to

35 degrees, occasional t=3r fractures are evident, and “

~

v



complex, presumably Wisconsinan in age. Henoch et ﬂ

structural discontinuities are seen across the Castleguard
River. Extensive fractures parallel to the +old axis occur
in the-ﬁastleguard Yalley. These now guide surface streams
and wvhere exposed show evidence of karst solution. Traces
of a north-south fracture set are seen on aerial

phbﬂographst Their hydrogeological significance is

, -

5

unknown .
2.3.2. GEOMORPHOLDBGY

The morpﬁglsgy of the area is typicatl of alpine
glaciation, although all the glaciers now app;a?r?b bé,
retreating (Luckman and Dsﬁorn\197§. Reid and Charbonneau
19813, The Pleistocene history is poorly understqédf ;

—

g ' : -
The central Meadows are occupied by a moraihg/. ‘
‘ \

3} .{1979) have dated postgii;;;} material from the uﬁber

Meadows at 9600a 8.P. The_i1mplicit age of retfeat'is
supported by a date of &£000a B.P., obtained fro#ithéwSouth
Benches of Castleguard Mountain for a cqnventional
flowstone uitH;; S0m of the present glacier. The Cavel
adv;nce of the last ,century has baen the most major

Holocene advance.q Ice has retreated from 0.5 to 2.0 km 1n

the last 30 pears. Extensive moraine deposits up to Som

thick occuﬁlin the upper Castlegquard valley.

~
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.
Castfeguard Cave holds geomorphic information
extending well back into the Pleistocene (Lascoyne et
al.1983). Certain speleocthem samples from the cave are

magnetically reversed, suggesting that it was drained at
least 700,000 years ago (Lascoyne, eﬁ_a1.1983). This
implies that local base level was below the cave elevation

at that time,

The present depth of the icefield wvaries from t00
to 365m {(Waddington and Jones) and Meir (1961) gives a

thickness\of from 100 to 200m tor the Saskatchewan Glacier,

The morainic Paterial left by past glacial advance$s
'ﬁou mantles large areas. At;h;gh altitudes periglacial
prgEesses.ara reworking ghis and soli#luction appears to. be
a&tive. Felsenmeere have developed on exposed bedrock

aféas.beyon& the neogiacial limits, except for a feu

resistant beds of the' Upper Cathedral Farmation.

‘F]uvial activity is largely limited to the
reworking- and redistribution of glacial debris. Huch of
the lower Meadoui_is mantled by alluvial fans which are
active only duringlspring snownelt. The Castleguard River
and Meadows Creek have both cut significant gorges through
thick moraines and into the Cathedral Formatfon in

4 »

postgimcial times. ‘

The only surfaces rcﬂLtively free-of debris are the
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recently deglacierised benchas around C;stleguafd Houﬁtaini
These surfaces host extensive fields of subglacial
precipitates; solution-prekipiiat;on‘phenome;a produced by
regelation.at the bed of the van;shed glacier (Ford at
a1.1§?0, Hallet 19?6a)'THe variﬁus ﬁicroforls-created by
subglacial regelation remain ihperFec;Iy understood.

Hallet ¢(1976a,b, 1977, 15793 has demonstrated the

importance of these features in the understanding of
glacial processes. The genz2ral geomorphology of the area
is illustrated in Figure 2.3.

2.3.3. KARST GEOMORPHOLOGY

No karst features are large enough to appear on the
1:50,660 topographic map of- the area (NTS. 83C/3), because
most surface forms are relatively igyng{or relic., The
Cathedral Forﬁa€:on in the upper Meadows contains over {00
ponars, most of which can boast little or no catchment,
baving apparently aaveloped Prob'supglacial or proglacial
stﬁeams during previous ice advances. -Earlier this
century, Freeman (19255 sthed:the éaskatcheuan Glacier to
hold\an ice-dam&ed lake on the upper Meadow;, which

.presumably drained karsti?ally. The ice now lies at least
50m lower, the lake has gone aqd the karst drainage has
' 5

been abandoned. Further south are some depressions of

several hectares in extent. These appear to function

{



during,snou;elt ahd rainstormsh but afellined’uith redo}kéd
clastic scdimentg. 4 few minor siﬁfs on the'easéérh gdge
\Ldf éhe ubpenxﬁeadogs Sée'nourishedﬁby spring; St‘the o
'Elgon-Stephen-contact. h

. Ca%tleguard Cave (F?fp 1971, 1975, f98ﬁ;1EoEd.et
31.19é3,~Thompson f??é)‘ié the maior karstlféatUEQ‘ :;t _
extends géme_é.gkm hdrth’east‘Pr;Q its énly‘knoun_éhtrﬁhcé-
which hapgg s&ne 300m';bove the Castleguard Valléy'(Fig
2.13. For most of its leagth the p;;s;ge.is‘a rem;nkably
linear,. discrétg ;snduit with little b}aﬁcﬁing.-_TEfs in
part refl;;t% the 6as§ivg ﬁatgre of the beﬁroék}‘bﬁt also’
suggests ; highl;‘ocgahiséﬁ and‘mdtuke'karst‘aqgifek, ,The
liﬁearity of the cav; reflects its-?untéion in‘cénvey;ng
wate; beneath ah inpe?mgable caprocl from the morgicqmplex'
headward area, which presentlyalies beneath 100<306m of

Y

perennial glacier 1ce.

- The éave.is noﬁ\a relic fe tu;e, having been
"abandoned .for 700,000 years. It. s thus not cqnsidered:a”
kars£ featdre in the functional definition gi@en‘above..
Houaver,scvzr;l sequencés of flooding, filling and.
rejuventaion hévepgccuhr;d.since its*&hitiaf asgndogment.l
Ford and Schroeder (1983} interpret éxteﬁsivéisilt—clay f
r;thmites as representing ?bstruction of sééings by iCﬁ
advances in tha Cast1€guard Valley, uhile_subseQUent v

1

dissection and collapse are assumed to represent



“interglacial® reactivation.

Vadosé invasion Eha§ts Decome more common. towaras"

-

the headward gomplex of the cave,.beﬁeatn the qlacxpr 1ce.

’

Thése shaPts Frequently panﬁtrate the cave, but appear

T dzscordant, passxng d:rectly through to greater depth;.

Ay

_The walls and ledges oi these shaits are clean uashed and‘

'_may be llttered uxth grratxc: from the over1y1ng ﬁrc+omys.

'—tormatxon, although they are dry in uxnter (uhen the cave

may be saPer v1sxted) but clearly very active in summer,
The errat;cs xndicate some uonnectxon to the surface abqve

the kaa Formatxon‘

Py
“~

The relative u;rmth of the cave in winter 1nduces a
convectxve draught (Wigley and Brown 1976) to pass up
through the cave +rom the entrance to the sha+ts, and into
';1npenetrab1e passages (ﬁtklnson at al, 1983).Q.In sumﬁer)'
thxs_alrflou is. reversed, but is periodféally:oﬁciuded whan

floodwaters £1l1 Pants!oF:theientrance paésaggs;

A

y Apart From the alluv1al depos:ts in the cawe, a
,'dnam1cton (possxbly glacial t111) oceurs in the Headuard

Complgx} IP-it is till, then it 1s 1in marked_cdntraét to

tha clgar}vintruded glacial ice which terminates.a nearby’

passage (Ford &t al.1976 p223).

.-" , -
The temperature profile oF the fave warms *o 3

' ]
deqreea celszus 2 5 km beyond ‘the entrance zone {(Ford et

-
- . . N - -~

ewn

.
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al.i976). Beneath the glacier ice, temperatures decline.
and reach zero once more at the ice blockaée (Atkinson et
al. 1983, Worthington 1983 par%. comm. ). There are

abundant drip waters in this igﬁvr'é;;tion; many of which
. ’
are producimg speleothems., The conventional models for

sp?leothem growth cannot be applied beneatih glacier ice,

a@d the mechanism inducing precipitati;n has excited some
speculation (Atkinson 1975, 1981, 1983, Dreybrodt 1992,-1
Smari_i?B}). Atkinsaon (1979) inittially po;tulated
-évgbo}ationtas a significant‘p;ocess. Subsequent
meésureﬁepts'negated this hypothesis, but also showed
insufficient partial.pressure of caréon dioxide to cause
calcite pr;cipfkation. Atkinson (1381, 1983) has since
\suggeste% that ;recipi£ation is induced by dissolution of
gypsum or—pyrit; by waters previously saturated with
‘dolpmjtel Dreybrodt proposes‘a temperature effect which

i

Atkinson-(1981) regards as unimportant.

L

© 2.3.4., HYDROLOGY - : .

The climate of the Coluabia Icefield region is
bo&rl;'docu;tnted. Meteoro]ogf:ai stations at Sunwapga
(50km)> and Parker Ridge (10km> provide scant winter data,
b;t the nearest established s?ations'afe Jasper’ (106km),

Lake Louise ¢103km) and Banff (153km)>..
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’

i

In general, mean daily temperatures above fEEezing
occur from May to September inclusive, and rain may be

expecte&’dqring tgis time. The great altitudinal range of

the area implies a strong variation in temperature and

precipitation with elewvation.. Sn?u may fall ésove the
N
treeline throughout the year.

Ford et al.(i9?6) estimated q;an annual

temperatures by interpoiation from neighbouring stations. -

The calculated lapse rate of 1.0 degree celsius per 120m

A

gave a mean annual temperature of 0 degrees at 1600m (the
level of the springs in the Lastleguard valley} and.'-7

degrees at 2500m (the highest ice-free karst area’,
5 - —

The winters of 1978-1979, saw 433mm and 407am water

equivalent snowfall at Parker Ridge., Both winters produced
- K L.

relatively low fnouFalls at established sites.) The®

-

relationship betuween these data.and snowpack status at the

: v
initiation of spring runoff is unkpown. Heteorological :

- N v

data were collected on Casileguard Meadows and the Benches

in the summers of 1979 and 1980, and these are presented in
| 4

Chapter Four. J ‘ .~

Surface runoff occurs from May-October with peaf
flows in June-fugust,- depending on catchment altitude and )
- - - L
ice-snow status, Owernight témperatures below zero have a

-

significant etfect in Paducing streamflow. Mors sustajned
. ¢



- - T . . - . )
flows_.may occur in rivers drawing on groundwater.

- -~

—_—.

ot -~ Surface streams drain the South, Southeast and East

Castleguard Glaciers and Terrace Mountain Glacier. In
Ja v e
gspring. surface runoff drains the central Meadows area

where till deposits-are then wet and impermeable. In

sumfier this area d;;ins internally through constricted

sinkholes. Catchment areas are therefore seasonally
variable. The lower Meadouws are occupied by extensive

gravel fans which act as local aquifers. Small sinks occur

... in an adjoining alluviated area hsre, /and the fans may also

-

have sodgibadergrodnd leakage. Although the south east
Benches -drain surficially in spring, the'residual ice in

, : i)tﬁz upper catchment drains underground in summer,

- The upper Meadows and the south Benches are karst

P
-

areas; all runof? &}sappeérs down ponors. The upper
Headows are snou}f;ee from mid-July and sinking streams‘are
»  ¥ad oni;-by springs or storm runoff, The south Benches are
a proglacial area, sorthat sinking streams are active all
summer, Howevé%ilthe ablaﬁion i1s- brief both daily and

- -y

- "seasonally because of the high altitude and limited

storage. In summer, sinking streams engulf less than 2
t w
o cubic- metres per second over the entire Castleguard area,

.
- S S My
- LT A LT e .
. s - [ — -

-

;; ~.Thgre are numarous springs which may be classified’
! —

-

jé Po]&%usi;

v

X
3

i
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1. Springs flowing from the Eldon-Stephen contact.
2. Springs in the upper Cathedral Formation at the
level of Castleguard cave,

3. Springs in the lower Cathedral Formation in the

floor of the Castleguard Valley.

.

4, Springs draining unconsolidated alluvial an7/“

glacial deposits.

The Eldon- Stephen springs are mostly Found along

2

the eastern edge of the Meadows. R few on tLe—louer -

western margin flow only during snowmelt on the terraces

above.

The few springs in the upper Cathedral Formation

occur at the lip of the Meadows, 3J00m above the Castleguard

River. The Red Sprirg . lies some 30m below the entrance o“\\

/

‘/ﬁastitguard Cave. It} is unusyal in being a pefennial -

f/ spriﬁg) The Cave antgbnce actf as an 1;tﬂrm1ttent spri
-disgorging substantxal Floods or hot days in summer (Fo;d
{971a, Thompson 1976) The floo : rise from a é@éﬁgnqﬁf‘y
Fl;oded shaft inside the cave fin an areq-knoun as Boon’s
Blunder. Floo&s also hawve to ride up a further 8m sha?tr

befome discirarging from the entrance.

*-
Springs in the Castleguard VYalley are visually

dominated by the Big Spring which‘is the largest of a group

of 5-6 springs hanging S-40m above the valley tloor and

L

'
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=

discharging from a front of 300m. These springs combine
into a turbd\gnt stream which iomediately joins the
Castleguard River. Freeman (1925, estim $d the springs_.to

have a flow of 1,500 cubi;ffeet‘per secohd 533 cubic metres

per second), but ForH ¢i971{a) established a more reasonible
- . t

§
i

figure of 9-11 cubic metres per second. Further
~ s
exploration of th€ Tastleguard Valley revealed at least 80
) - - :'
springs extending 3.5km downvalley from the Big Spring.
i (-

-

)

Uaber éxnk:ng in the upper Meadows was traced to
Y

the Big bprzng ¢Ford 19?13) However, the imbalance in the

‘“observed groundwater budget lgd Ford to suggest the base of

v

the Lolunbxa Ice?:eld as the most probable source 10» the

maJorxty of tha Bxg bprlng Uater nTh1s-uas supported'by

the relative clarity of the ugier hﬁen compared to the

—r 4

turbid Castl;guard River into which it flowed.

Furthermore, the waters are saturated with reference to

cédlcite at .a partial pressure of carbon dioxide far below

apbientqgtmOQﬁhtrié at any possible soufte altitude (Ford '’

19?1): This is characteristic of glacial and nival

Im?l%wa{gr: {Cogley 19??, Ek 1964, 1966, Miotke 19743, A

M

large ﬁoﬁfih (approw.. 100m x ?Sam) engulfing a substantial
quantity of uate;‘hzé)been recently reported from the

Columbia Icefield, almost direttlg\qverlping the ‘headward

zangjaf Castleguard Ceﬁe-fB.Gadd, pers. comm., 19813, . It

has never;been closely examineg, and its hydrogeoloéicar\



significance is unknown. ] - J

- h .
- - - ~

Ford suggested that water frpm the Coldmbia-_

-

Icefield travelled {hrough an active analogue 'of

. - 1
Casg}eahhrd cave, graded to a lower valley floor. The

~

active system was referred to as Castléguard II in contrast

v oae

to the f&li;‘cave,~¢;stleguard I, The traced link from the

-

' bppeﬁ,ﬁeadSugtto tﬂe springs was-cgllgd Lastleguard II1.

The springs ceése éfﬁwing in.winter;-but,&ike sinkholes in
the areq,\aré'nbt'explbrable for any distange, | °

F}ow from up;ongolidated-materials js‘_

‘ - .

quantitatively ynimportant, because of the.ﬁpparently low

permeability of till in the area.

-

r
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CHAPTER THREE

Ed

THE FIELD PROGRAM: : -

APPROACH, DESIGN aAND IHPLEHEHTQIDH‘

3.1, APPROACH

- )

hl

3.1.1. THE APPROACH TO KARST HYDROLOGY"
!

Conventional- hydrologic investigationq‘are usually
/ L . . -
concerned with the behaviour of ,water within a ﬁ;lected
- catchment that is topographbically detined. In karst areas

v

groundwater is of great importance, and the unpredictable
patﬁaﬁn of groundwater flow means that tge catchment is. not -
immediately apparent. The pr;ncipal task of thae karst
hydrologist is thus to define the catchment. This is—
usually undertaken bQ an arduous program of trggz; |
dclineatgon (e.g.Qtfinson 1977, P.L.Smart 19773, although
quite apart from the phys}cal and logiét{c'limitationéjof
point-to-point tracing, result; may be ambiguous and

dificult to interpret. An impressive example of such -a’ -

study is from Kentucky (Quinlan 1382), uwhere water level

i)

data from over 1700 wellis and results from cver 400

point-to-point traces ware combined to define 28

37
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catchments. However, even here divides were not absolute:
i )

dye might go intd two "catchments! from a single 1injection

point, or the boundarieg might shift with changes 1in

discharge. -

' In areas where the geological structure is complex,

or the primary permeability of the limestone small, the

" water table has bee¢n rejected as a useful concept (e.g.0brew

1966, Lattman and Parizek 1964). As a result karst
groundwater. flow is difficult te model theoretically

without considerable empirical informaticn.

»

-Qtttnpts to go ?urther and define water budgets.For
karst areas have met with Iiniteq EUCCRSS (e.g.ﬂtkiﬁson and
Drev 1974, Chemin et al.1974, Margova 1970, Thus karst
hydrology is often more concerned with basic definition

than with strict resource evaluation,

3.1.2. AQUIFER MODELS AND THEIR IDENTIFICATION
13 Flow Analysis -~

The overall character of a karst aquifer is .

reflected in the behaviour of "the discharge through springs

which integrate the behaviour of the whole basin..

. Qping#lou 15 amenable to quantitative analysis, but the

mcdel applied depends on the a priori conceptualisation of

th ifer,
e aquifer ”

-
'\/\l )
-

3

e
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White (1969) defined two basic flow types: diffuse .
. ‘ .

flow and zonduit flow, which Atkinson (1977) attempted to
"quantify for the Cheddar Catchment, Mendip, UK. White
£1977) went-on to suggest that the recession constant fat

might be used to characterise the aquifer in:

4

Wtr = @(0) exp -a t

. { . ) .
where BR<0) is discharge at the start of recession

‘@(t) is discharge after tima.t

» . -

t This approach may not always prove useful, because

compound recessions may occur (e.qg.Torbarov 19763, or

3

exponential'rzcéssions may not be discovered, or be ratﬁer
brief (e.g.Wildberger-1981i). The former case 1is
conventionally consideared to result from the drainage of

different storage media, but interpretation of recessien

behaviour has so&etim?s proven difficult. , \

A variety of chemical paré@etars mayrbe used to
characterige the history ofjééring‘uater (e.g.Dr;ke and'
Harmon 1973, Jabdpsoh and ?angnuirxié?ﬂ, Schuster andHUhite
1971, 1972, Wigley et a1.19?3). -These authors all assugedf
‘a diffus; flow-conduit flow model., The effect 0;
precon;eived notiph§‘like this is illust?ated by the
-iétenbretationlof oxygen isotope data from the Pyrences

=

(that of Eberentz 1976) by Fontes ¢1981), Qho assumed

altitudinal provenance as an explanation., Interpretaion of



' ) P ' . e
further data from thg same svstem led a group of karst
hydrologi;ts to beject the altitu&inal‘provenance‘
hypothesis, and to give an.explénation purely in gerﬁs of

hkarst‘ﬁydrology (Bakalowicz et al. 1974, Bakaiou}cz and -

Mangin 1580). * ‘

Orawing on considerable datd and ‘experience the
latter group have proposed a sophisticated and flexible

model for the karst aquifer (Mangin 1973, 1975, BakalowicZz
N .

and Mangin/igeﬂﬁ. The aquifer definition is that proposed
in Chapter Two. It is the systeme annexg and the

epikarstic aquifer which are the crucial differences

Eétueen the French model and the diffuse F!ourconduit‘#lou
model of English speaking countries. Diffuse flow is held

to be the steady drainage of the systemes annéxgs, rather

. than drai;agc of fracture and pore storage.:‘The‘complex,:

ationship between the cogzuits and adjacent or distant,
proximal or distal annexes aécounts for many of the

peculiarities and mon-linearities obgprved in the discharge

(

from karst aquifers.

In part the nationsl differences in the modelling
of karst gqui?ers reflects actual differences in the
chéracteristic karst of different n:tions. However, the
quantity and qualTty of data qn'uhich the French model is
based- has not been 2qualled in North America. It Qust be
recognised that the.level of explanation zan only match.the

Ve,

—



sophisticated models.

. distributioh of chemical parameters

41

'-availab}e‘data.. Hpre detailed data aliqu more

a maJor cr1t1c15m of Mangan s model is, ltsmfather
broad generalzty ’Houever, this “is essential in order to
engompgss fiot pnry pHQsjcal garigpihity between particular
cases, but tHé evolgtionary néﬁure of the karst aquiPér.
The 1nternal evolutxon of the karst aquitfer may be

drauatxcally dxsrupted by quLte 1ndependant geomorphzc'

_evolut1on of the suriace env1ronment. In tnzs respect, a

histoﬁy'of glaciation can have .a major imﬁact on the nature

of an aquifer. - ' s -

Hagln (19?5) attempted to develop a classx+1Lat10n

system*?or karst aqu:Fers -based on the rece*slon behavzour

and the dynam1c storage compared to total annual +Iou

-

.UnPortunaiely, the paraqatgrs are scale and cI1mate‘

senéiti}e, and réquire abundant daﬂa. "R rational

K L . v Ay ) N ) '
alternative is hard to conceive; however.

A-possgible aethod has been shoun-ﬁy Bakalowicz
(1977 anq-Bakélouiéz and Mangin (15803, . The ?requency

. . ) L

been. found to bﬁ generally polymodal compared to_thatlfrom-

tdiffuse and fracture aquifers. This shows that

1nterpretalons based on the coe??xc:ent of variation 5

(e. g Shuster and Uhtte 1971, Ternan i9?2) may be :omewhat

in karst sphing?lou:haSj'

1



mislaading when applied to such diétributions, although .the
karst data are generally more dispersed‘éhan»those/#rom .

othgﬁ aquifers.

A s
’

v An approach less demandinb on di;a is the
cross-correlation of inputs to'the agquifer with sprifng
-digscharge. hshton (19&6) developed the .method 1n1t1a11p,

assuminé -ertaxn relations between rainfall and the -
chemistry of karst uater Unfortuggﬁé?bs excessive N
.;nterpretat:ons of these sypposed relations have been nade .
(e.g.Dhrlstopher t9803)>., The hydrochamxéﬁl xdentzty o? ‘
storm water is now ;ecognzsed to be considerably. more s
complex than xn;tially thought (e g. Fr1eder1ch‘and bmart R
' 1983, Hlller 1991 Walling and Foster 1975). |
. . - - / °
A mo#e,robuft procéaur; is the identification OP\\
the. discharge response pF spr:ngs’to storm events. In some
k:;st aquxf:rs a s:nk:ng stream provides a simple input
“;eriesi Uﬁerevsimplé*thquthdt Qonditions hold,
statistical analysis of the iﬁput-output seqiesﬂgiglds
anornat:on on the systenm (e g Broun 19723, -Uilli;;s
(19??) perhaps drautng.on earller work (eg Tate 1879) N ®
l'descr:bes'aq elégaq£ use of artificaial flood pulses from a
hydroelectric daﬁ[f,Furtgérmore, this is the only known
.c;seiuherg‘digifal filtering of the output series was u;:E\\\_hﬁ .
tg cl}rify the signal. In the pres;nt work the compound |

ﬂ'rhnpff response to Both:nelt and rainfallthlso demanded
, . L ‘o )
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digital filtering. 5@53 : .

‘Unfortunately, influent streams may be only a small

component of the total storm input <e.g.3=25% for the

ainfall itsel#
- §§;£35t§h§ taken ag tﬁe forcing function, This resents/h/
[ - . \
- problems in identifying the arcal effective rajinfall, and

becomés yet more complex whare mixed rain-snogfall occurs.

_ Mendip Hills, Atkinson and Drew 19743, and

Dreiss (1382, expanding on earlier work by Knisel ¢1972),
expendéd consi&énable et fort in de?iniﬁg e#féétive
1 .

precipitation so éhat nﬁneri&al ingtabilities could be‘
avoi;?d and catchment areas identi?iedj#or particulab
//_ hsprings. Mangin (198ia,b) did not reeogn;sa,a Qrobiem, and
A/”’f ﬁ;ed the cross'%pectfal analysis of rainfall gnd-épringflou
v ‘.f“‘xeko identify water balances’uith appibe&t suc;esg (1981
( 'per;. comm’. ), Y

. F”\\\‘:i) Tracers - - B -
. © .
The application _of hydrologic tracers to influent
wvater may yield Purthar.information ﬁn the karst aquifer
(Rtkinson et al,1973, Brown 1372, Mangin 19753. Recently,
y rcﬁeatnd tracing has" shown that the behaviour of =an

injected tra@gr'ié strongly discharge dependant (C.C.Smart

! - and Ford 1981, -P.L.Smart 1981, Stanton and Smart 19817,

Combined F}pod pulse and dye tracing preovide

additional in?ormat&pn in the telerity between the impulse

)
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[

. -

and the tracer (e.g.Atkinzen et al.i$73, F.L.Smart and

Hodge 193501, Experiments§on.bivers (eg Buchanan 1966,

 j_G1over and Johnson i9?4) have ?éiehtd Yye cloud-flood pulse

- - -

celerity to channel form. " .. R

- *

Relatively little work has Focussea;dh the nature

-~ .

of the breakthrough curve in water tr;cing {ie. the

- 0 - - )
time-concentration or time-mass curves_of tracer passage at

-

a particular pojnt). The unaerstéhding'bf this curve iq/ﬁ\~f

the obgéctive of disggrsgén“theoryxfn vivers, which has

-

many practical applications 1.Belataos 1980, Brady and

-

] B - z
Johnson 1981, Fiwcher 1968, Taylor 1954).. Recently the

study of disper:ionq%épar%yndﬁgzsr has become important,

s

. (e.g.Pickens- and Lennox 1976, Meyer et al.1981, Smith and -

'fgthuartz 1980, Schwaftz 1977),, but‘&?plications in -
carbﬂhate"pquifers Sre rare (eg Gr?ye ;nd Betem 1971,
Behrens et al.(1975) studied the’di%persion of dye passing
through the conduit sgstcm of a gla;i;r, and interpreted
th# breakthrough curve as denoqftrating open cha;nel flow,
The.major constraint on this smethod has been technological.
Unt{} recently, sensitive, inexpensive, high’?requency,

real time techniques were not available for use in tracer

investigations.-

3.1.3. SUMMARY OF APPROACH %
- ' B

r

This highly condensed review of methodology in

s " u,/*)

/

1

5

A
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L

karst hydréﬁqu has demonstrated the effort which has gone
inteo the under;tand}ng of the karst aduifer. _ﬁouever, two
main points do arise: first, thaéxthe principal.difficulty
in karst hydrology is catchment definition, a trivial
problem in more'convestional studies] secoéd,.there is a
danger of letting preconceived.notions colour the {

interpretation placed on data. #As a2 re#ult, it is

. advisable that a foundation of empirical data is+available

before more general statements are'made. The experimen?al
designzfor the present work is correspondingly design;d to
construct a basis for the definition and description of
vhat appeared to be a ranarkably-dynam:c kargt aquifer. To
uhat extent this behavzod”lreflected the xmpact of

glacierisation or glaciation was unknown, and constitutes a

.princip;l objective of the tfydy. Hodewer,-there SRens

PU-T ]
little purpose in.developing untestable hypotheses in the

absence of a firm definition of the aquifef in question.

' - &+
3.2, RESEARCH DESIGN AND IMPLEMENTARTION

3.2.1.INTRODULCT.ION

-

idard karst is the most exteﬁsively

documented in‘J _ i ¥ yet previous knowledge of the -active

presented in section 2.3. At the commencement of this




* and the uxth a flow though tlne o+ “about 3 days,:

eguard QLL,Egi connection hypothes1sed

between the Columbia Icefield and the Big Springs.
- .

3. Sinking streams od the south Benches of unknown

destxnatxqﬁyr

4, Floods of unknown provenance emerging from the

2. Ca

o

Cave entrance for up to 19 days. Co

‘\\ 'S, One small-spring 30m belou'the CavErentrance, and

NS
Tanother S00m away to the soutbftast at the same level.

6. Various vadose inlets passxng through Castleguard

" Cave, which was ifnferred Eb'paéﬁ completely under the

Icefield,- because of the existence of the cave wind.
7. The big Spring and the Cave were known to be dry
during the late winter. The hydrocheamistry was dominated

by“&eltuatéﬁs.
The two probleas of-interest are: -
k) to imprové the definition of the karst catchoent, and.

~ 2) to document aquifer behaviour, and to gain some
understanding of the nature of the inaccessible aquiPéﬁ,.in
particular with reference to the effect of glaciar ice.

‘ o
To this end field investigations took place in July

1978 (9days), July-October 1979 (94 days), and

-
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June—StptenSer 1980 <107 days). In addition, a single dye
trace was made in August 1981, and two April expeditions to
Castleguard. Cave tqok place in 1973 and 13980 for 10 and 20

days respectively’ - e

3.2.2. THE CATCHMENT

Catchment definition uas-;ttempted by dye tracing

\

accessible siniing streams on the Benches and in tﬁe upper
Maadéﬁs,'and in~on;ncasejfrom a marginal moulin on the
Saskatchewan Glacier. The absence of any discrete streams
and the inhospitable nature of the Columbia Icefleld (it is
highly crevagssed? prevented more extensive tracing. Ip
addition, only a sxngie assistant was available, and eve&

.../
the unglacierised catchment rather extensive, an{f’;r’

logistically demanding.

'The‘aischgrge per unit glacieriszed area {(the
"specifi; hﬁné?}") H;S estimated for several fine summer
..:dayg'fOp‘th; Peyto ﬁlgcier, an I .H.0. Glacier 70 ko south
of Castl;gua;d.kYoun; 1977b>. This was compared to results
from othtrlinigrumanted siFes in the Rockies (Mathews
1964),‘the Purcell Mountains (Weirich, pers comm. ), and the -
CoaéE’Rangns (Hokievsky;Zubok 1973). These data were

_?airly consrstent, and were coampared to results from the

East CastlcguShd Glacier, and the South Glacier. The total

\
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discharge from the karst catchment may then be crudely

related to an equivalent catchment area.

Such a cirude estimate may be evaluated in the

context of regional geolegy and topography. Radiorecho
sounding data (Waddington and Jones 1977) ware combined

~F
with the seismic results of Meier (1368) to construct a map

of the subglacial bedrock topography. The surveyed

&

position of the ice blockage in the Ca&e provided a further

datum, and the entire headward complex a minimum elevation

for the glacier sole. It was assumed that icefalls
represanted relative increases in slope, and that
~ ~

extraglacyal <ontour lines could be reasonably extrapclated

beneath cR.

I+ water in different environments has distinet
,chgracteristics in i1ts cheaical composition and discﬁarge
variability, then’the;e propertias can be sought-in the
spring water:: to identify contributions by waters of o~
different provénancé\‘ Carbonate cheaamistry is not
nece;sarily a good-indicator,-and more conserva%ivg
charhcteristicﬁ such as the isotoéic doﬁposition are more
useful, although they cannbt be determined in ?he field.

\ In 1978 d;thPEUQ'SQ’ples were ‘obtained during a .

brief- recannaisance. Samples of rainfall, snow, ice and.

meltwater were collected from around Castleguard Mountain



and down the Saskatchewan Glacier. The Meadows Creek.uas'
sampled over several days near its source, and the cave

springs were sampled during a égve flood.

The data demonstrated the expected distinctioﬁ—
between meltwater End prectpitation and a crudely-éiurnal
behaviour of the melt straa;t These resulis encouraged a
major effort in 1979 producing more than 600 samplas, many
fronm regular sampling of the Big Sp:}ng. Unfortunately,
facilities for anslysing thesa samples were not available
and they d;teriorated in_gtféage.

- RS -
Samples for carbdnéte chemical analysis were ta&éﬁ -
in 1979, regularly from the Big Spring and 1rregularly-
el sewhere. Samples were analysed in the i:eld for calc;um,

total hardness and occaSLQnally for blcarbonate and pH
\

1979 samplxng shoued lxttle var1at10n at the Big bpr:ng,
.but conszderabla variation-at the Lave bprzng> The remote
locati'on of the latter-sprxngs (some two k:lometﬁes from

‘ base) meant that Si—’Tlng +r¢quency was 1nadequate

Ay

Contxnuous fonductLV1ty uas attempted in 1980 to overcone
this, but_the data obtained was transitory and someuhat'
unreli e. The uater chemtstry was otheruzse abandoned tn:
1980 gacause of lack of clear var:ab:l:ty, and 1nstab111ty
r25u1t1ng from lou-partxal pregsures of carbon dioxide. and'
very Pxne suspended sed:ment .The very lowrghemlcal-load'

of’ nany oP'the u@ters also’ gavéfthélfiﬁl%‘analyées poor .’

AE W
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precision. Instead emphasis shifted to the hydrolegical -

. and dye tracxng program

¥

b

- v 3.2.3- HYOROLOGY o

The hydrologzcal program demanded mea:urement of ~ -

.- . total spr;ngflow and 1n¢10w to tha aqux#er : Hagor znputs

uere 1naccessxble, therefore an attempt Was made to define

an analogue 1nput to the aquifer. This was pursued at too _

. Ry
- -

levels: meteprolog;cal measureaents -(temperature and
. - - V’_ ’ / T - ;
rainfall) were 'made at high altitude, and the discharge of

-

‘the 'East and South Glacier melt streams was recorded. The

'dtteorological stations uére located on the 'South Benches
N

'.and in the ctntral Headous in 1979, In 1980 the Meadous

~

' T statxon vas novcd to. thc upper Haadows into the karst area

~
-~

to be norc relevant to racharge and because 19?3 data

-

-

1nd1cat¢d less ralnfall Furthar up the Headows A raxn?all
; record was also obta:ned from base camp at the Big Sprxng
- The qaugzng stat:ons on tha Lastleguard vaer and
the Maadous Creek ware maxntalned in 19?9 and . 1980
B A Qdd:t:onal lnput xnfornatlon was obta;ned in 1980 by

.o gaugzng sxnkxng streans on tha Benches and in the upper

‘Meadous.‘

The output Prom the karst system was, 1n1txally

conce:ved as th&hgigfipnxng ‘and the Cave bpr:ngs , The Big

. ~ f
J ’
-
'

e
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bpr:ng emerges at the head of a 4Um cascade, and stage was
recordad Frdm the plunge pool in 1373 and 1980 Other

. , TS
gprings'nearby vere included in the rating‘of this
rétordéf, because of gauging difficulties, and it ués
1mp]1c1t1y assumed tnat a consastent relatxonshxp would
hold batueen the Big bprxng and the others. In August
1980, the Big Spring dried up and a retorder was instalied
downst;eam to:measure flow from the reﬁaining springs.

This site would have been preferable at higher flows, but

was hydraulically and geométr{;ally unstable (Fig 3.0,

ExpLoration of the'Castléguard Valley in 1979

revealed numerocus other springs dounvalley of the B:g

'bprxng and alohg the course of the trzbutary Naadous Creek.

The hzghast elevatxon sprxngs were apparently abandoned,

Polloued by a level of 1nterm:ttent spr:ngs, some lying on

the d1v1de be%ueen the Meadowb Creek and the Lastleguard

River, The louest level ;pr:ngs were often heavily

¥

E alluviated_and Some mAﬁkeq by quxcksands. The Artesian

R

Spring rises in a spectacular bbil besides the Castleguard

i -

hiver éona 3.5 km dounstream'From the Big Spring. Water

qualxty and temperature o+/bhese\}pr1ngs suggested a

. provenance bxnxlar to the Bxg bprlng water., Gauglng in -

1379 :howed sprxngflou ‘to COntr1bute ‘3.5 cubic metres per

secqnd over.a 1.5 km reach oP the Meadous Creek ,and in

'Iﬂﬁﬁ‘tub recorders were employed'spann;ng thxs_reach to

Lo
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measure collective =springflow (¥Fig.3.2).
o , .

The summér.of i980 was soméuhatlcdld and @et.iin
marked- contrast to 19793, and the small high altitude
sinking strea;s dried up . és a consaqueﬁce{ an adju%tqent
was made to the Field program; in order‘to docﬁmént‘the
recession. thundapt h;gh altitude recorders ware moved.to
three valley loéations, the Castlegu;rdléiver Spring <(#1),
and the ﬁrt;sian Spring and Cr;gk. It was not possible to
calibrate any of these recorders die to their brief

operation and remote setting,
-

' The'Caye Spriﬁgs were Fqllectively gauged 1km
downstream'anq 200m lower at a cqnveniengplocagfon -
(Fig;3.3); The pere2nnial Red Spring uas.overrun when the
Cave. flooded and could got be separaéely gauged., The
apparently sequential Flooding of the nearby Forest Spring
and the cave was inwvestigated by placing a stage pécorder
on the former spriﬁé {n 19?9. }he Faguence Hfg/:;nfirned
and the. recorder vas unﬂeca;sary in 1980. The bverall
gauging of the Cave Springs was complicated b; the two
orders of magnitude difference between Red Spring discharge
and the Cave‘Floods. The cave floods were considered of
greater importance and as a reéult'thelresolution and error

in the Red Spring discharge record are rather pEE’,PJ
l—jl ’

Total springflou could’not be measured due to the

_N
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'ﬁumber and distribution of sprlngs, and the magn1tude of.

total d1scharge The dqunvalley extent of the -aquifer was
'1n1t1ally unclear, but the »outherly structural’ d1p br;ngs

the Stephen Formatton into the valley Ploon some Skm
doupstream o+ thg‘Bxg Spring, uhgre it may uell_proﬁidé a
confining bed. ‘ﬁp'obviﬁu% springs were found beyond the —

Artesian Spriﬁﬁ.

Figures 3.4 and 3.5 show the distribution. of
fnstrunehtatjon'in 1979-agd 1986 respec£ive1y; Tables
.3.1-3;3 describé the locations of hydrometeorologlgal
instrumentation ;nd the per:od of operatxon Mot all
-gauging sites uere’successfully rated, because of
fnacczssibifit;, unstable section, or brief tenure, ner was
all the information furnished by an instrument necessariiy
digitibed’and calibrated; tgis depended on the importance
and reliability of_the.data. Tharefore the stated period
of operation for tﬁe instrﬁmeﬁt does not necessarily iaply

a corresponding. production of usable data.-

3.2.4. DYE TRACING

B

.

Intarrelatxons betuaen hydrologzu and trauer
/ .
behav;our may contfibute 1nformat1on on the nature oF the
aquxPer Dye trac1ﬁg was one of the feuw aspects of thea

present work that was amenable to rep11catxon Rather than-
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-relying on'a single trace,‘muftfplé traces from a single
'éoint were madt.uﬁder ditferent flow cénditions.
.FurthermOfeﬁ b;cause spring uattrs‘uere found to héveklou
;ﬁﬁﬁur;i:background, high resolution of the fluorescent dyes
was possible. Rapid flushing of the dye allowed fregently -
repeated traces,> and gave well defined breakthrough curves,
Militating against thjs-was the complexity of the system
and the flow regime, the‘relative insignificance of known
inputs, Q%a logisticql difticulty of uorkingﬁig an-alpine
environment, and the unbredictability of the ueathgr. The
inability to measure aggregate discharge prevented
est:natloﬁ of total tracer recovery, an iaportant parameter
in water tracing ¢Brown 1972, P.L.Smart and Smith 1976). ,\y) §>
Nevertheless, the data were gathered with the intesntion of
inyestiﬁating variations‘iﬁ the breakthrough curves

obtained from various ﬁ:réngs unFer different discharge

condtions.

Six dye traces were made ) ig, eight in 1980 and.
~one ip 1981 . n 1979 direct uatér sampling took place only
at the Big ﬂtkﬁg, activated charcoal detectors being used
elsevhere, n 1980 controlled discrete water sampl:ng took
“place at’a variety of spr:ngs, depending upon operat1onal

equipment. The trace of 1981 was Pron the Saskatchewan
Glacier. Detectors ware placed at ‘the glacier snout, ‘éke

Red Spring., and the Big Spring, and occasional grab samples



Stephen Formation, i .

S5

taken. : - ) : : ) . :

& Nine traces wzre made from “Met Sink" on the south

Banches, and two nearsp sinks ("Midway" and “"Main®).

“Frost Pot®, arsink fed from a perennial snoupackilbing
outside the ntggiiéial linits was also traced twice. Tgesé
sinks are all in the Eldon-Pika Formation. Two traces Qérg
made from “"Dye Sink; %n the Col K;rst. This is in the

Cathedral Limestone, but is fed from springs perched on the

Sites of injection and sampling are listed in table

3.4 and illustrated in figures 3.4 and 3.5. The actual dye

'théEés are suamarised in table 3.5, The distribution of

charcoal detectors is not described, because they we2re so

.numérous.and changed freguently, but irregularly,

i

3.2.5. ADDITIONAL STUDIES .

—

'
Less sustained studies of temperature and turbidity
were also made at the Big Spring. Temperature was measured
seai-continuou}ly for a few days in 1979 before instrument

failure, and over several days in 1980 during which time

the Big Spring ceased to)?low.

The turbidity of the Big Spring is remarkably low
compared to the nearby Castleguard River. fin the early
. . \ s

-

i

i
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summer waters were slightly turbid, as they ware in
S¢p£émber. ‘However, during peak flow the water was versy
clear. To test these observations and to see if more
subtle changes were also taking place, ééntinuous flow
nephelometry was attempted when power was available ana\th

fluorometer not otherwise i1n use. \

" Appendix A summarises the techniques employed in

the field, and the methods of installation, calibratioa and

-

digitisation.
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Referance Description VYariable On Off Digit Grid /
- k] 97 Gk : TN -
t.Benchest1 200m from Glacier Temp 20/7 20/9 Yes 831703
- Bare Rock Rain{(c) 13/7 209 Yes

Rain¢t) 13/7 20/9

-

2.Meadows: tkm bafow E.Glac. Temp g/,20/? 2049 NG 8567

i1 parkland Rain{c) 12/7 20/9 Yes
oRain(t)> 12/7 20/9
. = ! )
3.Upper Meadows: 3km NNE 2. [Rain{(t)> '18/8 20,9 868738

Alpine tundra

o} 9B 0w ) | JQ)

1.Benches: see {3793 Temp 13/7 24/9 Yes 8B31709
Rain(c) 13/7 19/9 Some
L Rain{t) 13/7 24/9
2. Meadous: see 1979 . Raindtd 12/7 1979 856710

Rain{c) 1247 19/9 Yes

! 3.Upper Headows: see 1979 Temp {1277 1979 Some 968?3“\
Rain{t> 12/7/15/3 .

4.Big Sprihg:100m SSU of Raintc) 1177 30/9gYes 852675
spring., gravel flat Rain{tl 11/7 30/9
Kew: Temp i Temperature, Cassela Thermograph
) . Rain{c): ARES tipping bucket raingauge
7 Rain¢t): Standard 5" unshielded collecting raingauge
' /’”J Digit : Data digikised
! Grid 1 6 figure grid reference, q@eet‘ssczz

o i ko T TR P e P b i M et NS T L M Mt R ek e L A M AN S e e e e T o o

Table 3.1. Hete?rological Stations: 1979-19840,

+

; ‘4"
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Ref. Name -° Description “0n Off Rated Digit &rid
2. Meadows Creek(I}r" 19/7 15/9 VYes Yes B556710

Small{ gorge 1km . ‘

below E.Glacier
4. Forest Spring: 29/7 2049 Part No 852688

Intermittent spring below .

Cave near Red Spring #

5. Cave Strean: 19/7 21/9 Yes Yes 851682
ﬁgg$eqata.ﬁavg Springs

Skm be}oq\cave

6. Castleguard River: e “ 18/7 25/9 Part No 859675
- Near 7¥at Canyon
7. Big Spring: 17/7 28/9 Yes Yes 852676
Plunge pool beneath spring )
\\) Notet Grid references are to NTS sheet 83C/3
"4_ . J‘-.}
T a \ :
/ L

Table 3.2. UWater level Q?corders 1979
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. , . .
Ref . Name Description On -0ff Rated Digit Grid
1. Polje Sink: | 16/7 26/8 Part Part 870737
Stephen S$pring flowing into
flooded polje, upper Meadows
2. Meadows Cri/ (1> see 1973 \}?/7 29/8 Yes Yes 856710
P .
‘3. Beoches Creek: | 1977 21/9 No Part 331709
Small prioglacial stream
in open joint above sink
' L ' . »
5. Cave Stream: see 1379 1776 30/8 Yes Part 3851682
6. Castleguard River: see 1979 17/6 29/9 Yes Yes ' PSU675
7. Big Spring: see (979 1776 2979 Yes Yes B52676
8. Lower Big Spring: ' , 29/8 23/% Yes Yes 853673
collective springs
S0m above Castleguard R.
9. Castleguard River Spring (1) 9/9 23/9 Ho No 258670
) first major spring on
1eft bank 1km below 7
10. Meadows Ck., CII>: 20/7-22/9 Yes Yes 859674
400 m below junct) o)
with Cave Stream, at log Bridge
11. Meadows Ck. (IIIM: 2177 2279 Yas Yes B6Bés1
falls at junction
with Castleguard River
! t2. Artesian Spring: : 31/8 1679 Ho. HNo 877654
: Spring on t;Jil abtc T
entry of small creek
. Artesian Creek: ' ¥ 16/9 2279 Ho HNo 877655
. 3.5 km below Big Spring d
small creek crossed on log .
-4 \\\\\v;;;~
[ . - ‘
----- -P—-_—--""—-M'-_'-- ---_,,J_——-‘——_—-—--—-‘---".".'-."".-‘-‘--"'-- S - S ——— — .
Table 3{3.f\g;t¢r Lcycl Recorders 159890, - 'Qi:///
__/ - . . - 1 } - -
~ -A T ix\’ - -t I
) , \‘—//\/& ;H‘“[ . N\ . Q( . Te
T, e , |

T\ T L - "‘",“ _,,,, | PATS
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. Ref Hame Description Discharge Geology 4Grid

a. Glacier Sink: U.01 Iece’Cath. BS3rF54
Marginal stream sink below

Cliff upglacier of Meadows ‘ f*\\\\

]

0.001 Cath (Y>» 872738
oked shaft on broken
shoulder, upper Meadows

" b. Dye Sink:

. 0-06.00t E/P 831711
Choked shaft on high benches.
1508 from glacier

»

t Sink: 0.0 E/P 831710
Active proglacial sink in narrow

karst fracture, 30w from glacier

"e. Main Sink: 0,01 E/P . 831708
) Ag (d), but 200m from glacier

f. Frost Pot: 0.03 _ E/P 836710
Snowmelt sink in felsenmeer on-.
ridge between benchcg—ﬂeadotz

\ Key Geology - .

/ E/P tEIden Pika Formation
Cath{U}:Upper Cathedral Formation
Cath{L)iLower Cathedral Formation
Cath(?):Presunably Cathedral (obscured)
Urcons. tUnconsolidated Rock

" Grid: refers to NTS 83C/3 . L2

—_ R ‘ i
Fable 3.43. Dye Injection®Sites

-~
\\ . .
L8 , ﬁ o (-
S}_é-‘ - Qx . - . /
- e X L .
* S50 " ‘ﬁ &
' ‘ [ ' - ' ‘ m
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" Ref HName Description Discharge Geoiogy
.g. Cave Stream: ¢ of Cave Springs 0.03-6.8 CLath(U)
h. Big Spring: Major spring - 0.0-6.0 Cath{(L)

i. Watchman Spring: L01-0.1 Cath(L)

Y On right of Castleguard
v River opposite <(h)

J. Gravel Spring: 0.01 Uncons.

in boulderlag below (h)

k. Castleguard Spring <I): 1.0 Cath{?)
Left Bank Cg River 1 km below (h)
1. Tangle Springs: 0.1=1.0. Cath(L>
Meadows Creek at junction N

with Tangle Creek “' \

-

a, Qrtcsxan Spr1nq 0.5-1.0 Céth(?)

Left bank Eg River on
trail by small cresgk

n, Saskatchevwan Glacier: 3.0 © Uncons,

Proglacial river 3km below snout

— -
Key : Geology
—£/P tEldon Pika Formation
~.Cath{ty>:Upper Cathedral Formation
Cath(L):Lower Cathedral Formation
Cath(?):Presumably Cathedral (obsgcured)
Uncons, :Unconsolidated Rock

P~
Grid: refers to NTS 83L/3

-~ - . *
Table 3.4b, Dyc,Sanﬂ;ing Sites?  ~

-* £ "E \} o (t\'
. s 0 S “r "\ i
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Geid

351682

852676

858674

858670

864671
BY7654

933792
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Ref

“DSOCS Dye Sink<b)
MS1BS Met Sink(d)
MS2BS Met Sink(d)
MS3BS Met Sink(d)
MS4BS Met Sink<d)
MSSBS Met Sink(d>)
DS6CS Dye Sink<b)
DSEBS

MS7BS - Met Sink(d)
MS7AS -

FPOBS Frost Pot(+)
FPBAS

HS9BS Met Sink(d)
MSSCG

MS9TC

MS9AS

MS10BS Met Sink<(d)
MS10CG :
MS10TC

MS104S

FP11BS Fﬁost Pot{f)> 22/8/80 ,
FP11WS

FP11TC

MD12BS

MD12TC

MD12AS

MAI2BS Maip Sink¢e)
MA13CG

MA13TC

GS14

Injection

Date

18/8/79

24/8/79 .
5/79/79
9/9/79

13/9/79

21/9/79

20/7780
2777780
_27/7/80

2/8780

15/8/80

Midway"Sink(c)25/8/80

106/9/80

Glacier Sink{(a»3/8/81

Pyes: RWT: Rhodamin; WwT

FLU:

Fluorescein
LFF: Lissamine FF

14,

15.
16.
.10~
18,

re

16.

15

15,

16,

17,

16.

13!

Time
i16.

Qo0
00
30
o0’

00

.30

00

.15

.20

30

05
0o
10

00

62

Dye Mass{g) Sampling

FLU

RET
Flu
RWT
RWT
BUT
RUT
LFF
RWT

RET

RWT

LFF

RWT

RUT

RWT

974 '(Red Spering)
1282 Big Spring
1620 Big Spring

752 Big Spring

7ie Big Spring

893 Big Spring
1026 Cave Stream

Big Spring
251 Big Spring .
Artesian Sp
1169 Big Spring
Artesian Sp
1410 Big Spring
Cg ¢I> Sp
Tangle Sp
Artesian Sp
908 Big Spring
Cg <I> Sp
Tangle Sp
Rrtesian Sp
4727 Big Spring
. Watchman Sp
Tangle Sp
832 Big Spring
Tangle Sp
i Artesian Sp
kBgB Gravel Sp
- Cg., {I) Sp
Tangle Sp
2800 Cave St ,
Big Spring
Sask Gl

Sy

Table 3.5 Dy‘eﬁfécctw-in,jkction}and sampling sites. ‘.

~
e

Y

!

-
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CHAPTER -FOUR

HYDROLOGY .

This chaptefr presents results from investigations

- described in Chapter Threée, and is a preliminary atteapt at

undtrsfgnding £h¢ nature of the karst aquifer. The Cave
Spring? are considered. in felf\q§tail in this chapter,
while thg-nort abuﬁdanb ﬁnfornation concerning the Yalley
Springs is'distribﬁted over'ﬁhis_aqd the_peg#ltwo chapters.

LY

-

4.1 CATCHMENT DELINEATIOM .

The dye tfaciﬁg results are shown in Figure 4.1..
All dye traces were positive to, every‘spriﬁg samplad in the
floor of the‘Clstlcguard Valley, ﬁlthougﬁ the C;va Springs
were only positively traced fron the Upper Meadows. - The

Saskatchewan Glacier trace was detected only at the Big

Spring by grab sampies, and no dye'yas detected at the fave

. > o R _
Springs, ror at the glacier snout during thae 3 days after

inject on. Figures 4.2 and 4.3 shouw the underground routes

drawn with respect to knbun subsurface geolﬁgy and .
morphology. '
' 68

/
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The relative strength of the traces wvaried in
detai#, discussion of uhichlis deferred tb Chapter 5.
Houaé:r,‘the traces from the upper Meadows are discussed
below in Section 4.3.3.¢37. The positive result ,from the
Meadows to the Big Springs confirms that reported by gord

(1971a). HNo dye was detected in cave floods per se.

Specific rynoff calculations are shown in fable
4.1. The Castleguar | Glaciers ar‘% ob\fiously\releasing
relatively little water to strgam‘flou. Although, it is
tempting to attribute the loss to groundwater flow, these
figures may merely reflect characteristics of local mass

balance. They are similar to the resulh;ﬁfrom the nearby

Athabasca Glacier.

The total springflow in the Castleguard Valley may
' reach an ef{imated 20 cubic metres per second, cbmprising a

neasured peakflow of 14 cubic mﬁtres peé second, plus a
N 2

conservative estimate of 6 cubic meﬁres\bar second ungauged
- l.J’

springflow. Extreme specific runoff xalues of 57.6mm/d

A . \} -
(Peyto Glacier) and 13.5mm/d (East Clacier) may be used to

determine the equivalent catchment area for the springs.

ining corresponding estimates of 30 sq.km. and 128'sq.km.‘
former estimate alone would-encompass all the glaciers
Qiéhin a 3 km radius, of Castleguard Mountain. Thg

) N
topographical Jy defined Cﬁtchments of the Saskatchkwan

Glacier and upper Scuth Glaciers extend 7 km ng?th west of

—

s -
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' Castleguard Mountain totalling am area of approximately S50
sq.km. This constitutes 17% of the total area of the
. _ o
Columbia Icefield, while the estimate of 128 sq.km.

constitutes 42X,

g "The low-values of r@qoff estimated for the
Castleguard Glaciers imply an unreasonably large ca#chnent
area for the spring. This is particularly so when it is
recognised that much of the catchaent is in the
accumilation zone where relatively louw abléfion rat;s‘afe
expected. It is therefore implied that the Castleguard

Glaciers are indeed losing a part of their melt to

groundwater.

During mininum flow periods, the Castleguard River

showed diurnal osci!lations while the springs did not. _?
(/// This suggests that at this time aquifer recharge areas Jay

above the altitude of continuougs treezing and that it is

T— pnly from the louer altitude ablation zone of th€ South

—

“Glacier that these pulses were derived.
2 o - . ,
The bedrock topography of the Icefield is shown in
Figure 4.4, The landforms of alpine glaciation are

¢ o .
retained beneath the broad. cover of glacial ice. Tuwo

- ‘ closgaﬁg;pression§ are presant, ;one described by Meier

L



71

4

features are common in glaciated terrain in the Caradian

Rockies (Ford 1979}, and may be drained underground. If

“the upper catchment of the South Glacier is assumed to be

c;bturtd by the closed depression, a reduced catchment area
of 7.3 sqare ki;ZQetres for the Castleguard River yields a
37.8 mw/d specific runoff; a more reasonable figure,

although still low for what is now domimantly an ablation

._zone '

If the bedrock depressions are assuaed to drain
th;kr bedrock topographic catchments, a drainage basin
extending well into the Columbia Icefield is imptied,
corresponding closely te the 50 square kiloaetre SUfFac;
topographic cagchnent described above. If this is so then
the /meltuwater discharge of the Saskatchewan Glacier should
be c;nsidtnably’u;atrfit. Ho,figures are available to test

L)

this hypothesis.

The possibilites'discussaa above rest on geologic

concordange with the pﬁtative catchment, Direct
. s

extrapolation of the géélogic structure demonstrates the

i’ M
closed depressions to be in ths karstic,Cathedral Formation

(Fig.2.2). The anticlinal axis along the Saskatchewan

" Glacier trough has not been considered in the

extrapolation, but may have providadlﬁzfracthre pattern
conducive the &evtIOpuant of karst ponors, 'Much of the

remainder of the catchment lies above the inferred level of

&

1
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.been ddded. All mpeltwaters produced in the bedrock C&f’\

) 72

r 4 ' - | Q

the Stephen FormatioX. If this is iéparmeablef then

»

subglacial conduits will respect the bﬁgro;& topography,
draining meltwaters to Ehe-cloigd/ﬂep?as;ions. The
tastleguard Valley 1i dip from both depressions,

creating conditions suitable for karst drainage.’

~. o ' . '
The catchment proposed by Ford (197fa) is supported

%
by these findings, although cdnsiderably greater detail has

-

- ,I
catchments of the'subg!g;ial depressions may be

. .
contributing to groundwater., To this may ba addedcthe
contributieon of proglac:al streams around Castleguard

Mountain, and snounelt and precze*ﬁabxon occdbﬁgng in

subaerial karst areas. k\\\ 1&\

4‘%; IKFLOW TO THE AQUIFER

4.2.1. METEOROLOGY -~

Hourly air temperature records Aor 1979 and 1980 at
the south Benches (2500m asl.) are presented in Figure 425.
The records are markidly diunpal,‘th normal daily cycle of
temperature being moderated bg katabatic winds at the
proglacial site. The two series show a strong contrast
batueen the 15739 and- 19808 seasons. In par£ this is because
of the different screens used in the two sga;ons. Houever,

Table 4.2 shows that the variation in mean monthly
A

ttnbtraturcs batween vears during the pcﬁiod of measurement

P
—

e

-
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at Castleguard is supported by the monthly data from the
nearest established stations (Atmospheric Environment
Service), although their distance prevents a direct
comparison.,

R sinilar contrast applies to the.péeéipitation
data for 1979 and 1980 (Tables 4.3, 4.4a and Figure 4.6).
tomparison of ﬁé;n daily rainfall beﬁu?en‘sites atl
Casileguard proyucas consistent'resﬁlts, uigh'tﬁe he;viest
rainfall at thtiBenches, Follougﬁ by the loue¢ Heédous,
followed by the upper Meadows. Fur?henmora) the:r;tiés 
betwveen comparable sites for 19?9—1990-Sr¢'¢ossiste6t
This suggests a relative stabxlxty in the heterogeneous
distribution of rainfall. However, the t1ne d1str1bu£10n
of i1ndividual events degendﬁlon storm proygnantg, ;nd

occasicnally falls are limited to ;‘sinéie raingauge.

The éﬁaracter o} 1ndxv1dual storms varxed from
1ntense Falls of over Smm/h to prolongzd lxght drtzzla
The ttnperaturt rcsponse to raznstorns var:cﬂ +rom dran;txc:‘
falls of up to 6 dtgrees Lals:us, to. rlses of a dégree of B
so_durlng cold cond1t10n§;' The prec;p:tatlon snoulxne #as’
corresb;ndingly uﬁsiagle: The broader t:me d:strlbutxon of
. late'seison storms-i% part besultg;from‘the delayed’melt'of

-

snow trapped in the raingauge,



4.2.2 RUNOFF

Both raintall and ablation contribute to runotft,
therefore the quantity and distribuffdg of precipitatio&
and §urface snow and ice are fudd#mental controls cni
runoff, Unfortunatley, precipitation Fallinglas:fnog does "
not'conﬁribute dircgﬁly-to runotf, and the exact pbéﬁprtioﬁ‘
of a”particulér'sﬁgfn falling as snow s unkﬁOQn. | |

Qbiation generated runoff is.difficult to model,

at
-

because of ripening processes in the snow pack, the

- variable contribution from sphemeral snow, and the

:
L]

difference in_tﬁé ablation,rasponsé of %nqu'ana i;e boﬁiesl
‘hlthough'Pduéﬁ—and.founé (1979 have shown that deta;fed -
megsureménts:;;e.no£ essential {n'modelliﬁg‘runbff fko;
‘-gjacierisea_ﬁaﬁinsllthe_crudel?ldééinea ﬁaEéhmedE at
;Ca§§1eguardfma£¢;.any such attempt gnrealistic.v.Rundfﬁ is
mpre_%tropgly coéré]éted‘to’tempe;atuke #han tO‘rad?atién'
(Jéns;n 5nd.Lahg 19?3,'Lang‘19%2h_05tﬁém 19?22;'uhfch7ig.
;athe&'guépr;sjng,:becaﬁéé phys;éally the sensibie heat
trqn;ng has-ljtté inPlQence'on.ablation;. However,
Béaithuiige (?981) has démonstrated'ihatAthis co;rel;tiph
resuits.?rom the-si;il;rity ih'véri;bilify of témperature
;Ad ruﬁoPF-cBmpared to netiradigtion. 4 clear e;ample of
the éf?ett*o?~sensible'heat WasE sho;n by the Cgstieguarq

iner:ﬁrom the-5-7/95 1980 when, responding to rising air

tempehéﬁures, discharge increased through the early hours

A '
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.'ui£hout solar badiation-or rainfall.

> : .
Figure 4.7 ilIustrate% rgnoff géngration from the
. East Glacier and the larger and lower South Glacier (note
the different discharge scales), THQ'Castlaguard River.

-which drains the South Glacier is- less flashy, presumabiy

._Htcause thi_l{rger catchment has 3 broader response time.

quu is seen to be dgcrea%eﬁ drastically by temperatures

’ . . ' ) P
“falling be{og zero degrees L, especially in Meadows Creek.
This in part results from the greater altitude of the

latter (some 340m above the South Glacier snoyﬁ); as .is

-

i . . . . r
seen when diurnal events ara present in the Castleguard

River, but not in Headows Creek. -

Spring rain-on-snow. events (Meier ‘and Tangborn

1551) were not covered.by.tﬁe observatipn season. The

"characteristic flashy summer response to rainfall is seen
for much of'Juiy and August, and a'd%aﬁgal_dampening caused
by snowfall appears in late Rugust to Septeaber. The

hourlylr;infall andfaiscbargt data give a zero rainfall
rtspoﬁ:c time for Meadows Creek and a delay of ;

" approxismataly one hour for the Castleguard River. This is.

in markéd contrast to the results for Peyto Glacier

{Goodison 1972), where characteristic response times are in

- s

’ dhﬁs; depending on the conditiqﬁ'qf the glacier.r
Unfortunately, Goodison, like most other workers has

considered only daily data, pfeciﬁding higher freguency

]
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responses. Ludmundsson (1970), Lang (1973 and Ustrem
C1972) all define rainfall responses 1n teras of days,
again using daily data. Lang describes both positive and
negative responses to precipitation for particular
glaciers. The seasonal variability in behaviour descrised
above was handled by subdividing the year intoc "seasons® of
relatiﬁely homogeneous bepaviour. Fower -and YouAg C1979 %
route melt and rainfall through unit hydroéraphs assigned
to altitudinal zones with distintct snowpack
characterisﬁ}cs. Once more response is in the order of
davs, except for rain #alling on the snow~tree ablation

Zone.

-

A possible explanation of the rapid rainfall
response at Castlequard Iie§ in the anomalous nature of thg
presumed catchmenis. Krimmel et al.{1972) have used
tracers to demonstrate{that meltwater velocities from a
melting firn surface are from 6-27 m/h compared to 26£-2450
m;h for meltuater streams on bare ice. This dikFerence 1s
of the same order as that described above. The low
specific runoff figures obtained from the South and East
Glaciers (Table 4.1) led to the hypobhesis that runoff from
the upper portion of these glaciers was captured
underground, Tbé‘remainder of the glacial catchmant is
largely baFe ice during the summer and much of the

-

Jextraglacial area is unvegetated., Such a catchment would

-

et m
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have a rapid response to rainfall, compared to an entire
glaciﬁb catchment. A sinilar argument may alsc be applied
to the ‘East Glacier. This provides further evidence for

the nature of catchaents hypothesised in Section 4.1.

. No attempt was made to estimate contribution from

¥ ,
the annual snow pack. In July 1979 and 1980, seasonal snow

was pr:sent 1n the upper Neadows uhtra it wvas concentrated
in the’ karst depressxons This SAOW dxsappeared re]atxuely

suddenly during warn_yeither. .

4.2.3 SINKING STREAMS -

-

The plan to approximate inflow to the- aquiter by ~

- .

measufement of Meadous Creek and the Castlequird River is

lsomewhat undermined by the above discassion. HMost of the

contributing area of the aqaifek rs,inFeried to hie in the

glacier accumulation zone, while the studxed rlvers appear

to be donxnated bg,?unoFPsFrom the ablation zone. ‘Dnly N

runoff from the cxposcd'}ce oi the Saskatchewan Giacier

.

component of the catchment nigﬁt be approximated Hy £ha;e+

data,

Stage measurements of two sinking streams were made -

- - e N 1
in 1980; a proglacial strtan on the Soyth Benches and a

stream in, the upper Meadous Fed by sprxngs at the

Eldon-Stephen contact and dralnlng into a karst paond.

Neither location was ¢ntirely successful in yielding
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‘progiacial recharge (Figure 4.8) correlates

78

sustained data and nerther was fully gauged. -

Peak daily discharge ¢vor tnhe proglacial stream was
crudely approximated by considering an equivalent

rectangular weir (Gregorv ‘and Malling 19573 p133%,,

Overnight flows aloays Fell_}q zero, except when rainstorms

.

occurred. This sharp diurnal impulse is again probably

uncharacteristic'of much of.ﬁheféquifer catchmeﬁt, bgﬁ.
providas a:me}sur:ment relev;nt'to tracer injectiens in@é
» ‘ / . H
similér streams in the vicinitﬁ. The owerall pattern oﬁ@/;
iéséiy ko O
1ght -

suggests either that overnight temberatures always-reached

temperature. However, the total cesgation at

zero degrees at the ice surface, or alst that some part of
. . N .
the flow was being lost to,groundwater upstrean. Tha

former Hypqthesis,is zontrary to “the temberaturg-data from

‘the station (Figure 4.5), and the uell-developedrkgrst of

the South Benches makes the lafker hypothexis mdrgﬁ

y
.

accepiablc. - , y

*

The ﬁpring-féd-sﬁreaﬁ:Flouing into "Polje Sink"

showed strong diurnal variations pea{ing from 23,00 to N

" 4.00h. This particular stream antered a small lake which

would damp out such fluctuations, althéugh a few other such
streams entered the aquifer é{rectly.; The volume of flow

[

involved is trivial, but the behaviour of this stream is

discussed pelow under spring flow (Section 4.3,2, Figure

>~

RO
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4.17),

4.3 SPRINGFLOUV

Here three spring groups are considered: (1) those
in the floor of the Castleguard Yalley, (ii) springs cising
at the contact between the Egdon and Stephen formations .
Frainipg the aquifer beneath the Terrace Mountain R;nge,

and (iii1) the Cave Springs which are at an elevation

intermediate between the two former groups.

There is a large quantity of information on the
_Valley'Springs, so that 'discussion 1is extende& over the

Pollouing_tub chapters. The more limited data concerning

»

th&:CIVCZSpPingl'ii, however, synthesised in this Chapter.

4.3.1 _ THE YALLEY SPRINGS

P av

This section first presents information on the

» Y
r

curious. flov behaviour of the Big springs, for which-a

possible;explanation is then deVeldpedﬂ; The springs are.

-
- B

,cpnsidef:d;to b§ elénents of a vertical hierarchy in-ubich

sﬁ?ingﬁlou HischargelbehaviOUr is diagnostic of spring
stdtu#. The v;lyeg:sbriﬁgs are inspected for this

behaviouft and subseﬁuently some 5speéts oF'thg,vadléy
aquifer are pﬁésent;d.' Finally, a‘feu.days.of'cqhtinﬁous *

-turbidity data from the Big Spring are, inspected and o

4

interpreted.,

P



i’ Spring Behaviour

- 13

The springs'in the floor of the Castleguard Valiey

(Figures 3.1 and 3.2) ‘lie élohgithe akgs of the two rivers:

Meadows Creek and the Castleguarﬁ RivérF/‘Toﬁalfhardnesé of

-

the VYalley Springs was steady at ahqund'ZSﬁgHI throughout

the summer for all samples. LChanges 1n sample turbidity,

¥

treatment and delay in analysis appeaégd to be the dominant

cause of chemical variability (sae ﬁppeﬁdix;ﬁ.t.Z.). Dye

tracing confirmed that the springs were all interconnacted

L]

in a single system. The largest spring (ihg'“éig Spraing’o
furnished. a remarkable hydrograbhf<FIgureﬁ4;9), 1n which

. tﬁe amplitude of diurnal oscillations reaches a dh%imum at
intermgdiate flows. At beakgdiﬁchérge flow 1S
characteristically steady over the day,fbut shous high 
frequancy fluctuations o¢‘275-;inﬁte period. At the hour}y
éamp}ing interval employg& For'gigitising these

oscillations are strongly aliased and constitute “no@éé“.
) . \ ‘
At low quus,'the Big Spring shows very rapid racz2ssion and

t, .
an almost instantaneous rising stage. The seasonal

EX B A

fbchaviour of the spr

Y T .

ing relative to the meteorological
~variables and the Castleguard River;is"shaun in Figure
3 4,10, The, daily averége tlow reaches a plateau from which

it talls o??arelalively rapidly. compared to .the QEstleguard

River. Precipitation response varies with the proportion

'I‘.‘_-Q
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e
of snowfall in a storm, the extent of snowcover, and thus

vith seazon,
20‘The“OverriouvUnderFIOU'Spring Hierarchy’

The Lastleguard data are remarkable Decause of the
xnttns1ty and regularity of the hydrolog:c sxgnal produced
by snow and ice ablation, which demonstrate aguifer
bthaviour_uore clearly than do conventionaf rain-indﬁccd
hydrographs, As a whole the Bzg bprzng d::charge shows no -
Vconsxstent relatxon to any supposed input signal or +Drcxngf
function, and }s hzghly non-linear in its behaviour. |
Whether this non-lioearity is a proauég-oF the
superimposition of glaci;n ice on the karst, or of some
karst aguifer characteristic,if.unknoun,.bdt aust be
understood before any ;ynihcsis i's attehpted.

anllar bahavxour has baen reporéad from tha.
Maligre Basin, some 150km north of Castleguard (krﬁ;e 1981,
Luckman 1980), where a karst lake is assumed to be

controlling aquifer behaviour. There is no such lake at
Castleguard, but is this a possible effect of the Ice}ield?
Othcr‘informabion suggests not; rthe Penyghent karst
resurgences in Yorksh:re, United Klngdoml have Slnllﬂ;
pccui;ar1t1¢5\<Proudlove pers. “ comm. ), and inspectioﬁ ;F
\other‘publ{shed_daté (e.b.Bahréns et~al.l981,‘Mangin t975)

SUggests;that the phenqpenon-may be fairly common, although .
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less obvious on conventional hydrographs than iz the case

under the present diurnal regime, and.usually obscured by
. - " - :

Lo~

the collective measuremant of.spring discharge. #dley
(1963) has identified plafteau-type hydrographs as “typical "

of a stream with impeded flow®, an assertion which can be

tested by gtudying tracer behaviour {ChaptérgSﬁ. The

renainder of‘this ;ection attéppts to establish an

N

hypothesis to account for this curious and vgftpally.

,u%rcporttd_phtnonénon. J . -~

" The behaviour of an individual spring within an
- . : . - .

ihtimataiy interconnected group of outht; will depend upon
- o . * S - . . . -
its position within the vertical hierarchy, the size of its

attendant conduit and the water levels within the aqui?e}.

There is thus a division into the topmost active spring,

the “"overflow" spring (“trop plein? of MHangin 13757, and
those springs at lower lgvéls_cg;léd "underslows" This
distinction has long been implicitly recognised in karst

1

hydrology. However, the idgntificatién has been based on

observation of the sequancié of flooding within a group of

§
'

springs ﬁi.g.T?l;uF¥19?9, Tqatmaﬁ 4965), ¢r by noting
d{sconéinuitie% in ﬁh; daily.di;éhakge.haﬁiog Sefu;en" T
sﬁrings (Hang}p‘fé?sg."ln this t;sé;.the'pﬁimary“'

di%ghostic efiégrion i§ th% cbénacter&sﬁic bghavibuﬁ 6f_ang 

W )

"~ single 'spring, Furtharmore, no inferances concerning the

nature Bf-the:équife} have been drawn.from this
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recognition. , N

fh: Big Spring shows a hydfogrqhh_charactefistit,oP
both overflow and underflow states. When rédha(gé of aﬁ B
aquifer ¢xc¢:d§-thq outflow rate,.stcragé occurs an&ienergy
gradients‘chénge.'in;?easiné‘thg output, ‘IA a conduit
3§uif§r, the dischaégg in a single phreatic conduit ‘
increases with he;d' In 5 nos-taptive aquifer, the;ri;ing
water Ievcls will o?ten encounttr an. alternatxve flow route
;Uhluh can Pu%ct:bn as an o;arflcu up to this. poznt the
louqr spring uould 1n;re39! 1n dxscharge accoﬁd:ng to the
) squart root oP head. @activation of the oueri]ou changes
the collcct:vt d1scharge capacxty‘of the aqu1¢er -and
'greattr inflow uxll xnz:%aSt ovarflou dlscharge at a
;. greater marq:nal rate result;ng in a relatively saall’
‘1ncreasg of head in the aqu1fer As a r;suit,\dischabge of

under?lou spr:ngf is less rtsponsive to‘changes'ih

) réchafgkl As dxscharge falls, spr:ngs u:ll be

.prograssgvely abandonnd and the topnost currently act;ve .«

spring u:ll axhlbxt the uarzabxlzty charactarlstvc oF an’

A ‘
H

overPlou

"Thg‘b‘ehaviour‘bf‘ sprih’gs'i‘n such a 'hiﬁrar}:'hy"

' depands 1ntxmately on' tha internal uoanguratxon of the

7

aquifer:’ _ondu1t size, netuork topology and storaga volume.
The response to unstgady flow is-: ?requency dependent ngh

-Prequency inputs will charac*er:stzcakly be lost it the

LN
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tlood is small in total volume coapared to the volume of

the conduit space which needs to be filled before changing

—
<

the ¢ﬁﬁ§ctive conFigur;tion of the network.
/; . SN

rd

A simple approach to modelling a karst aguifer can
“demonstrate the principle of the spring hiegérchy outlined

above. -This is attempted in‘ChapteF 6, along with a crude

.

analysis of the response to varying flows.

Anticipating soneuﬁat the model‘resultsL it 1s
p&gsible to summarise an overflow spring hydrograph as

Vcbntaihingla high. proportion of input variante, with a

’

steep rising limb, and without an exponential.recession.
Once an overflpw is active, the net flow resistance: -
decreases so that a given increase in total discharge will

“induce. a smaller rise in head. For this reason, the

N v

underfliow sbrinés uillréxhibit relatively little variance
_in*discharge while an 6verflou;is active, compared kp_theih;“

behaviour without the overflou.

N

35 Identifﬁcatioﬁ\of,Springs in ‘the Hierarchy R

. In aupport of the abowe- hypothesxs, veﬁflou and

underflou spr:ng behavxour may .be seeq in Figures 4 1i and

4. 12 Im 19?9 warm ueather brought the aquxPer uater
1euel up to the poxnt uhere the Bxg Spring berame .an

under#lou, with lxttle vérlatxon in discharge, althbugh

vary.strong_djurnal‘variations are still seen in the -

'
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Meadows Creek record of glarial melt. In 1380 the Big
" Spring did not become a "pure“,ﬂndgr?lou, although diurnal
variation was maximised at inteénediate flows betyeen 1.5

and 3 cubic metres per second.

The Meadows Creek Springs rccord'(Figure 4.12) is a
composxte record of net contr;butlons from namerous springs
-over a 1.5km reach of the Meadows Lretk (1nc1ud1ng a saall

. surface stream) and as such might not be expected to have a

Ay T

uell defined’ Lhaﬁacttr The carly peak in the record
correspond» to the cave flood. It ﬁepfesents either
v v

gauging error ,or direct, in bhasi, contribuﬁion from the

same dource as the c‘Ve Ploodl Thl br:e? durat:on of this

5\

high magnitude Clou neans tHat ho rat:ng data could be

gathered and d:scharge is ther?ore calcuLated From an
- - B

axtrapolatcd rhtind curve. The flood 1s characterlstzc of
4 .

" an overflow zvent and matches the cave ?lood 1n Form it
“is unllkely thab the Meadows Creek Tpr:qgs uould contrxbute
a s:gnal s:hxlar to the cave: Ploads energlng pver 300m
abbvc, or that hht small surfacde - strtan could contr1bute a

matchlng flood Thtrefore qaugxng error is accepted as the

'nore llkeiy explanatxon, although the Cave Stream does Iose

-, -
" . L

water in its bed and’ tha recoeded cave flood maxxmum ig
larger than the- total flou downstream. This .again probably

represcnts‘gauglnq error at hzgh Plous as is revxeued in

ﬂbpendxx A



86

\
A\

3

)]

Fdilouing this brief impulse, tha Headous Lreek

Springs show a very flat hydrograph characterzstxc of an,

undéréloﬁ. ‘High'Frequency oscillations represent_A
contributionsuféon‘tﬁa small éurfaqe'ftream‘and errors due.

to assuming instantaneous transmission over, and no storage

within the gauged reéch:‘lSprings'uere.dbsaryed discharging

in Meadows Cregk.upst}eam_éf the uppen'géuging‘statidn ati-,~

this time, so-that it .is ot necessarily the Big Spring

which is the controlling overflow in~this case. Figure
.13 shous tﬁis:peﬁibdi -Note.that Meadous Creek (#2) (the

upper stat1on) shous addxtxonal early nornlng pulses not

seen in tha Bxg bprxng‘(nor upstrtam near the source of the

stream) This is ;n?erred to be spr;ng water arr1v1ng irom

a source dxf?erent to that oF the B:g bprlng.uaters.

. ) . e ) et

ﬁs total dzscharge fallse 50 the Headous Sprzngs

commence oscxllatxon and the B1g,;pr1ng reaches 1t> mam:mum  ,;‘ 

diurnal variability (fFigure 4, 12;. ‘Ihe recession ?or

Meadows Creek is gradual, whxle éké Blg bprzng drled up L

rapidly leaving only relatxvgly minor: sprlngs 1m the group

active. Thesge Sprlngs in turn ceased 40 flow In stﬁxct

ordar of wvertical posxtxon. ﬁt th:s tzme gauging commenced

. h L - -

on the Castleguard Rlver bpr;ng u1) 1 km dounstrea@ of Bxg

3 -

Spr:ng, and the Artesiacm bprzng, the louest sprlng xn the Q"'“M

. -

Valley f These. records were also characterzstxc of B

P

v -

under?lou spr1ng», naxnta1n1ng relatxvely steady flow untxl ' .i_;
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'ﬁigth-spEinds.Egléed to_?unctfop.,-'r

e T As Clou is re§tored in early beptember,,the Meadows

T Lretk recovzrs relatxvely rap:dly ‘The- ma:n outlet to the

Bxg bprxng hroup anly starts to functxon uhan water leVels

_'-_1n thc'acquxfer have buxlt up . The five sharp pulses in

. d1schange at th:s t:ma (Fzgure 4 145 all result from

- '

'actzvatxon o€ tht Bxg bprlng outlet uh1ch becomes a

-prewaxl:ng ovcrflow _'u_=_"

In thcl%peciPication of the spring hierarchy, there’

rtmaxns the hxgh dxschargg overflow to be identified,

Ll

Flood pul.es at tha Lave Springs sone 300m above Big Spring

-

are a.poss;bzl:ty. Tht9 have a hydrograph characterlstlc

o+ an ovchlou and there is a correlation between August

~

C1979). cave Floods'and underfIow behavioup in.the Big

E’Spﬁing (Figure 4.,11), However, close 1nspectxon shows this

LS

relatxonshxp to hold Por nexther the large. early 1979

A ~

.7';,5', Floods, nor. for the three days oF Ploodlng in 1980,

'd

Furtﬁermore, the 300m -head elevat:on uould have a narked
.'xnflutnce on dxsdharge at the B:g Sprzng. - The hydraulxc

gradlant xmplxed is. about 14,4 uh:ch 15 excessive In terms

- oP the sprlng bahav;our outlxned abovz, and 1ndeed for any

known aqu:fer. However, the notzon oP a continuous,

‘smcothly varyxhg uater table results From a static concept
A . ,
i ff-of uatcr in the Qgh;#eh,_uhich is inappropriate in the .
--.prgsgn#~dyn§m;c_system}: Thg‘rdutipg and. exchange of uat;r

- . ... . - . c .
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within a conduit netwsrk is influanced not only by relative
elevations, but by the enargy loss at junctions, blockages,
and other discontinuitie¢s, so that overtflows can be also be

induced by “hydféulic'dhnming“ (e.g.Mobhring et al. 19383,,

The rating of the Big Spring stage recorders
presented major difficulties which are reviewed 1n Appendix
d.;. -The final rating curve contains a discontinuity
resulting from initiation of ¥flow in "Camp Stream”, a small
creek draining a series of fgrings S0m nerthwest of, and a
tew metres higher than the Big Springs (Figs. 3.1, A.2).
ﬁlthoqgh‘no continuous r&Tord exists from this stream,
generatl obgervation-suggesis that this is the main owverflow

"to the Big Spriqg and teo the Castleguard River Springs,

It is oot known whether there is an overtlow spring
on Meadows Creek, as thg most likely location.lies in the
floor of an inaccgssiﬁle canyon., However, the [(total
discharge leaving Castleguard Meadows in Meadouws Creeg is
somewhat greater than that reéorded 1.5 km downstream ‘at
the Meadous'trez? (#2) gauging station. The springs
observed in the bed of the craek may be members oF_a group
ot potential overflow springs, obvious only when actively
dis:harging water. At other times, dependiﬁg on conduit
configuration, stream water may be able to enter the

aguifer through these openings. Such raversing features

arc termed “estavelles" (e.g.Stanton 19823, and their

[N
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‘presence further complicates aguifer behaviour.
Insufficient hydrologic data is available to document their

intluence, although the dya'tracing results nay‘refle&t

their impact.

4) The Valley Aguifer

None of the Valley Springs is enterable so that
direct inspection of the active aquitfer is impossible,
Only relatively ;imple models are thereforé Justified,
g{vtnnthe available data. Such models are developed in the
Foll;uing chapters, based on interpretation of the
hydrogF;bh and tracer i%?ormation, and obse;vation o+f. the
‘ rg}ict aquifer in CastleguardJCave. !

A crude estimate of the aquifer reserves supplying
ﬁhe springs can be made using rgce;sion iﬁalysis
(e.g.HilanovicéwiQBJQ. Taking the total springflow
(Meadows Creek Springs and Big Springs) a brief "recession’
occurred 30/8/80 to 4/9/50 (Figure 4.15). This was a
period when diurnal fluctuation ware least. and recharge
can be assu to be a minimun. HNo correction is amad2 for

ungauged springs. . A4 calculated recession coeffecient of

0.086/d gives storage at tha onset of the "recession” as

" -

1.68 million cubic metres. The rapid drawdown rate is

demonsirated by the "half-life” for the aquifer of about_é

-

days .,
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Ex

These figures, however, are only crude

approximations. Furthermore, discussion in Chapter & will

_question the general theory of recession analysis of karst

springs, and for this reason the estimation remains

approximate.

S) Big Spring Turbidity

The water emergihg from the Big Spring was always
slightly turbid, but became clearer during peak flow in
summer and showed obvious corrglation to rain pulses during
times oP*iéu Plo@. ‘Q va;iable sou;ce area concept with
supraglacial melt aw the élaar cbmponent, and preglacial

and extraglacial as.the turbid may be used to explain this.

The turbidity record, obtained through nephelometry

. (Figure 4.16) is in abritrary units, because of the

complexity of light.scattering thaery (e.g.Kerker 1569).

Reflectance is strongly dependant, on the size, shape and
colour of particles, the refractive indices of particle and

fluid, and the waveleagth of light used. Thus reflected

-

AJigEt is only directly proportiomal to concentration, while

proportiocnal to the cube of diameter and inversely

I

proporticnal td;tht'Fourth power of wavelength. The

illumination in this casé was a standard "cool white"

L4

light, and so the data may be interpreted in terams of

particle concentration or size,
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There is an obvious correspondence. of diurnal

pulses in discharge and turbidity. The high turbidity of

A

the 22-25/7 corresponds to the brief’cate %loods of 1980,

but spread over a loﬁgar period. Response to ra¥Q<?11 15

=

less clear, but a ragponse ulth a Tag of 6-8 hours might be

present,

The raw nephelometric data also contained noise

which was aluays-positive; ocsurring as definte, but‘

+

irregular pulses. the noise 1requency appeared to be
similar to that of the surg:ng" of the Big bprzng This‘
observation suggests that there is an internal sediment

reservoir which is.a source and sink, highly responsive to

discharge variatians. When draining at low flow, the

1
.

marked increases in'spring turbiﬂity appear to be unrelated
to discharge or raanaII and may represent collapse and

mobalxﬁatlon oF th;s local sediment store

The delayed response to rainfall suggests turbid

uatﬁpharrlvxng From a greater distance, The cave floods of

-

‘1q80 vere turbzd events and their assocxatxon with Big

Spr;ng turb:dxty is the only evidence for a physical Ilnk

betueen Big Spring and the Cave Springs underflow. The

-

broader base of the turbidity event is an underflow

property. The non-specific nature of such.tracers prevents
- . . . ) N ' ‘. ’
any firm =onclusion concerning provenance. Howaver, it 1s

s

suégested below that the early cave floods result from

-
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snowmelt in the upper Meadows. Cave ¢ldods_thus have an -

-
<

-assoclation with events at the Big Spring. The only

I

evidence for a similar link to the Meadows Creek is-'the ﬁut"

of phase pulses described earlier (Figure 4“i3):

-
- .
. -

- - . - -

~

Although the data are sémﬁqhat Lrude, theay méy well

o'

be ih xnd:catlon oF the kind of condztxons which prédﬁced

the extensive sllt clay lam1nates in the erplored cave.

Samples of suspended 5ed1ment,collected on Hl}lxpore

-

-

filters froe the Big Spring bear 5t least a suberﬁicial

resemblance to these deposits. . " -
"4.3.2 - THE ELDON SPRINGS - . -

Harking the top of the StepﬁenwForma+ion along tha
eastern margxn of Caitleguard Meadous 15 a promxnent :pr:ng
line (Fxgure 4 19 uh:ch rises to the north u;th the - btephen

Formatxon aquxclude.‘ ﬁ few match1ng Fprings on the

opposing flank of the Meadous are relatlvely small and ilou

only brlefly. The southe;nmost springs coalgsce into -a-
channel which Pfous into the Meadows Creek- -Thg‘ceqtral
springs flow out onto the Meadowg_flooé_uhghe a cpmplgx ;F
channels exist. A portion of the flow in these channels
may soak into groundwater. The fAsrthernmost ;pr1ngs.r1=e
some SOm aboue the Meadows floor, coalasce 1nto strgams-an?

sink into the Upper Cathedral Formation.

.

|

One spring-fed stream in the upper‘Meédous feeds a
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large pend of about 4000 square netres, ther ‘being full"

for much cf thu sumper, th:s dralned under. dry cond:txons-

1 -

A

to reveal a constrzcted soakauay and a. seal of bexge

, lanxnatea‘overlaxn by less differentxated pchorbus mud,
The s#ream-f&edxnglth{s,lake uas-gaqged in 1980, byt tbe;
‘s;étién‘ﬁas not fuily r;tea, adq ohly.st;g;'data'are.
pregeﬁted (Figure‘4,f?). Mea;uEéQ disché#ggs-ueQeiof a few
Jitrgs p;r.;econd; ;1£hough-dark€d flou.peaﬁs SCCUFPBE': '
around 24;00h-and uére never idtuaIIQ witpessed. Thege'i;
clatgly'arcqnsidefaﬁle,qgig;‘betue&ﬁ‘;eltjin‘th; ferrace.

t

Hobntaiq Range and the spr;pblrisnonse, which ;éy‘ﬁésult
F%omra vadqsenflﬁu stEem, br'dglay“b;,replenishmént of
.aqui¢er's£oragef VThe peak;d rEsponéér;yggests a discéetgr
rather thqﬂ\;«di?Fﬁéé rgcﬁar;e,process. T . . ’

. -

Inspectlon oF Figure 4,17 suggests that thxs 15 an’

" overflow spring. as detfined in the preced;ng sectxon The:

]

absen;e of other data makes it inpossible to identify the

corresponding underflow. Rlternatives are any of the

springs along the Meadows, or unknown springs flowing into

_ Terrace Creek to the east of the rande. The southern
Meadows springs showed sustained Flou,‘uhith 18 )
" characteristic of anerFlous. !

" The total hardness oF spring.ﬂlou was betwean 50

1

and 60mg/l, at.the northern sprxngs (9 samples) and &8 and

?9mg/1 for the :outhern sprlngs e samples) which suggests

e . [
- .
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water qéproximately eé;ilibrated éo a %tandard atmospheré.
These values are quite‘distincﬁ from tbdse_obtajnéd‘?rom

thé Vailey Springsa";nd”pﬁdbably‘rgpresent flbu Frop an
indepanaent adui?er,‘uﬁth d;FPergnces‘jn.re;idédce'Eiﬁé,

"accounting for the slight difference in values {rom the two

‘sites. While.the aquifer can not be defined +rom the above

data, it is clear that -a condult network exists within the”

Eldon Formation of the Tefrace Heuntain Range, and is

ps

b}esuaably percked on the Stephen Formation.

-~ . ~
'

4.3.3 .° THE CAYE SPRINGS

. Emergiﬁg 308m above the floor of the Castleguard

Vgllé?, the Cave Springs include the Red Spring, the Forest

Springs and Castleghard.tave entrance (Fibure 3.35., In
. ) ES Jjo- ‘ .
addition, the Cascade Spring dischargss some 20 1/s from a

‘0q5m di;meteh conduiﬁ, and emarges-uith.associated ceeps on
.an#unskéﬁigmledée in the c#nyon q# Meadows LCreek, §omg 500m
dpunstreﬁm from the edge;oF %hezﬂééddus.‘ Qltﬁpugh-bart‘of
thé‘pnésent group, its‘jnacceSSiBiiity meant that it was

little studiad. S

The behaviour of these springs is complex, being
. : - i .
dominated by the cave floods which are periocdic overflaw

" events. The low flow behaviour is of an entirgly different
magnitudiz, but is of. interest, as "is. the interaction .

betueenfﬁhése thé'mpdes.of flow. P i R
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1> Hydrology of the Red Sprfng o ST

“The Red Sprxng I's perenn:al and responds to both .
rain and malt events Figure.4. iU ahows that this
bchavlour is. extremely subdued In Fact,.digitising ﬁo the

M nearest D 005 xnches uas.neuessary in -order to generate a
.real:shlcally smooth series, and the data is con§2queﬁ£1y
sensitive to the slightegst recorder error. The répid

response to rain Ls_énqbably derived from ;hannel‘ S

‘precipitation, while the subsequent béoad’pu}sefshous a .
c peak delay of five to ten hours. Lrude Baseflow separatxon

for ﬁhe-storms of 27/? and 28/7 nges estimates of the

- -

4

total dlSFharqe due to rap:d and .to delayed response.

-

Ustng the . upper Mtadous precxpttatxon data, and dlvzdxng it

into the total flood VDlume, the effective catchment areas !

1

s can be calculated (Table 4 S) ,The rapid runof? area seems N
a reasonable estxnate of channel and bare rock area
upstream oF the gauge, ;unf:rmxng channel pr:c1p1tat1on to

bt 1ts orngxn. The dclayed rcsponse represents‘

contribution from a very small catchnantaequtvalanﬁ to.“

_ runon from-a Ci?cular area 112m in diaheEQP. The runoff
‘volumes were crudely estxnated from the’ dlscharge data by

rcctangular xntegratxon. Unfortunately, the PeLorder e

- . ]

‘ resolutxon was desxgned to. p1ck up the S cubic metre peh

second cave Floods, and wa: lnsutf1cxent to JUbtxfy mpre

e v
i .

prec1s¢ analysxs of Red bprlng dxscharge‘ N ]-f. .

N -
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- 2) favf‘Floods‘

Ecypnd'iheir ba?icaily d}ﬁrqal similarity, there is
oﬁly a weak asédéiati;n békueen ®ed Spring discharge and
air t;npehaiura . Diﬁrnal uééiatfons'of'discharée cohtin;&
even uhen the small sxnkxng streamsion the upper Headous

are dry\ The low amplltude of the diurnal variation (plu:

v

ot minus 24 oF mearn daily flow and 1t» consistent
magn;tude (2-3 1/s1% suggests that . the diurnal conponeﬁt 1s
§upp1anentary‘£b'a‘ﬁelptiOely independant basetlow:

r -
- [

The continued flow of the Red_Sﬁring theeugh the

winter into late April sujgests a reservoir oﬁ_cdnﬁiderable'

_size.~ Data on the winter racession are not available.

FHowéver, a discharge 6#-40-1/5 in late Sébtenber, and. an

e§+imaﬁed 1 1/s xn april - may be taken and an exponant1al

" recession assumed For a reservozr ‘without recharge

Reserves of .20 mlllgon cubic metres are estimated for the
end of Septembér and tha reservoir ‘has. a half life of 40
days. = " The latter Pzgure is in marked contrast to the. 3, 1-H

day ha]? lee ast:matad for the Valley aquxfer and :uggest>

a radlcally d:FFerznt support1ng aqu1¢er.

- - . - X -

Rt a larger scale the cave floods are . .of iﬁterest

- because oP both the threat they pose’ to- speleolog1>ts in

‘ suddenly Fxlllng parts of the cave, and the anomally of

) Lot -

such d1scharge3 emefgxng'300m above local base lével. THé'

——
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'%lo§¢s-bepresenf an ;Qenflou {Figure 4.1{1)> with ;n

dnder#l&u pr;bably.routed to_thé valley sé;{hgs. In this
s:tuat:on a rising uater table is umlikely to be the cayse
:_oF thq over?lou‘avants More lxkely is hydraul:c damm:né

‘caused by ‘a constrzcted link to louer outlets, -ﬂ'conduxt

"‘morphology in which thts might occur 1s seen 1n the Fxrst

Fissure of Castleguard Cave, uher; LOﬂStPlCtEd shafts draxn
a largcr, graded vadose Ganyog Hlthough the shafts are
able to absoﬁb moderate discharges, the large headloss at
such Junc%1ons dur:ng loods limits flow: 1nto the shatt

and the c:nyon_ik;?e—{;tivatcd‘as_a #lood'overflou,routef

This emphasises th;t‘gahgrencg to the ;ater table model in
condu;t aqulfers is likely to nesqlt:in %erioﬁs'
misintufprttation of aguifer behaviour: This type of

'flooding.i% unlikely to demonstrate the rigid hierarchic

sequence characteristic of flodds in a PEee—Flow,aquifer.
-, . . . . ) . .
- : \ - . :

. ) ) ! ] N ’
The Foreét\gg}in§'is an. intermittent spring lying
gome 30m Below the cave entrance, and 1s thae louest outlet -

'poxnt For the cave fioods The dlscharge cqpac1£y ot ther

-

.sprlng is lxn:ted houever, and larger Floods build-up

.o

1ns:d¢ Castleguard Lave, tventually sp1111ng from the cave

-
.

) mouth an, hour or’ so, aFter the Forest Spr:ng commences

Flowxng When ‘the cave Floods, a ‘marked rise is seen in

-

the total flood hydrograph but ghe Fo;éét‘Sprjng ma}ntbihs

an,gxtemely steady-dlschange oP'éphg 049~cybic.mebr;§ per

v . -

~



second. Therefore the Cave Springs comprise an- : . -
v T A"‘ R . = " : . ; . ’

overflow-underflow group in their own right. Throughout  _

- : . - -

flood events~the distharge oP the Red Spring varies rather

 little, suggestxng that it is fed by an 1ndependant - Sl

~

underflow conduxt Howewver, in the entrance complex of * -

Castleguard Cave a small stréﬁm‘?lous in Hpr:l pre:uaaﬁly :

" feeding the ﬁearby Rgd‘gpning; Thxs‘stream is adJacent to;‘k

a Ploodedifhéft which is the in+erred source of the +lo¢ds LT

uithin tHQ cave., There+ore ‘the Cave bpr;ngs ochupy a gf

- comnon';ondutt aithough their behav:our 18 SO d1++erent -
andAthz ult:mate provenance of‘ﬁhe Red Spring and {looﬁ'

waters. are- unknown.

v .
v s ..

Uhen the cave was not +Iood1ngJ thg-réspdnfé of the

'Red bprlng to raIﬁPalI was' shown above to-be ﬁelg%ivéiy

r

Regble, Houever,_there 1s also a massive response only v

ohserved durind'perxods o? cavé floodé (Figﬁﬁé-4 19: see

25/8/?95 suggestlng a gDnSldEPably enlarged catchment area"

at thls tlnz. Lonazdarlng tne latter exqmple, ;ubtractxon

v [

of experted" dlscharge based on ne:ghbourxng dry day: (and

- Ll
)

relatxvely low flaws s . gave a total ra1n 1nduced dz:charge

of’ 42 800 cubic metres. 5 Tmm of rain fell on the Upper ‘ -

Meadous at this tymg,~gzy1ng a catchmeqt area of 8;3_

'

-sq.km:,'éssumfmg 100% ruﬁo??.‘ This area—coﬁr#spdndé‘to'thé:':

centrapetally drazned port1on of the upper Meadawb.’

L Houevar, the undzr?low LOﬂdUlt dxscharge has also to be e

- 1



maintained. Perhaps the runoff froa glacier ice within the

Catcgneht balances this loss, ) T

o - -
- .- im - - PR

-

-frha_f*irgt cave floods of 1979 and 1980 occurred

-

-—

,V'btfgfe the summer runaff regime was established in the

HQaIIey springgl In 1979, the floods were observed to be

f-cozncadent uxth the dxsgppearance of snou in the

—

7d¢pr¢ssxons of the upper Meadows, and ware’ very turbzd when

-'compartd to later floods, The reiat:ve turbidity of these -

“Wlﬂods suggast» that. at least a compongnt was derxved Pron

- T - .

extﬁ:glacral areas. Total dxscharge #rom these Ploo&s

.:w:(GIGUS‘Red bprlng D:schargc& uas ??? OBB cubzc metnes,_

"equavalcnt to a snow pack .32m 1n‘depth4 Ossumxng .a snou

Lfdensxty o€ 300kg/cub1c metre ulth;n thm putatlve‘catchhﬁnt

P -

'3«areauo€ 8, 3'sq‘kmdf Thzf-1s prasu&ably an unde:estxnata,

~ LS

-btcausc the cave Floods are an overflou “and S0 some_

- -, - - - - -

w‘CPItLCil underFlau dlscharge must be satxsf:ed pr;or to

"thexr occurrence. The £a11ure of-Heavy‘razns alone to~-.

e —— - v

.rlnduca ‘cave Ploods.ﬁurrng non={ tood per;ods “suggest that

WI

A'the under?lou 1095 must be Faxrly substant:ai

- -

1nd1catlons oF this: contr:butzon to the Ualley hpr:ngs were - -

-
‘-., -

" noted abqve.
3 Tracingkr;,  ‘f:f*.“_.rfi“f

[} + DR " -

“gi.‘ Trauas made from the‘Benchaé duang cave floods did

P B .-

nothdﬁpeqr at the cave, nar did the.baskatchtuan Glacier
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trace ﬂf.'\-i'ti;l Qa; made at -l..o.u P‘l‘du\.' Houe'cer, a sgaiizl _sinking ‘ ': A
str‘ean on bthe uppcr ;'i&t—adc)usjuas tra‘ced lt.u:ce to the H;e’a aﬁ;‘ -

Cascade bpr{:ng:, uxth\ a waak f;aca also to the Bbxg b;;rz;\:; ",_v ' . v
(Figure 4.20%, Thxs was dur‘,z_n_g low Plvoy condition¥. T Y 7 _-,-
Tha average flouw- through txme ior the trace. uas e ’

.30h, with a recovery of U. 01-.’/ at the ited bprlng__ \There‘ -w;«__;: - -
a' dc;uble pulse,_the earlier ;nd sm.’a)l_ ler arrwxg‘g—--:ai.‘-f’r‘i:sinhg'.- ~ :
stage and the later one at-p’eai:xdi':;"c’hargé Char:c'::‘.f_a-.1~ = : "':__._t T "w
detectors suggest that al-sin.i’l':;r “qu:a'ntity; ;:'51'“ dye passed ou'E" " ::—.'-_ :
Vof‘ the Cascade épring. Some data -unre lost +rom the“Big . ‘-:7‘ .,, . A
Spring. but dtt?:ctors suggest that little- dye uaLanxssed cr e " -.‘
‘through this omission. _In thxs case the Bxg bprxng (‘, ’%:“ .,}'_.._ i
breakthrough n;ur’ve 15 an attenuated m.uu: o+A that ir the-c "",‘_‘n-- "'-
Red Sprlng, but u:th a tuo hour Lead *Detectbrs on ot reo - g :
valley s}:r:ngs sugge§; a. sunlar re::over-‘y Eo that o;- the .- v - '-: ’ A7
Big Spring. T i -":f o :-:" :’I e e s - P

: ’ . . S ; “_ - _ - h,. -‘ ~ S ) : : / . - ‘
The I\AJOf“ probien ulth tha “Meadous Red bpr:,mj trad;'-- .dﬁ;r',r-‘_‘ L )

is the loss of at least. 90% 6+ the dye. The,loss can: he to‘ _
“an unknoon- outulet or’ 1n;:o ;torage, ali‘.h;‘:\u.g;'}l there -1';"' :rﬁ -
clear-ly a rql.atxvely ef‘i‘:czent conduxt t;: both thn Red and -~‘,: |

'Bzg Spm.ngs. i The r‘esadenca t.1me of uater should be TnaL e L " -.

- - .
 oaw -

ref‘lectad by lhe -water chemxstry and these_ da;a hre naw e
. Ty "_“ _“- - . . ) . ‘ . . > . R oL - 7 -
confndared- LT e T T e e T TR —
f - v 2 o : - L e e : o v o= ° . e
- . - - R - " el . e - [
® . ; - .- - o
- . - . - = * . R I -_,"‘ = L T ¢
' - T . - o ~ < .
< e . . R . T vt o
- b - D ' - N oL “a - Mavs b LT : =
0 - 1‘._ . " T . ~ - . A ) . '.-
. - - - Lt - - -l e 7 . :
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4> ﬁhr@dnqtc Vater Chem{ktryf

The carbonate chem:stry of the: Cave Springs shoss

. substantxal varaat:on (F;gure 4., 21) in contrast ‘to the

1

steady valuea +rom the Valley bprxngs _ Cave 1Ioods dilute
/he spr:ng uaters to a level conparable with fresh | |
meltuater ﬁ?ter cessatxon of Floods there 1is 5 perio# of ‘,‘:>
rac0v¢r9 lasting thpough to-fApril uhan total‘hardneike; in-i
.:excess of -120mg/1 have been neasured (T:C.Atkinson
' ptrs.romm \thc axact F:gures ;rc in doubt) . The detailed

bchavxour is more complex, howewver: the Red bpring

[}

contxnues to dlscharge hard uater Por some bours after . .

(s

1n1txatron.of Ploods anllarly, the erst Floodwaters oF

the Forest Spr:ng #lood pulse are ‘hard, Thc Uaters also

L takz'soae t:ne to recover tolloulngfcessatxon of . floods

;5 ,qpntinuous ;onduct1v1ty study oF 1980 The relatxvely C '

Unfortunatcly, tht remote,locatxon of tﬁc sprxngs prevented

- M ' * 1

' ' nore thorough sampl;ng,,but the general ral&txonshlp té 1

: Ploods is seen” in }1gure 4 21 S B o T e

- - A

. N L
P ‘-. . L ‘ Co. P v -

:”jﬁ-* . The. nted Por htgher frequency sampllng led to the_

dxlutc charactgr—of thé water gav¢ a poér resolut:on on’

I3 .-' -

avaxlabla cqyxpment and an operat:onal amp11+1er uasj

- - i

ntcessary to nncrgasea[ehgxtxvxty UnFortﬂnately, this

1ntroducgd a nonr-line responsa, uhlch 1n combxnatxon w:th
/"‘ \_,'\

ganaral dr:ft means that thg data can only be presented in

Ve
-

arbltrarp unxbs1kFu§ure 4 22) and arg only ordznal.
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[

- with .]lower conductivitg vater. - v

- The cave flood is seen to be the most significant

dilution event. The lag time between opposing peaks and

- - ’ s - . - - i
troughs of discharge and ¢onductivity during cave floods 1is

1.5h, "~ The conductivity recovary time from the cessation of

;thelcqve,Plooﬁ i§-9h. The contrast reflects the

- differences in active discharge in relation to the volume

. ) = . : , _
of .water stored in the conduit. Although it is tempting to

estimate reservoir volume frbm theseifibures, the result

will. be ;trongly’ﬂischarge depéndent;_and ujlfrﬁncludg_

- . _channel storagsz in the kilometre or so of  channel between

N . - . »

the springs and.the recorder. The gradufl evolution of, 

‘Uiterjchemistry.id response ‘to floods shows that mixing 1s

I - ° r N '
occurring for which a piston model 15 inadeguate, - o

Furthermore, the conductance signature of neither flood nor

base flow water is establishéed and linear mixing cannot be

’

assumed for these data. An "attempt 'is made: below to model
rthé‘sysﬁéh Prﬁn'isokopit data gathered from individdal

- i v -

springs during a flood event. =~ -

i
\

~

‘Duriﬁg_lgwnéléw whe? only thé Red.Spring is ;ctivaf
conductivity is less ;gniédﬂ Raigstofms.ihduce dilutiog,:

_both Pro; channel bretip}tatibn aﬁd';rum thg 5uBSEQUent
.m{qor flood p?lse. Diurnal qischafqe pulses aretgﬁsociate&

i

4 .
- . ~ - a

Tha evidence sujgests A:rapid passage of rainwater
compared to the dye transit time, Rainfall is cieacly {

1
yd . . \

)

\
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7.r§utea through a go;e efficient system_thSn th?t fHe dye
Fﬁlloucdz .Siﬁilarly, the diurnal pulses are apparenéiy.
fvncﬁronoug'uith the diTutioh §€ the spring. The celerity
1s re;arkabigl suggestxng negl:gxble channel storage and .a
short channnel’ }ength- Un?ortunately,.the‘czurnal
51gnature of the Red Sprxng uas too poorly‘de+zn¢d to
justify cross- correlatlon uxth other tzne ser:es such as.

‘szperaturtﬁ to ¢stimate”pulsé lag tihas.?

The chemical data éﬁgggst that %heré‘ié a storage
voluma-btiwaeﬁ the spring§ and theflocus of mixing of
harder (baseflou) and soiter (flood) uaters This

-

.pre-ex;stxng_volune of harder uater is- rapxdly ilushed‘by
flood. e?cAls In contrast tha rtlatlvely slou recovery of
hardn»ss after Floods probably reculﬁs from the slou

"rtpllccnent of thls storage volune by baseflou f The'léﬁﬁer.
ttrm recovery 1n bcptenbar probably has 11tt1e to do thh

Floods, but is™ a rcflactxon of decreaszed recharge and

long:r-rcszdcnce time of the uatcr.

’
-

The finite storaée ipfcrre& by {agg&d Hydfdchgﬁichi'
_response in flods is contradicted \bg the a;o_p_é.lreﬁtly‘ 80
| degree ph;sc:filat;;n betuégn di§thirgé ahd‘condﬁctivity 

oL §éﬂies‘attléu flow. .Assuhiég these data tg'bg .
: approxinatﬁlyhcorrect the'diiution p;oc;ssek iﬁlflo;d ;ﬁd~:
i at low flow. apparcntlg 'nvolve an lndtptndant condu:t -

system
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5) Isotope Hydrology

The only absoclute data available with a reasonable

sampling frequency during a cave flood event are isotopic.

Deuterium variations in the Red Spring and in a cave flood

are shown in Figure 4;23.f At left are samples irom
20/7/78. The cave flood 'started at 17.35 and:rap{dly
assumed a distinctively light isotopic composition\
(approximately -174 per mil); while the Reé»Springwis more

- variable. Unfertunately, continuous discharge data are not

avai'lable from this time,
Although the Red Spring and flood waters are

’
Ay

i%bﬁopically distinét, there is some mixing-oﬁ the‘w;ters.
fhig“is‘séen—in the sligﬁt dilution of the Red Spring

; during the Flood and the initially heavy couposxtxon of the
iFlood uattrs The‘res:dual pool water (~174 per mil" and
sedimentary-eviaeﬁce %dgges£ that thg cave had also flooded
the- prev:ous day (22/?/?8) The eJqution of Red bprlng
,;ater Pron 1ts 1n;tzally light composition: tarly in the day
nay rtpresant a racovary from d:lutxon by this +Iood te

- -

more . nornal" valuas of around -{66- per mil.

¥ - . 3

N

Tha parallel behavxour oi Red and Fore;t Springs is

 1u6éxpectgd. Qlthough dxst:nctly d1fferpnt in charac*er
they‘;hog'a-sxmtlar resxstance” te dilution. The samples

~N -

N
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from 20/7/78 support the close relationship., The Forest
spring startéd to flouw at approxinately 16.00h, as the Red

Spring became more dilute,

If the transition from preflieood water to flood
waters was delayed, but rapid, then a "Piston” model could
be applied to the data, in which case a flooded discrats
conduit or a well defined‘open channel might be in?er;ed to
bé the conduit feeding éﬁer;Pring. The volume of uaéer
initially in this conduit cou"i;i be estimated from. the

quantity of pre-{lood water ejécted.

However, the gradual tfansition suggests that -
plogressive mixing is taking place before outflow.
Although numerous conduit configurations can be invoked to
account for the mixing, one ofxthe simplést is a cont{nous
mix%ng model in which a finite reservoir of preflood u;teré
is progressively ﬁixed with and replaced by flood uaégrs.
This is an exponential mixing model fn'ﬁh}cé the proportion
of preflood water in spring discharge decreases
ixponcntially with time, assuming stcadyldischarge of flood

uatcc?and no recharge of preflood water.

Insufficient data exist to test the validity of the
model. However; exploration of the flood zone of the cave

shows the entrance comaplex to be cﬁgracterised by brogad low

-

bedding plane passages occupied by extensive breakdoﬂﬁ'and

/



”\_, _/—'—-‘._._../

i 106
pools of water, Flooding of such passages would result in
a progressive mixing. The assumed absence of preflood

watgﬁ_nechbﬁgé of thf ¥lood conduits during ¥ioods is
supported by tHe relatively long tag; dilution of the Red
Spring waters gfter céssation of tlooding. Howaver, at
this time the Réd Spring is often the only active spring -
and flood ;ater residue from other conduits mayv be
discﬁarg@ng this';ay. The model 1s only applied to rising

stage and its results are only of comparative wvalue.

. -

The Red Spring i§ assymed to be i1nrtially at -166
per mil and aixing with -174 per mil water with a constant
discharge of 50 1/s. " The resulting hypoﬁhetical reservoilir
has an initial storage of 1,500 cubic metres and a half
life of 5.5h. The apparently é]ou‘qi}uéipnféf*the Forest

spring water suggests, a vet larger reservoir- Assuming a

steady 900 l/s discharge }hé'tup(f) data points suggest a |
- . . -

reservoir of 21,500cubic metres with a half life of 4.5h.

.

The cave flood rapidly'rose tq a_steaﬁy dYSChargé‘
estimated at 0.5 cubic metres per sécond., 'Takihé ﬁhe:?irﬁt’
five flood deuterium values (except numberltédé, a\siﬁi%af
exponential model was fitted, assuming an ultiﬁate
deuterium concentration of -174 per mil. The haavy'uatgr
reservolr in this case was estimated at 600 cubi& Aetfes
with a half life of 14 minutes. The rapid transition

between water tQpes therefore suggests ‘that a piston flow
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model is more appropriate in-this case. The known conduit

is indeed more open and of larger size than other passages, -

s0 th;t-the_dilution may be attrdbutéd to dispersive rathar

-

than physical mixing,

The data base for the above models is extremely

sparse and the model is based on gross assumﬁtions.
However, it is the relative response and resistance of

various conduits which is of concern, and in this respect

the fype of mixing model used is nore significant than the .

A .

parameters calculated,

. The conduits behind the Red and Forest Springs are
believed to join in the cave in the region of Boon's

Blunder. " In summer a cool draught issues from the Forest e
* - . . kN '

Spring when it is not in flood and is presumably an“ale BN

‘flou from Castleguard Cave. The slow dilutionf<andJ

.
]

-récovery) of these 3prings in:flood suggests that thi%‘

spring is served by the sort of passage explored in @HE‘

~ ~

entrance complex of the cave: a wet, low bedding plane -

T

.

conduit, much obstructed by breakdown, and through‘uhich':

there are several flow routes.. CﬂSgani (1981b) sdggests
that zuch passages paﬁ'&cverbp whare almost saturated
. . ’ : : $ <
vaters are involved. S o .

3

6> lsotope Geography .

s The deuteﬁium gampliﬁg program of 1979 established

:



the basic_isétohe_hyd?ogeogﬁapﬁQ'of the aréa araund -
Castleguard Mountain (Figure 4.24). The results are

ﬁoﬁplzi. Binter snouw produces\?e?yflight‘ﬁelﬁQiter. The

altitude eFPect_on,Cékﬁigquard_ﬁpuntain is the inverse of _

conventional results ﬂe.g.ﬂoger‘et'al.19?2); Qrobébly'bhg

‘result of relatively heavy'fhring aﬁdfsuhmer'spﬁufallﬁ.'

The most distinc%ive vater was rainfé}lf
Glacier ice meltwaters appear to fadl in:the -160
to =170 per mil range. However, A feﬁésamples oFllocaIIy‘

Il

derived meltgatarS'bh the Saskatthewan Glacier have a

- 'prog?essive lightening with distante-?roﬁ the anoug.;;Thése

data show a linear relationship.betuéen.ﬁistance-and
‘ - L B R \ .

deuterium concentration, with a corrglation coefficient of
. - - b

0.984. Previous work on ice from this and other glaciers.

]

v
[

. .showed the inversge of this relationship and considerable
. r % ]
. i n {
scatter (Epstein.and Sharp 1959; Hambrey 1974, Krouss

. 1970)., Perhips meltuater ;amﬁies'pro&ide more

- represantative data than the &ce}sampke% used by previous
workers., Further data are“BecESar§ to test this finding,

however . ) . , ‘ ' : .
1 - _ .o . :
Meltwater feom . the East Castleguard Glacigr 1n

Meadows Creek showed cruéelv diuékal Fluctuétions {(Figure
- 4.25), much as'have baen reported elsewhere (e.g.Ambach et

"al.1976, Behrens et al.1971). Sampling on the source .-

glacier suggested, houe%é?[ that a variable souyrce



areafroutihg model might expiain these variations just as

wel]l as ﬁhe'conventipnalfand rather specu]at{ve

.ablation-base low mixing model.

L]

Tha provenance of the cave Fiood“uatéré 15 clearly
hot-From'qeu snow or rainfall in this éase; and they.do not
show the cycliéity of proglacial mél?.i In fact, few waters
were fpuﬁd with a siuilar compositidn, the nost 51m11ar
'uaters bt;ng mature glacier ice or high aItxtude winter
snow. Extrapolation of theAbaskatcheugn hlac;gr data to a
value of -174 per mil gives a distance ﬁﬁm'%rom the snouf

‘as a possible source, a location corresponding to a .

subglacial dJdepression (Figure 4.4), Hydrogeologically, the

'_; area north sast of Castléguard Mountain, includipéfthe

b

.upper Sagkatchewan fHlacier, is the most lxkely ortgin, .The

tracc from the moul:n on the baskatchguan~hlac1er shous

¢

'uattrs to’ draxn in. thxs dxrectlon, but to the Valley

Springs. Th1s qoute is perhaps the underflou to the cave

Plood.sygttd. hrrcplxcate @raca gade‘whxla-the systemiis_

flooding might test this hypothesis.

Fp) Conglufions;-thelﬂeéddus Karst ,

" The Neadous karst has bedn shoun‘td be noﬁ—linéah:

) xn its hydrologxc behavxour, because the COnfaguratlon 0? o

-

“"the active system changes over.. t;me ’ Three elements |nay be

1dent1fzed' the~low Flou condutt ;ystem, Plood_flou.conduit

~



™~

-

" caichmgnﬁ. Tha_negligiﬁle lag between discharge and

2recharga, assumzng no’ uhde*ected outlet. During the

from the most 1htensive stOrms. In Wwarm ueather,ﬁhouever,

system and the largéA s1ou'dﬁaining agquifer which maintains

parennial flow.

N [

The-low flow conduit system is’ one of very small

magnitudd, noufishad'by'rainfand melt events superimposed

~

on -*base flow” from the Meadows reservoir. The rain

R
- . L

response and diurnal variations indicate a very small -
.. t . .

| hydrocham:cal response suggest; that there 18 11tt1e

storagz'zn the condult Therefore water, does not mix u:th

. Red bprlng -ondu1t uaters as happens during cave flood

eyents: The dye. trace 1rom the ' upper Headous to the Red

- Spring at low PJou_follouad,a different condQ}t to” that

taken by'raih—Fed rﬁno?f; and behaved quiﬁe diPFernhtly.

v

The residence tame was 30h Lompared to 5 to 10h for rain

events Only a small portzon o+ the 1nJected dye was

'recovered ¢1ther at' the Cave Springs 'or in the Valley:‘

Iherflou route to the Big“SpHinésl;as'marginaily more -

' _‘g#FiCient and reprasents an'underPléu loss The 902'6? the

-1nJact¢d dye lost may tentatxvely bn ass1gned to - refgrvoir

summer;'th¢ chgmzshny of Red bpr:ng baseflow i1s similar to

" that of the sinking streams in the ubpgf Meadows .

* i
' - .
]

During low flow condxt:ons the link betueen the

v : -

‘vjcadOus .and the Valiey bprlngs uas able to handle runo++
[ -

Lo



the capacity of this link is'exceeded énd ovéﬁ?lo& loods
from both melt and ra1n+all occur at the Cave bprtngs -The
raln?all floods suggest that much of. the upper Headous

becomes an act:ve catuhment 4or the Lave Sprxngs This

catchment also appears to produce +loods during spring

snowmelt while in summar, meltwaters- from the upper

v

Saskatchauan Glacier and vicinity a?e thelr probable;
origin. The trace from the latter aréa in.low flo; )
demonstrated the gnderflou lznk to the Valley bpnlngs
Unfortunately, thxs Qraca was not quant1tatxve and no

breakthrough curve i's avaxlablq.

+ 4

A relatlonshxp betuean the Meadous System and the
Valley Springs is known to ‘exist. The dye traces confrrmed

this link, and the turb:d:ty record shous that cave Pload

~

\
events have an impact on the Valley prings (Fxgure 4, 16)
b 3 -

Qlthough a simple O?Qrflou—under+rou relatxonshxp has been
.reJected the Headous appear to const;tue Can. 1nportant
rccharge area Por the Valley bprxngs Tha early mornrng
L,pulsas recorded in the Meadous Creek Sprzngs (Fxgure 4. 13)

and the . turb1d respanse. o? the Bzg bprxng to .cave ?Ioodh '

(Fig 4.16) may rcqusent thxn rechdrge takxng place

- Tha Htadows Reservoxr ‘is the body of uater
sUsta:nxng tha base Plow~of the Red bprxng Thls aqu1fer .
.shous only subdued response to recharga eeents, and a

gradual xncreasa in hardness as res1dence tane 1ngrea$as



S . T

_Hang;n (PQ?S) uculd refer to such a body as a “”ysteme

- *

iannexe . The nature of the storage med1um uhzcn
-:onstitutes Eﬁis feature 15 unknoun, but in the-preseﬁt

context two poss1b111txes may be env1saged The perched

P

Eldon—aqu:?er 1n+erred to. exzst beneath the Terrace Range

;fmay ba Ieakxng lnto the uppar Gathedral. HOrg some.

“pre exxst:ng karst nay 11e beneath the Meadou: and be
-partially infilled by unconsolkdated dep051ts. Figure 4. 2b :
o shoué a simplelnoaélto? ihe Meadows karst System - based on
the discussion abé?é;' - S '

. - - " -



- . . -
- -

.- - GLACIER . ICE ARER RUNOEF ' SPECIFIC  _
oL LT (Sg.Kad D (1000°s . RUNOFF- =~ -~ =~ -=
R m*3/day)  C(mmsday) - :

- ¥ - st -

-
- . - -2

G TPEYTO- c i 43,90, T 400émind, - 2898 - - .
[ &Youngdo T - ol 800{norm) 357.6
R L e s --_:"“' " 140K maxs 400,7. - -

ST SEWTINEL - -7 - 240 oo 104 el §2.000 sl Tl
- .. (Reidoand- .o v T T e nUTTE e T e T
- "Lherbonneau}’ : _ ST e T o L e T
© . - ATHRBASCA. . 18.4°_- .7 433 . 235 i T

e - U<Hathewsy - i 1T ége <.l 3208 0 T e

C. T UNNaMED - - - T ZS0. L < 1200 < 608 -
Y Weirichd o .0 s -

. E.CASTLEGUARD ~ 2.6 © . 35Cnorhd 43.5 - . - . .-

T T s T  aokgaxy> - 15,4 ool

N - . -

- w

‘ S.CASTLEGUARD 12.2¢fgl1y 284 - 23.3°.° - . =
oy . © 7.5Cmin) - 284 378 ., 7 T
 CASTLEGUARD - 30, . 1728 . 57.6 ?

SPRINGS . 128. - i72g" o 13.5

i
*
*\
1}
b3

N A A il D A Akl e D D e e . . P Y R Sl i D D G T T Il ik i U . i, gl . ik oy i ——— . — — —tr ——

Table 4.1, - Comparative runoff estimates from various ' .
glaciers and tha estimated catchment of the Castleguard-
Springs.- . R 2 .

L R /-



_ - - - - B - oo - -
- - - - LA

. - S .- :
- / o <L . o Rt L ) R
SRS C el S R S o
o . C § coe - - ¢ T . ~. ~
. } . : . - " . - - :
S s . o o
\“V‘\.. - 3 - . < w . "
. Seo L P s
/ P *k] 97 Gk - - - a T - A
. A - . .. NI -
) . st - -~ Lo ~ - T - - - ;-. N g - li
MDHTH: AUGUST . SEPTEMBER " 7 - T i i
- B A -~ { . n :
— - - !

v

7503t el T
“15.2¢1.080 T L k.8CR2.4> 7 - - el e
12.8¢0. 6 = F PeBCEL0y .0 T o e
Jasper: . . 3 5. K6y - 11, AR R B A
Jasperdld, Gate) X o2 13,6 . 9;9_;‘. T m N .
'Sunuapta - A - . 2% BT i -

- Castleguard
. Banff: '
Lake Louise;

i .
* -~ o — X - -

i
.

i
{
-~ §
PRVE N SR T

]
1
1

1
y
1
\
1
'
2]
4
———p

iqii**1ggg**“f Yoo A

-2

-HDNTHJ el ausvsr - »hEPTEHBER S

oy
Bordoate

1
*
A prd

Castlcguard —uts;bzs‘;fn.‘ 3 5/31 -2 3321 “ . BRI

Banffi- .77 T 14:7¢0.2) . L2(~2.29 _9 260,10 L s T
Lake Louise: - +019¢31.5) ?—9<—3 - B L .
Jasper: . . . 14.2(-0.55 12.0¢-2:19 . T 96(=00307 - 2 - o -
Jasperdl. Gate) 13.4- - .- 11 2 ;_1;' R S

|
i
L]

.
DD PSR PR

‘; Sunwapta: . . . T~ TN - e .
A Parker Ridge .- I R S T P S

- - o . . A Lot ) ) N - ; c, e
- RS TR R S TR L
E - - - - - - - S S T -

[ R TR TRt B
Hotesﬂi Castlegbard Figures are giverm as: - .. Lo s .o
‘Mean: Monthly Temperature / nqmber of days of data -~ T I . s
2. Other data- is giwven as: P S T S
,«J‘ﬁﬁcan Monthly Ttmperature (departure Pron average) e e~ -
g 3 ALY flgures in’ ﬂbgrees €els:us Tl v o e L

- - 35 - -
P el -
-~ - - . -
+ - - 8 A r - -
o R - e - -o.
- - - . .
. .o o f i
- fuEY -~ - - .
- : T -
- - ' :
- - 5. - .. -
- * . - -
, s
7 rd - -

v v
- N . . - . - - Lo
- - - 'a . T . . - i
- LR - . - - R 4
ﬁdJAuent btat1ons‘- R R R T , L
- g - - . . - \
: EEEE T M - . .. -
. i . Lad .
- - . . E
-, . -~ - -
¢ . -
- - . - " N -
. . - - - o =

- -~ - - - ‘

LY S « P .

0 N - - v R - .

- - -
' ., s A - - h
- - . - ~ - rT-
- -
’ = N - “. ’ N - e ’
K A



‘MONTH: - o JULY
. - S . . . -_J.— R . ‘“ L
o . Bangfa, 12,6(26)
.7 Lake Louise: 29.4(50)>
e o Jispep:- . 29,2¢61)
o ~Jasper(W.Gate):43.4

. - n
- . . w

+ - : AT
. .

JoLY

-

© 30.7¢64>

F . MONTH:

e .. Bapffy -,
o s LakeLouise: . 39,1066

~Jasper. ' 21.4445)

. . Jasper(W.Gate):53. 73

’ - .Sunwapta:

S LT 4
. Pt S #ok | 98 Gk [

\‘-.

k| 97 Gk

AUgUST

42.7¢88)
36.9¢63)
60.4¢126)

-

470 -~

r

auclsT

"63.6¢( 132

60.2(1033
64 .7¢138)

91,9 _ -

30,
44. .
4¢57) : ",
300 A

i9
37

SEPTEMBER . ~ ,

63
B9
36

57

SEPTEMBER. . L

0¢94)
7¢99)

6CT199 - .
061985 .
4C107)

. . Parker Ridge: B . §7.2
: R Y o ' -
- . \l.‘. - ‘. =
- \7 s v - * T
. Ny .
_ A Hotesal &gta are-presented as: A
e, f““ﬂ%nﬁhlﬁ‘kqgnfall(percnnt of normal) \
1 - - .
L e e 2. Figures gre in mm_ “ ‘,?ﬂ -
“ ; T : v "t
- | n . \ \H !
. ,.; L - 1 . k’ . \\’
r - v - o \, - a -
- - rs N ~
. - . J hY - -
T <. -
.t R ' - 4
- ‘-‘? 5’- '
P - N - T .
X . ; S o ¥ .
) = T . 4 ’
- n ’ e ) ¢ i
-l p P I
r 3
- . e (\ } . .
e - . -
Y * ‘~' oy L
.
~, R - - - R . - -
- a-_"'..- : LT -
N ™~ -
- - - - * . e i
_________________ e e e e e iy e e e e
T - )
. -~ ,
- 1. ¢ .
e Table,4.3. Precipitation data from nearnby stations
- - o - e
-~ - . _
- -, - . . .
‘. - - ) Lrwen 3
" e )
. . - | -



g : 116,

. .LDCQTIOH o '*Qig?grﬁ ‘; y LA ETSS -
. Big Spring:' - . _ ' : 182471
i Upp;r Meadows: 64/40 | . . 141/65
Lower Meadouws: ®#7/40  T04062 - 187770 - <
Banches: o 144769 219765 - ¢+
- ,: " T ;\ ‘ }.

Notes: 1 Data are presented as: :
' . “Rainfall in mm / days of record
N _ 2. 1979 data from two periods

» . ] for comparative purposes.

Table 4.4a. Tobal rainfall from.the Castleguard Area
' - H.‘_ . .

Pl
CLOCATION ° - #%1979w% : L RO g
- \' - - | - - e - -
Big Spring: S _ o 2.56
Upper Meadows: 1.60 - 217
21 D23y
’ Lower Meadows: 1.93. '1.68 (r.590 " 2.67 " | .
. J , ¢1.24Y . . 1,26 - ' B
Benches: - ‘ L .2.090 (el 0 3.32 0 - «

. Hotes:l.Unbracketed figlures are average daily rain.

-, . . 2.Figures in parentheses are ratios betwean
comparable ,figures by location and vear.-

{notice the consistency despite the contrast

in total rainfall, Table 4.4a)

‘Table . 4.4b. The ratzos‘betueen mean dazly rainfall . from

" , dxf?erent sites and years for comparable periods.. .
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. : sroﬁﬁ f - STORM- 2
Total R.inf;licﬁm)=} ,; 4.826 . 2.540
. Total Rapid Runoff{cu.m):if1.106 6.876
. Totai'delayeq Runaff: 45@468_  27.720
" Rapid Catchaent(sq.ad: 2,300 . 2,700
i Delayed Catchaent: 9,400, 10,900
_ s

B T o — —— T —— - A W AR A vy YT . — = i - T ——— o — = — - -

Table 4.5. Catchment areas estimated from the r‘-'esppnse
the Red Spring {@ Rainfall.’ ’ .

'
;
[ ]
v

.
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Figure 4,26,

Tentative mo&el of the structure of the neadows Karst
and Its relation to Valley Springs and Creeks
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CHAPTER FIVE

Sl - QUANTITATIVE FLUODROMETRIC TRACING

S.1. INTRODUCTION

Y

‘There is an extensive lsa!rature on the, preferred =

*

e b oy b n e

propertie; of hydrologic tracers {e.g.Atkinsen and Smart

1980,‘Eack and Zotl 1974, Brown 1972, Buchtela et al.i9é8,.

~

Davis et al.t980). Beyvond the essential requirements of .

- ' -
1

[T PUPRNININEN T TP

safety and detectability, chqice rests largely upqn-thé . ‘f

*

needs of the particular application and the perseonal bias

oP bhe'neQieuer. - . . /' X : - ‘ |

’
1

o ": “Ih;\tface; df pqéféred;é in karst hydrology isC{“' N
 qua1l?.§ fluorescent dye, because of availability,;ffeid
~de£ééfabfbity at lou'&apcentratjons, and cost
'(¢;g.P.L.$maF£ and Smkth 1976). The red fluorescent dye,

Rhodamine WT, is especxally su1ted to quant1+at1ve

appl:catzons, because it is h;ghly detectable, has low"

. ' }//’ﬁ;tunal background,‘and relatzvely low tendency to -
adsorptive loss (P £, Smart and La)dlau 19773, The major .

P:eld problem Ulth Rhodamzne U T. 15 the queﬁdehce'o}

- ’ 144 ' o . ‘ ' -



145

. fluorescence on’temperature (see Rppendix A.43. In
addition, technological advances in fluorometry mean that
* ' .
measurable concentrations are now so low that even small
. background variations or the slightest contamination.can be’

mistaken for tracer material, unless special procedures are.

Folloued:

Field experiments are often designed to ev;1u$te
both tracers and aquifer characteris%ics, (a.g.Atkinson et
~al.1972, Bauer et al.1930, 1381, Behrens et al.1981,
Gospodaric gnd Habic 19763, Tht.5F25eht work 1s codgerned
‘only with the latter problem, in particular the use SF

tracers to investigate the nature of the karst aquifer,

There exist a variety of investigative techniques
involving conbined hydrologic and éraéer studies., For

simple s:nk-rlsxng condu:t systems Htk1nson vt al, (19?3}

summarise methods of condu1t volume est:mat;on and Brown T

(19735 has developed a te;hnzque oP daducxng .simple condu:t/,v-
‘topology For s:nk-r:slng paxrs based on the input and .

'outp/% mass balance of dye and uatcr The assuapt:ons in

" such analyses (such as stzady p1ston flow, constant

'phrtatzc and vadose volume during the test, and sxmple o

fonetry> are probably never met 1n real situations,

;lthough the methods prov:de crude estimates of aqu1+er "

\

form.
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The natural flood pulse methods advocated by Rshton

(1966) vxolate these assumptxons by def1n1t1on, and ma&e

" further assumptlonb concernxng the identity of Flond and

preflood water, 'ﬁtklnson (F377) and P,L.bmart and odge"'

(1980) used natural and artificial +lood puIses, and

tracers repectxvely, in the Lheadar catchment UK( Tpéy-
obtained similar values for the volqu of phreatic sﬁorage,
-demonstrating the relative czompatability oF-the'meﬁﬁods.

In contrast;“Smart and Hodge. also provide am example of’
\ A . -

complete attenuatxon of) ad'art'?icial tlcood pulse, while
v -

Brown (19725 dzscovered outp't dzscharge ser:es to be

'apparently leading the 1np;t}

ﬁn'altérngtiv_ rocedure is to treat pulses as

signals transmitted through a £ilfer (elg.Williams 19775,

‘qhose behaviour may be gquite non-linear. The analogue
| input provided by.mEasureméﬁt of swallet discharge or

rainfall is usually only: part of a Lomplex rerharge process

#/(‘and 1s most unlxkely to rﬁprﬂsent a pulse at the upper end

Y,oF a $1ngle phreatxc conduxt except‘ln trivial cases.
;Thxs is reflected 1q’the difficulty experienced in

developlng statlstxcal models of karst aqu:fer respon:e to

‘raanall (eg Dreiss 1982,UKHISEI,1972). in fact,.the
deFxn:t:ve character:st}c of karst floods (acgording to -

' Bakalouxcz and Hangxn 1980;,15 the compiexxty of -their

<

composxtxon -at the rlszng

J\A_/ . r._' C c . " .

'

T et b bt i PP
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ﬁ;tiFiEial trécer; are modified in sinilar ways to
[ natural signatures. but retain their distinctive identity.
Tﬁu;, tracer recovery and dﬁstribution over time and
between springs provide inf&fbatioﬁ specific to the route
tgsted{ Héuever, the interpretation placed on such data

‘ appears. to depend on hﬁe authsrs concerned as well as on
the #r;cér data itself. In order to_ihterpret tracer )
' bﬁea?through cur;es, as?uaptions nust be made concerni;g

the relxab:lxtp oF the data {the s1gn1+1cance o+

var)atxons) and the nature of the xnteruen:ng aquxfer

r'- .

As an example of these assertxons, both ﬁtk:nson et
al, (19?3) and b:meonx ¢1973, in Boglx 1980) descr:bg_
polymodal breakthrough curves, which they take to béi
diagnostic o? multiple flow paths. Inmitially, an
inspact?on_of the data of Sinéoni shows that the mﬁitiple
peaks are based on only ﬁine data points, leaving &oubts as
to the significance of the heaks.ﬁ'ln both.caseslgreen
Pluorc;eenﬁ_dyes were eap}oyed,pfor uhich background may be Cot
é_probiep. “1n additibni €he'Fluorescqnee of Pyrénine {the

tracer used by Atkinson et al.) has a strong pH dependence,

so that naturatl pH variétions'ﬁﬁy:;ause apparent

£

fluctuations in tracer coqcentration)“Furthermore, the
interpretation of polymodal‘breakthPOUgh curves:varies:
Simeoni held that branching conduits explained the dye

~

behaviour, while Atkinson et al,suggested‘that a portion of

- . = ’ . B
.w _ o . [ ' . ,‘



. the dye was stored in‘Pisﬁures in the limestoﬁe, before .
subsequently Peappearxng durzng ‘Iou'becession Mangin
(19?5) reported a complex breakthrough curve from a trace .~ b
made durlng baseflou, in which - a weak pulse appearad déh

after 1nJectzon and lasted several days, only to be

followed by.'a much more cogcentrated but dzscrete pulse 6

weeks later at the pnset of a major flood, pbesumably

":apsed by the flushing of a "systeme annexe’

“ The two objectives in reviswing the above examples

- . ‘r‘ . - '
are (i) to emphasise the necessity of understanding
: specific tracer prbperties, and (ii) the influence of

pracénc&xved notions 'in 1nterpret1ng tracer 1nformat10n .

LThere is aeldom any expl1c1t re+erence to this model and

4

~ .

. an attempt is made here ‘to deve}op a.more explicit
methodology for the inteﬁpretation of- quantitative tracer,

inFormationtbaééd on two complementary procequres:'fi)'the ‘

identificgtipn of a structural model’defining 1ikely form -
of the aquifér, and (ii) the consideration of ‘a. finite
suite of processes acting on the dye .cloud as 1t passes
through the aquifer. ‘
. - /,*‘l ’
el \\ o
Tracer data from beth quantitative and

point-to-point traces are often of considerable
significance, both'economiéhlly and scientifically,

However, there appears to'be a reluctance to evaluate these ' /?i

\\\\\__,traces by replication. Drew-et.al.(1970) based‘conclusions’ A /ﬁ

s .
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on the rather weak evidence of just two lycopodium spores

‘recovered from a spring under investigation. -Huinlan .

(19815 showed that catchment boundaries in the Kemtucky
karst may be discharge—dependent and that gnlorder to
devélo& reliable pollutiénAcontingeécy“plans,.;epeated
traces are usudlly necessary.,

B

oA

4

Brown (19723 attempﬁéd multiple tnacesrofla single

system producing inconsistent Plou—through_times., He -

-

conaludéd (p64) that "espetiéfly iﬁ\cases involwing the

decomposxt1on or dxlut:on of: a pellutant, many tests at

differing dlscharges are necessary. " bubsequent work by

Kruse (1980) on tha Same system showed a recxprocal

rtlat:onsh1p bttugen.Plou—thhodgh time and the level of the

f

‘lake above the sinks. This was inferred to be the effekt

of progressive filling of the cave system at higher

" discharges, although more satisfactory interpretations are

possible. =

The abilitQ to' trace several flow routés

b1

snmultaneously prov:des an important comntrol- on aqu:fer

_evaluat1ons Up to three fluorescent tracers may be siaply

and quantxtativcly ideptified in a single sample, using a

%iltéb fluorometer, Crabtree ¢1979) used three dye tracers

sipultaneously in three separate tests on a carbonate

’aqui5£} in the Mendip Hills. The resulting data allowed

the -definition of‘i,condqit system feeding two springs

=7

F
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L]

';uhose an&mgloﬁs behaviour haq p;eviously-been inexplicable
(Hewson 1972, Smith and Drew 1375, Tratman 1963). This was
largely ﬁossible because improv;d.technology ;iloued
.simultgneou; quantitative tracing.

- . . »
Stanton and Smart (1981) ran numercus replicate dye

s -

traces at‘diPPerent disxharges on three karst systemg} The
aveggge'PIQUfthrough tiée‘was.inversely pr&pﬁrticnai to
discha?gé;'ﬁﬁile disparsion incrgaged with dié;habge. :Dye
ncovgry ranged from 100% at high flow to 12% at low Flow.
These aata were inferred to danoﬁstrateja simpla phreatic

system with infignificant change 1n conduit'storaga with
i sp?jnq dis:gérée. P.L.Smart {1981) studied time of travel
" of multiple dye:peaks in relation to both suallét and
“resuégente &ischarge. Low dischargé breakthrough curwves
were single-peaked, while ip to three peaks appeared at
highér discharges. This was igiénpfeted as activ#tion'of
abandoned, Aigher'le;el conduits by rising water levels.
Significantly, the Fastes£ flow through times suggest
activation of' a high-level vadose condugt{ and velocities
in th§ other“tuQ routes are c?nstant'at this time, probably -

because of the steady head mainta{BTd by-tha_pverflou.

. . : S _ .
The conceptuat model eg’*@ﬁng.?rom these tracer

results has much in common with that proposed in Chapter
Four, in which multiple conduits operate in a systematic

hierarchy,
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5.2 STRUCTURE AND PROCESS "IN KARST WATER TRaCIHG

The tracer breakthrough curve {s interpreted in éhe\
context of'procesgés acting on the injecied dye, The saite
of pqssiblt‘proéesses may SQ'evaluated using knowledge of

'the‘ﬁnderground flou routé. and the geography of

2

groindwater “recharge and discharge points. NG

35.2.1. STRUCTURE
"5 oo
PbrouS; fracture, and karst aqui?er§ egch have a ,'- '\Jj
distinctiﬁe sfyla of flow and characte}isiicrtracer
 b¢haviqur. . In the kanstiaqqi?er, exp]oration;-ﬂthladge of
.,geplogiéal strucﬁﬁra and lithoioqy, #oabined-uith dye
tracer results; provi@e the avidencé from which the

probable structure of the flow royte \may be inferred. y W

At Castleﬁuard,Asquace and subsurfaﬁe exploration
'aﬁd;tha hydrol?gic data providé contradictory évidenée.‘
TBe known cave is a singularly massive and discrete
conduit, although its contemporary inlets have See;
destroyed. In contrast, the observed sur?ace sinkpoints
are very immature constricted shafts with small permanent
t#tchminfﬁ.‘ The abundant ‘springs and seeps in the

Castleguard Valley suggest a disorganised system unable to
‘ ‘ %
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andle its potent;al\d:schargeh; ARley (1963,p27> déscribed
‘"platésuﬂ-hyardgrapbé‘such as ﬁﬁat”oP the Bf§ épring ta be'
f"typfcal - Pﬁr snali spfiAgs or those in immature karst
aceB#.“ Uith'an‘aggéégéte‘aischarge of 20 cubic metéés per
secqnd,.ana apparently Pfgg flow beﬁueen springs, the
present k;rst systéd appears to be neither. The rapid

recession also suggests linited storage in fractured or

porous media uithin the aquifer.

The aye traces,,howeﬁer, showed rémarkabl; rapia
grounduatgr Flou, with a maximum mean veloc:ty of 1'-?1.'1 n/h,
placing the veloc1ty in the top two parcent in the
cémﬁiiabqu of ﬂ1}anovx; (19?6).‘ There was also little
disperéiﬁn and shortrlived tracer récession; it is
y esscntxally plston flow (Calmels et al Ig?b) " This
suggests a very ucl! d;veloped and 1ntegrated karst netuork

sxmx&ar to the known cawve.

——

As a result of these observations, theystructural
framework of the thacis iﬁvestigation cbnsists of a system

of vertical vadose shafts leading down to a well developed

conduit'draining from the Columbia Icefield aﬁd'discharging 

-»

though rumerous, relativel? small sprin§ orifices. The
‘Qerﬁical range from the Begéﬁas to the Big Sbripg is-about
750 m, the horizéntal distance 4.25 km, and it is an
additjonal.z.s'gm and 100 m fall to the Qrtes%én spring;

Furthermore, it is known that water from the ﬁbadou; Creek

!

e
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(and poksibly the Castleguard River) aay €hter.#he aquifer,
as does the underflow component of the Egée Floodsi(see
Chapter 4).. The rapid flushing of the dye, and the rapid
recession ;uggest that porous qufdﬁ ;torage'and adsorption

of dye is prébably negligible.‘

5.2.2. - PROCESSES

"
Five classes of "process® have to be considered in

quantitive karst water tracing wi%h fluorescent dyes; tho§§;: g?izi)
depénding upon propertie; ;P the tracer, the sampling ]
scheme. nétwﬁrk effects, hydraulic effects, and storage“§g '
cbmb;ﬁ;tién of the praceediﬂg”tuo'gf?ecif).‘ Eth clas; és

examined hgre with partigular ré#ereﬁ;;_to tracing at

Castlegdard.
13 Tracer Effects:

Diminution in traceé concen£r§£fbn‘qﬁigh is
relatively independgnﬁ.of gﬁe aqﬁfPer igzque§£i8n‘<SUCh as
loss by oxidation, photodecomposition, or radioactive -
decay) ha§ ts ba'considergdu lehough radioactive aecay
éan.bg effectively modefléd,'in general tﬁese prbcesses are
diPPicuit”to-dctect aﬁd quant‘Fy. Furthermore, adsorpiiﬁﬁ
_n;y.bt partiglly reversible, thus m;squerading as storaé%‘,
of the.traced Qater. ,The.conpérgtive rg;pvery‘of two -
simultaheously injected tréceég ui£h dif€erent tendeﬁqy £o

k .
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adsorption {(but cherwise sinilar properties’ may indicate

major interference. Rewversible affects such as the pH and

~

through suitable analyt;gg{,procedures and numerical -~
: .
processing {P‘L'S““i\\\id Laidlaw 19777,

Variations in bati#ground are more difficg}}vgb

temperature. dependence of {llorescence may beé removed

indenfify and control., However, the em:ss&on sp[g;rum of
background fluorescence  is usuall; considerably broader
than tﬁat of the Fiuoregcent dye and this may be aetected
with a filt®F combination acting well outside the
ads;rption and emission maxima of the-tracer in quegtion.
The ratio between éhe value at ﬁhe Qavelength of interest
and the of?éet value will be P;irly constant in anative
samples regardlzss of background levels, and will only
depart ?ro& this in samples -containing flucrescent dye
(P.L.Smart pers.comm.). In effect this is>empfoying a
filter fluorometer as a coar&e spectrofluorometer, Us}qg“é
spectrofluobometgr in this way to ;enave background,
lBeHreni et al.(1980) réport detectable levels of 0.0001
microgrammnes pc: litre for =osine. dlternatively, Book et
al.(1993$ haQe suggested 2mploving the high £émperature

- coefficient of Rhodamine dyes to distinguish the tracer

from less temperature sensitive, masking Bh&kground.

'

A tracer exhibiting little or no loss or decay in
\ ‘ . .

applitation is terme$ conservative, In' a broader sense a
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tracer is conservative if the measured concentration isE&Qg
- . \

true concentration. At Castleguard, the rapid flow of =

water through discrete conduits will limit dye losses,

although casciading flow in vadose shafts neans a large

——

~-w¢tted area for a gz en d:scharge, ‘and may induce some

;utrauen adsorption The adsnrpt1on ‘of Rhodamine onto

7 A -

dolonxte Iam:nae uas,observed at 1nJect10n sztes, which

-

m:g:;fézﬁly s:gnlfxrant losses in passage through the--

dol es of’ tpe Sttphan Foraatxon In genaral the dyes;
used were reasoﬂably Lbns?rvatave in the- harrouw sense In

- e . - . .
A the broadar sense, the tem rature dependance o+ Rhodanxne

- .. ™

I T N and the hxgher bac&ground of green dyes requxred

- attent:o"‘h (sﬁﬁppendxx - 4)

- -~
- - - ~

2) Sampling Effects - .- "

- DN

N - A
"\ —

. R QSSumung an. apprpprxite spatxal dastr:butnon of

samplxng ioCatxons{ there are two meortant eiiects o?

. samplxng on tha Forn OP the breakthrough curve: alx;sxng{-}

and contaninatxon.t-‘ I

- ) - .- ‘ ‘77.'.- . . -_. «..

w

QEIaSIHQ otcurs uhen tht sampllng Frequency 1s_t§p

-

- -

lou te be_nggresentatxve oF srgnlfzcant frequencxes in° tﬁe

e
- - - -

. breakthrough ‘curve: -Fxgure 5 4 show' tuo breakthrougﬁ

curvas Prom adJaccnt aprxngs. Bx nadal peaks are seen‘in

the lomer grqph (Prom a contxnuosly'zﬁmplgd spr:ng}, uh(zr\

they have beenAlost on tke upper graph due to an 1padequa€§




-
I
2

o ' .
Such data may be quife unsuitable for -

sgnpliny frequency .

- t

- - numeérical processing, although in this case recognition of

FRRETEN OO TR SR e BT i et

the problem in the field allowed its corréction on

subsequent traces,

Contaminatisn may be a seriolss problem in high

@ S N ‘ . .
resolution field ¢fluorometry. Fasti cleanl}ness with
respéctfﬁo all dye handling is essential.and pracautions ’ )

must be taken with sample bottles which have preGiously

L

contained high concentration of dye. Random use of
. T

T

sampling bottles {(and espec}ally caps) means that most
contamination error from this source will be “whitened®, ]

and thus- recognisable by its low serial correlation. When o

estimating approximate curves from noisy data, the one’
. : ’ B e

tailed nature of contamination makes conventiompl least ° !

squares models inappropriate. K .

R R The most reliable method of avoiﬂing both aliasing
andrcontanination is to use F}bu-through flugrometry, and a
_variable speed.ﬁ?cprdgr,ﬁsﬁfghaf (é}ven such real time !

0 | q&l) a tactical ;espon;g"-to_dgae arrival is -t-hlen possible, | ‘

or |

.the sampling ifterval of discrete samplers can

r

eg s the dye arrivcs.(faigure 5.2 shows curves

jacent springs; the lower graph is frog a

. - 7\ . .
continuous-f‘loyz\ford, the upper one'l{‘rom ad}"s‘crete

B T‘ . / N ‘
/ sampler. {Aparft from other effects, the "signal-to-noiseX - G o

. l . . . ’\/-
f:&{iy suggnigr‘in the continuously sampled l

A.I . <& "O . N, ) . . g ) o 9. l“
. ' ‘, r. . '\ W .-.'ﬁ » . -~ o ‘ -.I, . ’
S AU R a

Vel

s ratio is

~
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series.

3) Hetwork Effects

- : . *
The organised flow in a karst aquifer means that

the conduit network is relatively simple coapared to that .
of Practur; or porous aquitfers. Unfortunately, this ﬁeans

th#t karsg\;quifers are rather idiosyncratic, ;nd not
particularly amenable to the statistical approximations

used in the latter cases. They are thus far more difficult

to study.

The first network property is length, and time of
travel is a measure of distance travelldﬂkfnd the mode of - - L
flow, Unfortunately, hydraulic variables are also °
important in controlling tracer velocity an;_must also be -
N

considered in _its interpretation.
Network divergence seemns perhaps a trivial
interpretation of tracer appraring at more than one Spring.

Houever, it has already been used to dtnonstrate'<Chap§er

4.3.3) that cave Ploods are not derived fr the .- . 'H[M
Ca»tlaguard Valley aqu1fer Furthernor‘jé 2 siuult#ﬁeous { t
arrival of the Meadows dye trace at the Red &nd Bﬁg Spring S E
. N " (
showed indtpcndtht underground routing,. as opposed to the
alternatxvc hypothasis of rt-eatry cﬂ\thc Red Sprlng uater
\1nto the aqun?c(u(Fxgure 4‘20)' ‘Divcrge is also a 5 _ k\ '
~ ..
dcnonstratzon of gbc distributory nature o e valley\QB ~o
. . - ‘.f s
S _ - ot _ 3/ .
." - a - A \% . .
- . ‘ ' - T e
' K ' T . ! o

S : (‘ T - ' - N ’ . .
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aquifer, a fundamental design feature of the aquifer modEL

presented in the next ?Eapter." . R

T Guantitatively, the relative recoveéy‘of dve at

various springs shows the relative division of tracer from

the original injection site. In practicg, waters- are not
necgssarily,uell-nixed before separation. If this ware the
case, and other waters were not involved, the integral of

the time-concentration curve would be equal at each spring,
, N
because each spring would then constitutes a sanple .of a
- ’ -
dye injection which has peen fully mixed in the parent
. . " N e

conduit prior to distribution.

b

»

;
!
3
3
!
i
<
s

]

Convergence occurs when two tracer routes rejoin

before emergence at.&he spring..’ The result is usually

: . . - _ v
polymodal breakthrough curves, because of contra%ts,in the é
time of travel, discharge and dispersion between the

alternative routes (e.g.Figure 5.1), Theoretically, ghe

e ——— M

characteristics of the two fI%w routes are,sepérable; but - -
some a priori expression for the form of the h?eakthrougé\;_q; EE
curve i§ needed. _This hasunbt been attemptéd at present. : 1“
Such an interpretation of pol}aoﬂal turves also undermines ky
the ;sg of a geoqet#ﬁ; {or haFmonic) Fiift moment of the P~
break#hrough'curve as a transit time‘zdﬁfﬂsfer. Time Prdm.

injection to the maximum concentration Gs used| as an

..

unaabiguous time-of-travel para,éter here, ' o (
| N 7
% £
* e » ' ; v T
O “ % j
’ “ A

- 8
A



/ ' ' Figurc 5'2; is a remarkable-axamﬁle of a cOmpouﬁ@‘

br:akthrbugh curve. - The ?irit arrivél time of the tracer
is 0. Sh after 1n3¢ctxon 3.5 km away and 700 m hxgher

’Uater is unllkely to travel at 8 km per hour underground o "

"{the prevxous erst arr:val recpsd",.atvleast.xn Lanada, R B

-

: be:ng 2.33 kn/hr, Brown et'ai 19695, Thé actual recorded
Aconcentratzons were well above expected background (4.?727.
‘kg of dyt was 1ng¢cted and”the»glvcn figures have bcen

rtduccd to value. tquxvalant to a one kxlogram szectxonJ:

L4 -

Furthcrnorc, the steady background prxor to the test and;

‘the absence oF a stmilar aarly rlse tdasp:te 4. 5 timas
greater averaga concenthatxon) at another spr1ng on Meadows

- Creek suggest that ﬁhls is, not background Fluctuatlons

The dyc tmploytd vas Lxssaatnz FF Uh:ch is -a poudar In

\ this ;ase; the dye was Aot mxxed “and dissolved before; C ~_ K
. . . ) . - _ - , ' - . .
"injection into the shaft sinkhole, (the procedure usually . . -

recoanended

..‘Q'Lo ion of the dye thereforeftnteréd_tbe_ :  :.5 A$~j';
aquifer as s ]

Idcsﬁ It is possibie thaﬁ;sdﬁe-of thié'

nattri;l aay ha carr;ed rapidly through the vadose _—

k“ zone by dtscend:nq draughts.. Thls “aeolian® Plob route ?;;
‘ therefore connects only to tha Big Spr:ng ‘conduit, and
:f""

§$pears to have a very short phreatic component .

Dcsccndlng strcaus can thtnsalvcs lnduce hxr @ovements N

~

[T

caves (U:glay and Broun 19?65 Houeuer, such a wind s A,/

unllkcly to'bc gAt%a;gpd\by the de;cent of the Frost Pot- . . " .

\\l f)Strtal alone (approxfimately 2° 1/5) ) Qlternatlvelyevzf the

a .




wind 15 convective in origin, then a_vadose exit point must
- N - ) ) ‘ N . -

exist somewhere down in the Castleguard Valley.

‘ ’ & ’ ' L

4> Hydraulic Effects = Co

AU o S L . . S
The zxplanatory potential ofrapplying,engineering

hydraul:cs to karst uater tracing can seldom be realised;

btcauke the systen Lonéaxns too many unknouns ‘ror~exaqp1e

“Flogd rouf&ng degenerates 1n§o “pulse train analysisé. =
There are two main areas discussed here; disparsion: and.
. - Y .

dilu€ion.

Theoretlcal models of: dxspersnon are
S~ i N
dtueloped (Taylor 1954, Liu 19??) but equrxakp a

shou a-need For field calxbratxon - btanton and bma t

(#981) and- P L Smart (1981) shou that d:spersxoﬁiln karst
e d(:u)ts xncrea,as narkedly uxth decreasxng dxscharge.,

' #

h is 1n aqcord u:th both thaoretxcal {e. 9. Liu 19??) and

B tnplrxcal uork (e g. Beltaos 1Q82; ' In gzneral d:spers:on-

-

,lncqeasez.uxth d:stmnca, t:me oP travel and the roughnqss'

6F-thg chagnél' Ho«ever, Bradp and Johnson (1981)

emphasxse that dfrpersxon is strongly reach— dependent
F . : : .
- wh1ch i uhy only very vague appro%%ma*zons o? Plow route -

® - ] .

geongtry ran be ¢stznated from dxsper51on :n karst
‘applzcatlons-' as an example,'ﬁthnson ct al <1983)
q\g51d¢r that the frzct:on factor {f) should be around |

0.33-0.90 in the uell devtloped condu;t ke Castleguard f

. _ L P N - . ’ -
) | \ . L
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In br;cticd, values of 0.8?-2.31_uéée found, gﬁd attributed

to conftrictions and ‘contortions in tht air Plou-route.
¥ :

The enormous ?rlctton Factors (65~ i40)/£a1culated by

- thxnson €1977) for an uﬁexplored coudhxt aust result'from

passage collapse or other_such écclusions. s

N One qxpianaviﬁﬁ‘of tﬁe.usuallv s;euedlform'of
breakthrough curve; is storage in and releasa +rom “daad
zoncs-_xn tha chaﬁiel (Nordxn and Troutaan 1990 Thackston
and Schnelle 19740, Valcnt:ne and Uood 19??) Thackston and

'bchnella prov1d¢ an gnpxr;cal relat1onshxp betuaen the_*;

volune of . dead zones, and the Frxct:on factor (P) and shou

‘that 1t is posslb}e (But analytlcally conplex) to estxlate
- / .
;the volunc of dead’ zones fron the ntasured d1spersxon

7 the need +or

ntkfﬁion et al (1983) hav has:

R/ est:mates of F in karst aquxfars and tra an may prov:da a

]
gand,thnson (1991) pr&vlde eq tzons for esttmatlng

'hydraulzc radius Prom dxspers:on studles In the presant

s:tuatzon; houever, the conpound structure of thz flow :

route uould 1nva11date any such calcyjations. However,

'"dxsptr::on Pactg,ég nay be calcula ed +or cSnparative

: purposes. because_¥hey reflect mixing precasses in the
;traéed\;hanncl,ffgzéh in turn giye clues to the "style“ of
.tha Flou roytt; discrete conduit, 1rr¢gular condu:t or

broken anastamosing cﬂannel. Such 1nspectxon of (natural)

N, - : C
Yo T

Py

Purther ‘means of | maklng such est:aates bin:larly, Bradyf' 
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-

tracer dispersion provided the qualitative criterion for,

the Qeégdtion dP isotobé mixing models in Chapter 4.3.3.

Dispersion of the tracar in an unbranrhed Fonduit ‘?J
0111 reduce the maxxmum concentration with the 1nver;é o?d/ﬂ“
square root d:stance <Lhurch and kellerhals 19?0), altheugh
the E}nz—concentratzon 1nt¢gra1 HLll remain constant with
'.disﬂan ‘ travelled hnother source ‘of reduct:on xﬁ tracer
: conceh{ratxons u1ll be streans trxbutary to the trager flou
route,-and they will proportzonglly'decrease thg‘tlme—_
.toncanfratipn:integralw  DiIu£i6h sBQrcés at tastleguard
uiil be‘streamslin thétvado§e iohe, the maJor +lou from the
'Iuefleld and uontrxbutzon; from elseuhere in the aqu1+er,
2.9.the Cav: under?lou In addltion, the Naadous Lraek

Cave btrean and possxbly the Lact]equard aner may lose

water 1nto the agquifer at.certaln times,
, S . . .

'TheidiUnnallchaﬁacter of Ehe Hischarge.iéglﬂé at

Lastleguard reported in the prevxous chapter here be;gQgikf

“major constralnt. Huch of the above. dxscusszon may onl
Q .
relevant under Londxtxoﬁs of steady or gradually vary1ng

e

flow. The varylng =ontr1but1on of uater will not only vary )

dilution of a tracer, but w:lI alter aqux?er fon+1guratzon

during - the rouﬁbﬁ of a trace.  Under some condxtxons such

effelts may be xpluable (see beldb) but in a poorly

defined gqu1fer the main result is an increased _
indéﬁerﬁinécy. Lo

 —_—

hfﬁ : ' Do '\§
; Noo T - T e . B

B

-
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Unfortunately, the highest frequency variable flow,
the surging of the Big Spring, did not occur during a
continuously monitored trace, as this may have provided

inﬁgréstingAinFormatioq concerning the surge mechanism,
5) Storagﬁ and Delay

The deiibery of a fleod puise*through a karst
system fakgs place at a faster rate than the delivery of

water initially labelling the Qulse. In free surface

. streams the Etlerity of these two impulses has been studied

initia exployed in fi

{Brady and Johnson 1991, Buthanan 1967, Glowver and Joh&sbn

-19?4)7and i3 predictable, given morphologic data and

i
|

‘empirical calibration,

In puré pressure conduits the elerity is jncreased

by ﬁhg_rapid transnission of the floo xnpulse Cashton

1866). However, in practzﬂe the flood pulse will be

ing stcrage and 0111 thus br:ng
about a s‘onage*induqed elay (FPalmer 198ta), Thc n}ture

of this delay is consxdered more fully in the next chaptar.
Houevtr, two end- nenber ﬁpras of storage can occur in karst

aqu;#ers; 1n11n¢ (throughflou)'storage. and off-line

<1n-out) dlorfgc (Schotterer et al.19733. , . yg/

-

_ Q\ - In-line stcres are more or lass anlarged cha qela

H“?lch receive . 1nput at one end and dis

other. In karst they may act as siaple

r:jyyzom the
ay mechanisas



T

& .
. o " . N
and simply be a loop in a branching pipe network
(e.quilaanic {981, Simeoni iéieogii 1981), or else
intermittently active conduits holding E:}éér until Floﬁds

drive it out (e.g.P.L.Smart 1981, Mangin 1975).

Bff-1line ;tores are thbse which rgquire a flow
réversal to change from recharge tp diécharge; and are akin
to bank storage in a river (e.é.ﬁtkinson ét al. 19733, The
systen;; annexes of Mangin <1975) are composite stores
recharged Both from the vgdose zone and backflooding

conduits.

The two end—meﬁber stores may be identified 1f a

flood wave of labelled vater passes through the aquifer.

' ﬁn'offfline store will be recharged by the flood pulse and

will drain on thea rccession,-broviding a tracer pulse
during falling stage. An intermittent in-line store will
be recharged by the flood, but anQ trapped dye will only be

driven out in subseguent flqus. At higher flows sukh a

store becomes a second flow route. Fi;DFQ-S,S shows a set~

of dye traces to the Big Spring where such a sequencet may
be inferred. Houaver, othe; replicate traces produced

ol

single paaked'breakthrou?h curves, c

r .
The character qf the storage medium may be

reflected in the form of the secondary pulse. .In Figure
5.3, the release. {s\fairly discrete, supporting the notion
- 2/ ~ »

- 4

$ f
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of conduit storage. Figure 5.4 is from a trace into a
heavily choked sinkhole from which dye was released only
slowly bylflushing. The result is am unusually strong tail

to the trace. -

It is CIeaE}that technological advances have:
drénatically incr?ased the quality and quantity of

’/{nformation obtainable from fluorometric tracing. The
‘HJ pdtential‘Por aftificial‘trééer application in karst is

| very much greater than th§ toregoing revie; might suggest.

| However, nostpracticaliapﬁlici}iOQE-uill nevsr realise
thjs potenfial,_b;cause.o? the indetermifate natu?e of the
flourroﬁtc chnetFQ and.unstaadglflou conditons. The

__advantaga_dP a structufal-proces; approacﬁ is that ‘ |
assumptions become explicit. .It provides a framework in
which "likelyil cdnditions can be envisaged and the tracer
data evaluatéd‘accoraingly, using appropriate‘ritheb tﬁan

an abritrary set of processes.
LE I )

5.3. QUANTITATIVE TRACING' IN- THE CASTLEGUARD AQUIFER

-

-~ 9.3.1. INTRODUCTIOK AWD RESULTS

area was reviewed in Section 4.1 and Figurés_4pi-4.3.

v
Thcjg::rall pattern of traces in the Castleguard

éuantitative traces ware made from the south Benches to a

few of Q&:/springé in the basbleguard ua{lay (see Section

-

S
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3.2.4 aﬁ&,Tablas‘3.4a,b and 32.5),

-The flow routes are inferred to be constricted
vadose shafts 6? limited discharge, leading down to:.a major
conduit level whitch i1s more or less phreatic. The conduit

discharges as .a series of relatively immature springs.

The breakthroygh curves demonstrate very rapié

passage of tracer with kittle disper%éon (except for an
‘injection into a choked sinkhole), The tests coverad a
wide Eange of discharge conditions, but were cbmplfcated by

P . o .
the markedly unsteady conditions, especially for springs in

the overflow condition,

Table 5.1 summarises the tracer breakthrough

iqformation for egach trace. Columns are as follows:
1) Reference name: From-number-To; see Table 3.4a and b.
.) 1

2) Area: the area in parts per billioﬁihour} of the time

>

concentration béeakthrough curve., Estiﬁételincludes

exponential extrapolation unless stated othgruﬁse;

3y Peak: the‘maximum tracer conceqtration calculated for

S~
the quadratic curve fitting the three points around the
. -

"

maxiﬁm measured concentration.

N
4) Time of travel of tracer ﬁfon-time of injection to/peak

*%
concentration (the least ambiguous measure, given pelymeodal

’3\‘\ L

T
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breakthrough curves, and variable tails),

. b f
5 Q: Discharge; "Estimated” assuming perfect mixing,

inversealy proportional to Area. "0Observed? is the
estimated total spr:ng flow, uszng total measured sprxng

5?10u plus 2.5 cubic mefer per second (2.0 for trace 13) as

‘;a conserwétxve estxnate of unmeasured undertlow,

- 6) Disp. is the dimensionless variance of the breakthrough
curve (Brady and Johnson 1981) which is equal to to the
dispersion coefficient divided by tracer velocity and
distance. The actual values of both the latter are

™ unknoun.

~

'

7 Recb@erv is the percentage of the origipal'dye‘éstinated
to have p;ssed through each spring. Calculated as the ->
' integral of.discharge and concentration with reﬁpect to °
i(/// time.” For Big Spring discharge measurements are available.
\\*_‘"**m—ﬁkﬁssumlng the Tangle bprlng tracs to be req:fsentatlve of
thg%?QQOVQPy from Headous Creek Springs, recovery may be

<« estimated for this spring group. ' For Watchaan, arﬁesian

and tha Castleguard in:r Springs discharge estimates of

e 0.5, .0 and 1.5 cubzc meters per second are used
hespectngly.

. The traces MDI2BS and MA13IBS have missing data due

" to machime malfunction; the former\trace in particular is

p quite unrepresentative. Some curves erf sufficiently
. : . / .
ﬂ . _\ . - -
4 . - ' *

N
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v

documented so as not to need exponential extrapolation, in
others the tail contribution by extrapolation was
exc¥s$ive.' In the latter case estimates without-

extrapolation are ﬁzovided whare useful,

The estim#téd discharges are generally grea£er than
the total obserwved discharge, uhiéh implies either largs
undj;covered sprin;s; or preferential roubting of ﬁhe dye to
unsamnpled springs. The variability in &fiiharge estimates
bgtueun spring# and thé peor recovery at high discharges
show incomplete mixing in the agquifer, and supports the
latter hypothesis, in which sampled sites are
ynrcprasentative,‘being over—diluted, At low discharges
Tangle Creek Springs (FP11TC, MA13TC) give estimates very
close é; obseerd YaLues, implying te}t local dilution has

ceased. ,)

o -

The 1579 and 1980 Big Spring, traces are shown with

discharge series iﬁ Figures 5.5a,b and S5.6a,b. Most of the

“

1980 traces  are shown in Figure 5.7a,b. {HNHote the )
.

. . I'd
concentration scales with\carel,

5,3.2. VYARIATIONS BETWEEN SPRINGS

[ Y

N
Atll springs saspled in the Castlegquard Valley were
positively traced and they may thus be regarded as a

distributafy group. However, relationships between springs

e

/

w"‘ hd
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- L4
' e
were unesqual dnd varied with discharge and injection site.
1 L’— .
N ~ Sinilar breaktbrodgh;curi}sufhggest that springs .

}

are-discharging from th5/§3337t6;ddit in which case thé'
area under the brea&through curve should be the same, and
dxf?erendi‘\1n the peak value, dispersion and travel time

will reflect different dzstanges(aﬁ\travel.
, .

¥n trace 10 (Figure 5.8) the highest overall-

resolution was obtained .re&ealing a b;uiodall"breakthr.oug*'
- - - . {

" . S _
curve at four widely separated springs, This - T

_;harac%tristic was clearly gained before distribution te

. P U
the various springs,'but_has_renainei,dﬁspite-éﬁﬁghquent

Ay

modification of the tracer cloud. T

The Castleguard and Big Spring traces appear to

- S
have a close relationship when sanpled correctly. The

!

bl

Watchman Sprinﬁ (Figure S.2) is in the same immediate
family, but has been diJuted by some other! vater source.
The irregularity of this record may reflett incompletg'

nixing of these waters,

The Artesian Spring and Tangle Spring are clearly
distributaries with siailar characheristics, but the
relationship breaks down uﬁder low discharge (Figure 5.9),
Inspection of Figure 5.7b suggests #hat this may also be
the case for the Castleguard River Spriﬁgs. ;In faé%, the

Big Spring was dry during trace 13 and rcgny%ry‘uas froa

-

»

»

-t
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“Gravel Spring“ineafby, so it can only be stated that the
Gravel Spring was somewhat dilute conpare& to Casﬁleguard

Spring.

Tracgs to.ﬂrtesian Spring also shopg@ 1969 taii;
which suggésts some dead—zbne'storabg..:The;ﬂiffebepée‘in_
'#rrival Einme bctu;eq Tangle and\nrtesian'Sb;ing'is 6.1 ﬁ,
and their sépafatién is 2 km, giviﬁgra minlmdm.veloéity‘of
0.3 km/h.,  In contrast, the Big Spring‘to-ﬂastleguard_ i
Spring velocéty is 0.61 km/h. fﬁe resigual hea& 06 éhe -
Artesian bprlng suggests that it drains an famat&fe,—

confinad conduit with a ralatxvely h:gh eftect1ve

-

roughnzs;, and some lateraL storage.

Tﬁ?-relatianéhib between £Se "B:g bpr;ng grbup" and
'“Me)dous Creek group" is Qore var;able; dependxng on .
d:srhargn and anzctxon poxnt In general the 81g Spring

is more cénCt;tratad and has the lzrger Mass recowery undar.

.hxgh dlscharge, but bhxs eFFect xs re«grsed under low flow

or when 1nJect10n is Fron Frost Pot {(e.g: Figure S5S.107.

-

t . o -

. 5.3.3. VARIATIONS DEPENDENT ON' INJECTION POINT

The'result“of idjectiﬁn[inta a choked-sinkholé
‘fogure 5, 4) 'is-a clear example oF Lontrol by 1nJect10n
§1te.. This’ result s external“;.houever, compared to

'othéﬁ affe;ts. "“_:f N ' ¥>j



The pblymodal breakthrough curves (Figure 5.3) were
obtained from four out of seven well-defined traces fros
Met Sink. The effect.uas seen at all springs monitored,
thchrsuggests a division in.the associated shaft system
before entry into the Castleguard [l conduit. This may
oc;ur at the injection site itself whare water sinks at
several points. Howewver, polymodai curves are not alway
obtained. In part, this‘refiecté.samﬁling'frequency, but
Figure 5;5 shous'tbat ﬁélymodalify énivfocéurs during
periods of strong diurnal flou varisbiiiﬁy._ This is in
- accord uith-the,“in—liﬁa.StSrﬁgef'hypoiﬁesis described
#bove, although inspection‘of the‘la;t two traces of 1979
(Figure 5.5) 5h6u§'the:cdrvés-a}é somewhat more complex,

and may reflect an off-line component also.

The yhimoméaai tracas from Met gink occur when
;pfing:Fléu is relafively-stede, suégesting that tﬁe
'polynoda} curves‘méy‘b; an unsieadQ flow phenomenon,
 inducgd by interaéthn ﬁétuéan theqshaF£ and thelconduit.
For eﬁample,;if he#d‘iS'rising Qapidiy in the main conduit
iﬁerugteélledgl hag rise'in_thé shat't system, .If shatt
disch;?éelislinsufficient t; kzep pace with rising water
levels, ; ne£ floﬁ will oecur ints the shaft from the
conduit system, preventing the tracer from conﬁinuing to

entar the conduit. As a result, a tracer hiatus will be

observed in the tracer concentration curve at the spring.
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The longer delays Between pulses are harder to account for,

and it may be that the poluymedality has multiple causes.

Both traces from Frost Pot (traces 7 and t1) were
preferentially routed to the Meadows Creek. This was also
the case for traces made from Midway and Main Sinks ¢(traces
12 and 133, fhe Ietter probaSIy congtitute a discharge
' related phenomenon, because both injection tes waere close
to Met Sink and on adjacent ¥Yractures. L\\

—

5.3.4. VYARIATIONS WITH DISCHARGE

The relationship of tracer behaviour to discharge
ig HifPiculﬁ to assess, because the appropriate measure of
dischaége is not obvious., @lternatives are the input
disﬁharqe, total spring flow, or individual spring flow,
although only the latter values arse reglly,available.

There is also a choice of tracer parameters available, such
as variéus travel time estimators, dilution parameters,

dispersion and recowvery.

The re;ationship bgtueen time of travel and
disch;;ge has been shown to be of morphological
significance (e.g.Brady and Johnson 1981, Glover and
Johnson 1§?4, P.L.Smart 1981). In thisrcase, an
appropriate time of travel estimate is time of éeak

conéehtration after injection. This avoids the
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complications of more sophisticated parametars caused by
polymodal breakthrough curves, éxtensive tails, or high
backgrounds. Figure 5.11 shows travel time in relation to
average Big Spring discharge over the dauys of dominant
breakthrough. The seven Met Sink traces were fitted to a
power function, but the relationship proved weak
(r-squared=0.63, insignificant at the §.01 Ie?el) and the
slope was c0nsideragly less than the wvalue of -i expeéted
in a phreatic system (P.L.Smart 19815, The impiigation_is

-

that travel time is controlled largely by the vadose

}

component of the route, in which case, inflow discharge at
the sink will be the most important control. -
Unfortunately, not only are inflow data unavailable, but’
the high variability of this inflouw ¢ =zee Figurés’#gé and
4.2) means that unsteady fiow phenoména are probably -
controlling tracer behaviour more than discharge per se.
Furthermore, the u;derflou—overflou spring hierarchy means

that the Big Spring discharge is also . an inappropriate

. parameter, : - ]

\

Figure 5.12 shows travel time against total

measdred spring discharge,.uhich 15 probably an

underestimate of actual ‘spring tlow by between 2 and

n

. Lo - ) .- _t
cubic metres per second, most of which is derived from

underilows and therefore rélafﬁﬁeiy steady.,  The resuits

depend upon injection siﬁg,;but discharge response is quite

-
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inconsistent, for while Big Spring travel tiaes gradually
increase as discharée falls, Tangle and Qrtesian-Spring
decrease to a minimum and thern remain relatively stéady.
In part, inflow behaviour is controiling thase data;
e.g.the i1nflow discharge was a minimum fof traée 12,
although spring flow was maintained by other sources at -
this t:me. Trace 12 is considered anomalous in ph;s.

respect and may be tentatively rejected.

The major problem‘is‘égcbunting.For the different

response of travel times to increasing disthargé. The Big

Spring behaviour is roughly that of a vadose system, whiciv

1s compatible with its overflow status. I€ is'élso

expected that times of travel will décreasn with ihcrea;ing_!
discharge in the underfiow (e.g. P L Smart 1981;,'but this-

1s not borne out by the data. % - . e
Although several distributary ¢ohf§6uratkgns-qgn be

envisaged which limit the rate of lncrease of yélocityruith

discharge in one conduit compared to ansther, hona are able

to account for a decreased velocity at- high digcharges.

-Table 3.1 shows considerable dilution of the Héaﬂous~ﬁ€éek

‘Springs, which may partly result From“in:onplete'mixind

A

before distribution, However, it is also known that exotic .

v

(unlabelled) vater is discharging from Meadous Creek

Springs .(Chapter 4), having been derived either. from sinks

in'the Bad of the cereek, or as underflows oP-ghe cdve



tloods., or both, If this component is entering the Meadows

Creek conduit, then 3t will be coapeting with flow from the
main sonduit. The hydraulic gradient ot the distributary _

nay therefore be reduced by the head of the exotic svstea

i ”

{Figure 5.13)>. In Eontrast,-uhen the external source is
inaﬁtive, the hydraulic;gradients may favour dischaﬁge'gq e

- Meadows Creek, 'as the tracer data appear to suggest

Figure 5.14 shows.the comparative tracer recovery
of ‘the different springs in relation to total measured

discharge. The graph is influenced by changé§ {n‘spring-

'discharge.as much as by cﬁaﬁges in dye distribu;ioﬁ.A Thus
in general, und?é%lou springs gfllzhivé ;_degreasing '
overall significance as £0t31 QiSEharge rises-fé:g;£he
Tangle Spring)l_‘Q.dim;nsionless pidt o{}traée; re;b#éry
against the proportzon of to+al :prlné dlschakge is an
_Jmprovement but d:fizcult to 1nterpret (F1gure S 15;.
Hdueveru the rat:o of the prev1ou: two varlab1e= may be
.plotted aga:nst total spr:ng d1;;harge.; fn this tasg; the

ord}nate_1s'd1mensxonless and 1S dg£1nedia§
<fcra{¢tg»m>uf<joiknxzfapagb
‘where C s concentr;tion
@ 1s spring diécharge.‘

M . 1s the méss oFftracerMinjéc£edl ) -

While roughly proportioral to the integral of the



~and/or dxlutlon by.exotic (unlaballed) water.

-pbéferrgd routing to Meadows. Creék 'springs from this

176

time-zoncentration curve, these va}ues aré corrected for

system difcharge; In F{gure 5.16 they are plottéd agé&nst
an estimate of total spring discHaréa (obtained‘by adding
2.5 cubic ﬁetrcs'per second to measured discharge {2.0 for
trace 13) ba;ed on figld_observatioh)._ For a ﬁer?éctly

nixed,rdjsﬁrjbutdry system values should lie along the 1.0
Jine. bepartu;;‘Fron,L ﬁ and s;paﬁation of data pgints.in

a partxcular tract reflect unev:n tracer dlstrxbutxon

Sabéral'poinﬁf are raised by this interesting

graph (bear:ng )n nxnd that recovery is- estlmated from the

!'

. to+al LQ 1ntegra1 xncludxng tail estlmatzon errors)

A The dﬁose relatxohsh:p betuetn Bxg and Lastleguard

bprtngs is apparent althaugh trace 13 suggest;'addztxonal'

dilutlon of the Bxg Spring bxmzlar to that of Uatchman
bpr;ng 1n trace‘f!; Trace HA13B was recbuered from the

[}

, “hravpl bprxng and appeared to have su¢¢ered dxlutxon by

—unlabgllgd,uatgr in the aliuv;al aquxfer.

' L .
i, - -

2) Thé similarity of the Tangle and,ﬁrtésian.$prihg:resu1§s‘

- A £

Justifies their joint'assignment asftﬁq'ﬂeadowé Creek

. ' . .
Lo . Cae

Grioup

3) fracgs 8- and {1 were from Frost Pot, and.démbnsﬁréte the

injection site.
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4) As discharge falls, so a disproportionate quantity of

tracer is routed to Maadows Springs <{ratitos abowve 1.

3) If some springs 3how a deficiency in tracer recowvery in

. perfectly mixed system, then this should be compansated tor

by excess tracer recovery elsewhere, This is not the case
. - ' ) R t : v . :
and 1ncomplete mixing is inferred.

*

'S.4. THE CASTLEGUARD VALLEY AQUIFER. -°

‘The tracer rasﬁlts allow a preliminary, simplified .

nodél of the aquifer to be debg}oped. The elaments are

.li§t€d below with a briet supmpary oF_ivgilable evidance.

5

'

5.4.1. THE SHAFT SYSTEM Co s

-

o . - . o R hd 4
For Met Sink, four out of seven well defined traces * .
. ,

produced bimodal breakthrough curves uhicﬁ.may be

- .

indicative of a dual flow route in the vadose zone.

Frost Pot shaft also appears to have two ,

components;: bne takindiuater to the Castleguard 11 conduit,

-

the other possibly conveving air to the Big Sp%%ng conduit
downstream of tha divergerce tpreaddus Creeck

* The Met Sink and Frost Pot. shafts enter Castleguard

r

i -
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N
Il on opposing sides, a comparatively short distance
“upstream of the divergence. In this way, dye always enters
both distributaries, but is not completely mixed at fhe

jUnctfonI
S.4.2 THE CONDUIT SYSTEM

The division into the two distributaries is
‘probably phreatic, bacause both routes always receive due,

regardless of discharge.

'Thg ;ondui£ ngdi?g"thg Big Spring per se 1s éﬁ"'
‘ovérflou qﬁd-non-dperativg at low disﬁh;rgés. The decrease
‘in ‘due dclivery'EO the fééﬁleéuarﬂ éfve;‘ﬂrqup jS'thu;;
partly a result of chfpged s;sted conPiguratibn. The low
.dye recovery FromrBig Spring under full flow may shouw

preferehtial routing to unsanpied overflouws,

Figure 5.}6 shows a dilution af?get on Big Spring
'}JQ';II dischargts: Whether this is discharge from ‘an
indtpcndegé.kafst aguifer, or'an alluvial aquifer'is not
known. The situation appears siuilartto that .in the
:Huotatal (Behransftﬁ'aiplgéf) where two karst'AquiPehs
flank an alluviated v;]Iey. Tr?ding has shown the‘nunérous‘
sérings in the vailey bottem teo. be various gixéures of
karst and alluvial water. At Castleguard, the alquiun

extends 6n1y a very short distance up valley, and the‘

~_
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karstic Watchman Spring also exhibited dilution, so an:
independent flanking karst aquifer may be hypothésised.

The Meadows [reek branch of Castleguard I1 also
encounters';ome exotjc-dilution water, which appears to
linmit discharge'and thus tracer velocity an# concentration,
The lagged diurnal*pulges }n the Meadows Creek (II) (Figure

' 4.13) may stem from this contribution.

" Under louhflqu; the_competftion'helaxés; dilution
of Tangle Spriné‘céases, pdt‘cﬁﬁginuas at thesian Spr%ngJ
This dilutiqn‘uater may bé a louér~levél remnant of.the
mofe general dilﬁtion so;rcé operating at greatef
disch;rges\ Headowlereeﬁ bed issses,vsr_gimpiQ tHe

contribution of a seni-autonomous fracture flow aquiter.

. Figure 5.17 is an atten§§ to combine the above

obsgrvatiqns_into a conceptual physical model of the

conduit sQ;tém. However, note that ﬁhe_abové distussioﬁ

v

draws heavily on virtually every ancmaly, as well _as on

2
+

consistent results. While employing the latter phencmenon

has a certain scientific credibility, ‘intarpretation of
singularities is at best fhé’précticg of speculation. N
However, the general structure condéivad_here'ﬁav ba

enployed and examinad in‘the folldu%ng chabter'oﬁJaquiFer

modelling. *
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5.5. CONCLUSIONS

Advances in technology have meant that high

precision, quantitative ¥luorometric tracing can now b@

undertaken in relatively remote areas. Considerable
. N

demands are made on thé'opzrator, houéver, both in terms of
the understandlng of the te;hnxques and materzals, and in

the 1ndustry and care which such a progranm nece551tates

The 1mproved quality of tra;er 1n+ormat1on kas
creatcd a need Por su:table 1ntzrpret1ve tools Bearxnglfn

" mind previous and conteapor:ry uork, a crude attempt has

been made to dtve]dp_such.todls u:ipg a ftrucﬁure-#rqeefs
apprdaéh.y The»probable structure of £h¢ traced'route ﬁust
be dttcrmxned using geolog:c, geomorphlc and hydrologlc
1nFornatxon (xncludxng tracer data) tuxweﬁ the layout-of

the aquxftr, five groups of controllzng process are
b

" -

recognxaadx thase character;stxc of the cbosen.tracer,

' samplxng scheme,-the effects o? toﬁduit hetuork hydraulic o

processe3y and storage ulthxn the aqulfer - This approach

is appl;zd u1th some SULCQSS to the descrlptlon of the Form

and Punctxon pF th¢ Lastleguard Valley aquzfer : Thzs s:te.

i

proved su:tablq for. such an 1nvzst1gatxon, havlng brlef
Flou through angd tnacer purglng tlmes, “but it also suffers .

from be:ng an’ exceptlonalry complex aquxFer expernenc:ng @

wlda var:ety oF rapldly varyxng d:scharges

' - . -
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Rlthough the potential for breakthrough curwve
interpretation in karst aguifers is wvery large, it is
uglika}y to be realised, because only rather meaningless

5£erage flow }oute'pﬁoperties can be estimated.
//

Furthermore, karst aquifer behaviour is often flow
dependent so that numerous replicate traces are necessary

in interpretive studies.: The indeterminacy introduced by

*

unsteady flow phencmena further linmits .possible
. applications.
' »

These problenms wvere very much in eéiqence at
.Castieguard;-énd, in.addition, great difficﬁlty was had in
'obtaining.anyfhfng abproachipg gxéériﬁental control over.
‘hthe'invéstfggtioah_ As a consequence, tﬂe'aﬁuiféf‘modgl

-

'develdped is highly speculative.
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«

REF. AREA PEAK PEAK.T, R m3/s) DISP. RECOVERY
{(ppb.h) (ppb {h) EST. 0OBS. _ LZ> HNBTES
MS1BS (4.47 (.898 5.43 62.2 5.02- ,0117 8.2) 2,3,4
MS2BS 12.6 2.75 13.7 22.1 2.94 ,0t26 13.1 2,4
MS3BS 10.5 {.95 15.0 26.6 1.35 ,0140 5.0 2,4
MS4BS 11.6 1.43 17.7 24 .0 1.11 0214 4.3 2.4
MSSBS 22.8 3.84 11.6 12.2 .91 . 0524 5.0 4
HS7RS (20.4 J.821 i4.58 13.6 11.30 .,isl 21.5) 5,1
FP8BS 8.31 3.27 4.38 33.4 11.30 .0058 13.5 2
FPBAS 10.9 1.55 t1.8  25.5 i . 284 i6.6 §
MS9BS  15.2 3.72  $.80 18.2 10.57 .0148 25.2 2
M32CG i18.0 3.51 8.52 15.4 " L0239 9.7 5
MS9TL 3.76 1,02 8.19 74.0 v, 0137 5.5 2
MS3aS 4.44 0.640 (2.1 62.5 .1 . 0283 1.6 §
4

MS10BS "23.1 5.62 5.13 12.0 9.28 .0122 283.2 2
MS{0CG 22.5 4,52 6.52 12.4 - L0273 12.2 5
MST1GTC 4.61 1.13 8.19 - 60,3 " L0129 5.9 2
MS10AS &€.47 0.7695 0.6 43.0 " . 0425 2.3 2.5
FFPites (20;3 3.21 7.90 13.7 6.70 .338 10.9) 1

n ] ) 13‘? n t 20',2 L1 2
FPI1HS 3.81 0.976 8.31 72.8 o L 00&2 0.7 2.5
FPI1TC e60.2 12.3 9.8¢6 4.62 " . 182 49 .7
MD12BS (6.49 0;?31 15.3 42.8 5335; . 0432 1.8 2.3
MDiI2TC 54.2 4,27 16.5 5.13 "  .p40856 38.3 1

n [[] 4?. O . u ] . 5.92 L1} ' 2 .
MDI2AS (60.76 1.4¢ 21.7 4,57 ¢ 276 21.93: 1.5
-n n . ‘8-8 ] 1] 14}1 ] 2
MA1ZBS (27.6. 4,53 B.e2 10,1 4,12 ,0400 2.8) 3
MAI3CC 40,7 6.48 S9.14 6,82 " 0529 14.8 5
MAt3TC 140. 11.6 9,34 2.56 " 491 67.2
_Notes: 1. Large exponential contéibut:on from tail,

Estimates without exponential extrapolatlon

. Missing data,

Observed discharge is only Big Spring
Discharge estimated for recovary calculat:on

Paramaters of breakthrough curves., The observed
,discharge is a conservative . gestimate of total
springflow. Parenthesés enclose doubtful data.
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" "CHAPTER SIX.

HYDROGRAPH -SIMULATION aNb ANALYSIS

The preceding Ewo:chaptérg have'gemgnstfated'that
spfinéé\in the Casileguard Aquifeﬁ are membﬁrs.o{ a
vertical-hie?h%chy‘;hd tHaﬁ'they aré supplied by a \"
‘uellidtﬁefoptd'coﬁduit néfuork -This ‘chapter attempt» tof
‘1nvestxgate the nature o+ a condult aqu:fer from basxc
prxncxp]es. btartxng with »1mple laus of p}pe+low, 1t
consxdnrs the effect oF cnnduxt con+1guratxonlon the time
;dzstr:button of head in a-condyzt~aqu1fet. These
prelxm:narres lead to éhe:déuelopment'bfla simble numerical
model,.whzch is u,ad to denonntrate the poculxarxtLes “of
;1condu1t aquxfars,_and to s:mulate the general behav:our ;F
) the Valley aqu1Per.

6.1. ?ﬁubnﬁsnthlpéDCEsses

6.1, PIPEFLOW

" A single, uniform phreatic conduit Eonveyihg'uatcr

“thrOUQh gh otﬁzfyise impernaable'bodb.ofilinastone‘is the

*

202 . o



rJ
(e
]

simplest Zonceiwable karst aquifer. Assuming no change in

conduit volume with discharge, ‘aquifeér behaviour may be .

described’by'simple pipe flou_équa€§6ns such as thHe

-

’Darcy—UeikHacH equation, which for tubular conduits 15,

- -

B= A (4 hrg /F EMk0.S

where Q ' is discharge. . T .
A is conduit cross-sectional -area -
i . Coe ’ ' T X .
h 15 head . ' ‘ e T

r is pipe radius - | e - C.
g 'is gravitational acceleration (9.81 mn/s/s>

' r

f is a friction factor -~ - 77 -

L is length .

Rearranging the eqy#tioh!-

Q= hxw0.5 rxx2.5 . (4 g JoF LO#s0S
Over deonobphit-tiﬁe (Schumm and Cich£y31965)7 .

radius,,length'and‘fri;tion factor will all evo{vé}'bgt

discharge 1s by far most sensitive to differences in

conduit radius. For the shorter time scales chérgﬁteristjc

A : ) .
of hydrologic events, discharge is controlled by head; and

~ .
-

ﬁonduit geometry may be takan as fixed, -In this ca%g, #or
a given conduit o
S © Q= b0,
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where’

. C = rx«25 (4 g / £ L)I*%0.5

This function has-been-draphéd;in Figure 6.f for pipes of
‘rivariogs radius, and.demonstrates the importanée-o? pipe

.

radfps.‘ The conduit length has baeﬁ set aébitﬁarily.at
" fkm, and the Fricﬁfon_?aétor ﬁa&?n a§70.33; tollowing the
7emé&kical'rnsu1ts bf Gﬁkinson et al.<1983>, Hore complex
and‘realistig pipe; with constriﬁtions, sﬁarp bends, and
. ;theb such désc;ntinuities will have higher'Friction
'V-F;cﬁﬁf;. However, ;ince these paraseters are not of direct
éoncérn'heﬁe, én_unhealistically smooth pipe will behave in

. the same manner as a wider, -or shorter, rougher one and in

this respect the parameters ére.interchangéable.,

+

6.1.2, VARIABILITY OF DISCHARGE AND HEAD

The 'variability of discharge over time may be

S ’

- A}
. expresgsed as a probability of flow excegddnce. Aalthough

T

- the dist;ibution'of flow exceedancas‘m§§ be quite complex,

‘

et ;f be assumed that an exponential functioh is a
suitable appqoximation in whieh
‘ _ S

Pqt@) = K exp - K O

-

¢0r‘algreater‘€han or 2qual to zero

L]
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where
PaiQ> is the probability oF flow
zxcgeding a given flow &,
. K is the Eghipﬁocai of‘;ean discharge

1
] - A *

Figuﬁe\6.2 isfa_seni-fogarithmic plot of -the
exponential probability denéity,?unttfdn fbr'a-ﬁydrologi;al

system with an assumed mean discharge of one cubic. metre

per second. 'Kﬁ flow af 5.9 tubic-detres per‘second is
expected to be equalled or eyceeded $or 1 day peb year

The second abscassa glves the aquxvalent head‘developed in

. .

a karat aquifer at the upstrqan end o+ a 1 km Ioﬁg by 0, S a

radius condyit. The hebd equLvalent to the one day per

. M [

year flood is 950 m! ."ff e T e
"Two important conclusions may be drawn {rom thi§'

~oberwvation:

s

1) In some karst aquifers the haad developmant w111 be
limited by surface topography any excess head leadxng to

overland flow, Thxs prDVIde: an 1mportent proces; for dry
vafley Formation,'especxally in°cqnstr1c¥ed or less mature

karst aquk?ers. Hanwelt and Neuson (19?0) and Tratman

{(1363) describe floods Froh parts o+ tHe British Isles 1in

- - .

which karst dzsrharge L;pathy uas exceeded and extensxve"

sur?age'runoPF occurred. bxgnxﬂicantly, the eatlmated

recurrence interval for Hanwell and Newson s ‘filood was.
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lower. at karst springs ihén_that estimated for the

rainstorm, and considarably less thén the catastroph{c,

surface erosion appeared to suggest,

23 flternatively, the configuration of the karst aquifer
. may differ {from that assumed in the model, . The system
could have substantial storage capacity which may regulate.

floods, or the conduit system may be different.

In reality, surface tloods are much less frequent
in karst areas than . Figure 6.2 might imply, which suggeﬁts

that the chosen agquifer con?igrakion is dntypical and that

ﬁhg‘second inference should be Qore clbsely investigated,-

6.1.3. THE IMPORTANCE OF AQUIFER FORM Co
1) Matrix, Storage

. The storage capacity of karst aquifers is made up

- of conduit, fissure and pore spaces, in order of . -

_pernaability to rechlrge. Recharge of fractures and pores

l_xs non turbulent under uhlch condition Flow rate is -
-dxnectly proportlonal to head, ATthough the perne;bilfty

- of these storage media is less than that of the conduit

i ¢ 1

storagt, thenr recharge u;ll becona.progressxvely more a

xmportant ag head rises canpared to condu:t d:scharga.l

Th1s 1: .an 1mportant ob;erva*xon, uhxch should be re+lected,

in the quu durat:on aer1es for karst bas:ns comparnd £o



‘conventional systems. E.L.White and Reich (1970 report

relatively low mean annual floods from karst drainage

basins, although further analysis (E.L.White 1976,1977)

showed that some karst basins moderate floods and sustain

flows more successfully than others. However, this

\

interesting topic is probably'hot relevant to the situaation
at Castleguard in which matrix storage 1s apparently

unimportant. ‘ -

2) Conduit Geometry and Topology .

épeleological research has demonstrated tha% almost
all karst systems-arejmore complex than the single conduit’
used in the example above. .Some of the reasons FbrAthis
are reviewed Hy Ford and Ewers (1978) and Ewers (1982), In
many cases the conduit is simply larger than that in-the
model ‘and is Fhus'capable ‘of conveying Eonsiderably greater
d;schékge;.uithout devhlopinghaxces;ivg head. In other;,
thé conduit is v;dose, and inc}eaiés in water deptﬂ‘ca%

accommodate large .increases in discharge according to the

-

effects of hydraulic geometry (e.g.lLeopold and Maddock

19533, ﬁ{dure 6.3 shows this effect, and the sudden

decrease in conveyance engendz2red by closing of a channal.

" The. nature of the'%éénsitidﬁ is stronély shape dependent,
but 1I'n practice natural flew irregularities preclude the

7 ’ . . A . N ~ .
discharge excursion seen Jjust prior o closure. N

N '

© . (Dr.A.Smith pers.comm. ).,



In many caves compound and braﬁéhing conduits
‘exist, constituting parallel systensﬂ or loops, These

develop beth as a result of intzrnal speleogenesis,’ and 1n

response to external geomorphic evolution and perturbation.
Figure 6.4 shows the probability density function (p.d.F;i
of ﬁead in various conduit systems assumxng an
'exponent:ally d:strxbuted probab111ty oF d:scharge

excecdance with a mean dxscharge of cne cublc’metﬁe per

second. The head exceedance probabilities .ara derived from

. the p.d.f., Hf dxschargé converted to the equ:ualent steady -
.state head on the ngen system, bysteus 1 2 and 3 are

single hopxzontal conduits of 0, 4 &.5, and 1.8m radius

- . \

respect:vcly“ System 4 copslsts of tbo .52 conduits
vertfcally 3eperated_bv-20m, and system 5 is two 0.4m

conduits, gjth,JOOE vertical seperation. -

The impact of)conduit gFouth is clear;
well- dzeelopad karst does not develop significant head nd

correspondzngly u:ll have Iess dynam:c exchange between the

~
- L}

conduit and the host aQU1fgr. ) X

-~

For geomorphically evolvig)karst, a second conduit
at a different level (even 100 m above the first) has ‘a

marked effect in reducing the expaected head distribution to

5
r il

*a reasbnable la%el.'.P.L.Swért,(1991i has presented tracer

- ¢V1dence For thls nffect 1n whxch tracer veloczt:es uare

cqnstant abth a Lcrtaxh dxscharge uhen an overflou conduxt

. 1
’
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.
1

" was active, suggesting a-steady head despite vaﬁ&ing”

~
af

. dischargg.

o ‘The'springrdischarée time series will show the

_ eFPéct of sudden changes of internal canfigu;étion. At -

‘flbﬁninitiation,'a —onduit is extremely sensitive to head.

variations because: - -
. . .
; * a ’ b -

dd/dh = € / 2h*%0.,5

This is graphed for a 0.5m pipe in Figure 6.1. 'Hhiie the

. ~ derivative of diéch&rge,ui%h respéct—ta head 15 greater
than one, discharge will change at a -faster rate than head

‘up to the peint where °

. h = Cwk2 / 4 o
. .
This means that inflow variance will be predominantly

- [

visible in the overflow discharge, especially if the

overflow conduit Cand thus "C") is large.

. "~ These principles are illustrated in.Figure 6.5,

which is a simple example of a "static' model of an

overflow-underflow c-onduit hierarchy in which the storage

. . 1~
& term has, been ignored, and the time axis thereforse remains

r ‘
f

unlabelled. 'In this case, the estimates are instantaneous

head solutions to an arbitrary input discharge, and are
. s » . .

based on solution of the Mannming-equation for wvarious

conduits with, a Manning’s "Q“ = (.03, and horizontad

1 - s -
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> -

- -

-~ -

-~ -

" - - - [
-~ - - -

- P L. - -
- - a -
- - . -

dlstanee = 1 knq: The greater complex:ty under open closed

- - r ‘-_

channer'condrtzons is shoun for a sxnpler conf1goratxon in

thurt—b 6;- In_bth cases the h:gh varxabxllty of the

- - -

-

ac%ave»overflou in_ ;onparzson to the-underflou is evident,

-~ T Al - - -
- " - -
- . -

- - - -

‘51th§hgh these, models afe somewhat crude; Ehéy _

~r -

-

_'égﬁriiaﬁbhg:aqualous bahaviour of %hé‘Caétieguard_Spriﬁgf

- -

néte& in Chapter 4. In particular .- thgy illustrate- the

abilitw of é;sbring to behave as bdth an overtlow and,

uhderf 1o, depending upon tﬁkqéiata of the system.

-

Y

#hra&lkia1 <1968, 1974 sugaesteé that the

-~ -

d:scharge patttrn in.a uonduxt aqux?er was not aFFectad by

- - - -

flow rtgLna (Lamxnar or turbulent) “nor was iow rate

e

e -

SIanfxcantly diffecent 1n conduits at dfocrant levels im

-

-

tha aqux?er, provxdzng they had common intlow and ou%f;ouj»
poiﬁts. However, as Palmer <1991> sﬂod;d, conduit aquifer -
behaviour is strongly dependent on flow rcgiQ;.
Furthé%morh, as the prezent work demonstrates, in aquifers
experiencing signiPiEant water Ieval_changes the relative
eleQation and geometr; of the.conduits is of great

importance in dictating their flood response.

-
- -

6.1.4.  CONDUIT STORAGE T

The examples above show the general form of

response in a karst aguifer, but ignore any mdderation of

A



'\ . L R ‘_‘- " T .
theﬁflood waves caused by changes in btorage - Dynamzc

L

OCCUPS as water‘ Levels rise above ChE

conduxt.st

o

"normal” phre- rE=3 1evef Lnto a zone called_thg epzphnaas.

v

in thzs szctxon fthe eprphreas] uxll cause, an almost

-

:nstantanqous 1ncraase of ilou throughout tha phreas, and

S0 Plood pulses u:ll be passed irom thxs point throuqh the

phreas pract;;ally'WLthout delay\ Uhlle thls is true’ uxth

,réspect t6 initial flobd'respons- it only applxes to the
. rest of the hydrograph in a System without ;torgge, oh,in
'..Prlctxonltss Londult (approx:nated by 4 ngy ia;ge, short,

—

L unobstrurted channel) In gener;l a Finite”increase in

Y

hgad is ntcessaky in order to. xncrease conduxt dlscharge
‘:“'f' ,q-Thxs requ:r}s a certa:n volume of uater,'uhzch u:ll be M
abstrarted Frpm the*@aadxng edge of. the +lood pulse,'and

~
: releascd on Fall:ng stage " The responsxveness of a system

-Ashton (1966 states that Yan iﬁcrease in thifhéad‘of uater

- Lo

a

. Fwﬁqgepends on the area o+ the uater ;ur?ace at the xnput (Q)'

the realstance oF the condu:t to ilou (1/C),'and the head

\./\((h). Palmer (1981) has 111ustrated tms ‘effect for a/

,‘s1nglt dxscrete condu:t (Fngre 6 73, _ ’ . e

L

ok

'(Figuré &, 8,‘a) are now seen to be znadequaté,.because OF

ﬁhe dalayed transmzsszon o%}a Flood pulse through both the

COnvéntLonal'Flbod—pulgé models d? karst aqui?eéslt

phreat:c and vadoso zones.‘ The phreat:c dalay IS 1ncdrr£d'

/éiby storage 1n the eplphreahf'uhxah results 1n 2 small but

,
LN



“u s

'lr‘ﬂ_héyese

'cofbonent BF.lﬁis“fdynaqic“istorage uilivbe'iﬁ abanﬁonea_
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d Al

change in the aquifer model {(Figure 6.8, b).

significant

;pn&gitsxuﬁich hayzﬁiiimately be reacﬁivatcd:’ At this

. - v 4 .

point the-éntire configuration of the aquifer will change

' 4 -~ .

.-
+

Y

“illistrating these p

\?nd-ﬁiscoptinuitiés may be observed in sprihg behaviour.

L

¥
e R Tﬁg_réﬁainder.of this chépter is concerned with

v F
- 5

- e

data from“Cqstleguard, perhéﬁs the most extreme conduit

£

-aquifér ever studied in detail,

- - ‘ - : . \ : , .-

L] -
- . v,
1

- " v oo " +

Tr

6.2~ . - SIMULATION MOBREL OF A CD&DUITlﬁQUIFER

.
Tr

~
a

¢ints using both a simglation’médel and

~-The karst aquifers defined in Chapter Three are at

e

~

.00 complex to be realistically modelled. Howewver,

an inﬁtial'dhdecffjnqing of how a éoqﬂaiﬁ aquifer behaves.

-

.

can-be‘diyeloped aﬁB\gay be subsegquently expanded to

'stEE situations. The preseﬁt,model-

encompass more r

onduit aquifer in which phreatic

consists of a parf
N

conduits rise frod a vertital‘shaftisystem.” The input

e

hyif&graph is applied directly to the shaft phreas so that

" I ‘
go vadose component is involved, \

b TR

-
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6.2.1. HODEL DESIGN - '

13 System Configuration

The active part of the model is designed to be

il

entirely phreatic, and pipes musfnbe entirely filled before
they discharge water from their outlet. The pipes
themselves are unbrantheﬂ; but rise from a mutual, vertical

y -

phreatic shaft at their upstﬁéam 2and.  The horizental
cross—tectional area of t@e shafﬂ is spetifi;d and each
bipe‘hés a defined length: radius, roughness and inflow and
outtlow eleyvation. The cutflow elevation is always greater
than or equal to the inflow crown elevation. In this way,

the pipe must be Fil{ed bafore it starts to flow at its %\

outlet, and acts as a part of the dynamic storage oFJ§he b
systea (see the -inset diagram in Figure 6.5, Compound

pipes are not considered,

2) Input Hydrograph Generatian

/

Thea input to tﬁe system 1s assumed to be applie3
—diﬁtctly to the phreas, and rouéing effects must be
explicitly included in the generating.Fuﬁttion, although a

‘phase shift operator can be used to delay or advance the
. . .

hydrographf

Inflow was modelled as two superimposed (addi@ide)

"diurnal” flood events, each lasting 48 hours and mutually
~ 1 .
-w/-ﬁ*\ ’ - -
- N o . : -

i
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lagged by 24 hours.,  In tﬁi; way, the recession component
of a given day continueslfér the next 24 hours, after which
a nav {or recursive) parameter set is used. The input

hydrograph is defined as: .
@Ct) = PO + Pi{t-tmin)**P2 exp — P3(t-tmin)

summed for the two overlapping hydrographs

where [P A

input discharge at time t (k)

PO = parameter provided by user
Pi = parameter provided by user
P2 = paraseter provided by user {usually 1.4)

#3 = parameter proﬁidgd by u;er (usually 0,253
t = time of day (plus 24 h for earlier flood) '
tmih = 24.0 - time bf daily mirnimum

(pﬁase-shi€£ operator)
In prqctis;‘changés only Ln'PO‘gnd P{ were.
. necessary to provide a suihable:diurnal jéPlou. ITr‘ansient

* flood events were simulated by setting P1,P2 -and P3 at §00,

4.0 and ;.0 respectively,
"3 Systeﬁ Response

The initial water level (A in the aquifer is’

 specifed with the initial time (t) and time increment (dt).
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. L3
I3

The first calﬁulation is the estimation of inflow
ais;harge_(ﬁgnﬁ a} time &, Then a scan of conduit “status”®
is made. Pipes with putlet elevations below the given
water ievei are activ;, and their instantaneous dischérqe
at the initial head calculated using the qarcy-ueisbacé
equation. ﬁipe Qischarge:fg sumggd to give Qutflou
discharge (Rout). Pipes with inlets below water level, but

not flowing are part of the dynamig storage, while those

with inlets above present water level are disfégarded.

-

g A S 3
The nét discharge is calculated as @in - Gout, and
this will cause a rise of fall in water revel. The chaage

in water level (dh) is defined by

.

dh = ((Qin - Qout) dt)/a

where A ' 1s the aquifer cross-sectional area
in a _horizontal plane at h, and

dt’ is the specified time increment,

ﬁraa'islan i@;;;tant variable; if large, the
resulting head change is relatively sm;ll, and wvice versa,
Area 1s calcula@ed as the shaft cross~sectional area plus
the cross sectional area (in a horizontal plane} of any
non-discharging pipes with an inflow elavation_bé]py‘

. : .

preseﬁt;water level. There are thus discontinuities in the

cross-sectional area of the aquifer'as certain pipes become
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active {(or inactive) ashstorage m€dia or discharge
conduits. The head response to a given net discharge is
thus dependent on both aquifer configuration and water

level.

The most marked discontinﬁity is the increase in

: bu&?lou and decrease in'aquifer area caused when a p%pe

first starts to ilow. fhe crude extrapolatibn-over the
-.giggn time increment is-then.unrealistc. Th;s problem is
avoided by ruling that a predicted level cannot directly
change the status of the aquifer (ie. no pipe should start

. or stop flowing in the givenrtime intervall), In such

cases, the time interval is halved until two conditions are
met: first, the predicted level must be in the same domain
~as the initialy levela and second, the level change must be
less than half of that betwsen the initial level and the 7‘
iéve{ at which configuration changes. This‘.
"prqcragtination" routiﬁe operates until the preditted
level is less than some critical value_?rom the critical
pPipe over{low (Tmm';as used 1in thjé case), and then agquifer

level is set at that critical level.

If the pipe on:the point QF beéoming active is
relatively unresistant to flow and the change in water J.'
surface area very great, than ngmerical inst;bilities‘still
result which zan only be avoided by taking very small time

steps, or else by introducing an optimisation routine.
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2iv

o

Both are expensive options; in one example a time step of
0.36 seconds was necessary in order to avoid instabiiity.
Alternatively, the aquifer can be designed so that dramatic

changes in form do not occur.
4) Model Reliability

The major imprecision 1n the present -method is the

linear extrapolation of instantaneous flow rates over the

succeading time interval. While inflow discharge can be

easily integrated owver the given time interval, the outflou

is more dificult to predict. In 'general, outflow rates are

overestimated slightly, depanding upon the time increment

\

and system conpfiguration, : .

‘ %

#

Mo minor head losses are considared, they are
implicitly included in the friction factor, which'(ébng?hat

' .
unrealistically) is 1ndepandant of pipe discharge. There
is no open-channel flow, and the sharp transition from open

channel to :zonduit flow (#igure 6.3) is 'thus awvoided.
. s RS

Conduits uhjch'arq‘aftiVE aslgtbnﬁgé'bedia_arel

considered “frictionless® ie. . there is an instantaneous
i .‘_ . . . ’

matching of the head ih"he_shaft{and the pipe system.

Esftimation of more reali%ﬁjc'behavibur is feasible, but

\ g v : RS

rather arbitrary assumptions are necessary concerming
. L]

conduit configuration and behaviour:
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In general, the model is more ébrupt than a-real -
" aquifer would be, having rapid transitions of behaviour

which friction.,and storage would ameliﬁrate in réélity.
Conversely, the steapening effect in a flood pglse passing
goun a dry channel is not considered, nof'are-effects like
"hidraulic damming® Ce.g.Mohring et al.1983), although
thesePnéy_bt important mechanisms in generating the Cave
floods (Section 4.3.3);

6.2.2. SIMULATION RESULTS AND INTERPRETATION |
1> Epiphreatic Delay (Runs 1 and 2

Figure 6.9 shows the delay in flood tranfmission
caused by'varyi%g the area of the epiphreatic zone in a
single pipe system (?;gTé 6.1, In the ¥first example the
losses into storage aée trivial and there is no perceptible
delay in flood peak, and neqlig{ble-distortion in the
transmission of the input ﬂlood. In the secqnd example;
using the same conduit svsten, éuﬁ with a shaft area of
1000 square metres, a significant praﬁortion of the inpgt
flow is tanporaril; &rauﬁ‘oFéAinto conduit storage,
resuléing in a dg]éy’(i.?s h anq deformation of tg; flood

pulse in passing £héough‘the aﬁui@cr. )

o Delay in time to peak 1is not‘necessarily'a vadose
phenomenon, delay in initiation of the flood is a better

¢ i
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(but less easily deternined) parameter. Houever, the .
simulation of transient events$ below (Section 5.2.35) shows

that even time of initiation may be an ambiguous paramster.,
2) Multiple Conduit Systems (Runs 3 and 4)

AN aquiter with two or thrée vertically sap#rated
conduits will show sharp hyd?ologi; digcontinuitp at tha
‘initiation or cessation of Fiod'in the sﬁberiqr active
conduit. Such an aguifer uagluséd i#\ruhs 3 5hd 4 (Tables
6.3 and 6.4 and the results are i 1lustrated in\Figures

6.10 and 6.11. The 1nput from individual conduits shows

the characteristics of underflow and overflow springs as

i
¥

resented in Chapter Four; strong peaks in ‘the over¥low,

and truncated hydrographs at the underflow.

[
~

Storage 1in conduitg is responsible in part for the
assymetry of the flond pulse; delaying.a;ﬁivation of a
spring on r;ising stage, and sust-airiing 'i“l‘pws' 'n‘juring Fallin:;
stagé.- This accognts for the convex form pP the dnderfloq

output curve (e.g.pipe 1, Figure 6.10) 2ven when the

recharge hydrograph is concavé_in shape.

< Where conduits rejoin within the aquifer their
dischargs may be combineq, thus generaﬁing aore complex
hydrographs (e.g.Figure 6.12 from Run 45, If¥ the outflou
is not free, feedback may occur r%ﬁulting in non-additiwve
. .

convaéggnce of the rcontributaries (such as that identified



literature (z.g.Hijatoric 1968, Milanmovic 1875, 1981,

, : - - 229,

from dye tracing results, Figure 5.13, Sgction.5.3.43._"Hd

.

such mechanisms are considered here.
3> Recession of a Conduit Agquifer (Runs 5 and &)

If recharge of a conduit aquifer ceases at some
arbitrary point, then the drainage of the water stored in
the conduits will have a characteristc recession. Palaer

(19315 has shown that drainage bQ turbulent. flow (as

implied .in the use of therbaﬁcy—Ueisbaéh equation) ‘does not

produce an exponential recession, Figure 6.13 shows how a

three conduit systei‘<Tab]e 5O lel drain; the ovarflow
ceasing relatively‘suddaﬁly and the underflous showing
mﬁrked chﬁnges‘in behaviour as the aquifer configuration’

evolves, When chddiﬁs are conbihid{(ngure 6:14), veat

greater complexity emerges.

These ‘"recession curves” bear a striking

resemblance to compound racessions reported in the

3

.Torbarov 1975) which are'commonly interpreted as reflecting

’ .

._phe'prbgressive drainage. of distinct storage media. Apart

from questioning, bow storage in pores, fissures and

‘produce apparentlQ.conpouqd\recess%ons; Their form

conduits can be "indepeandant® in_a’karst aquifer, it is

S

shown here fﬁat draiﬁage of a-puré conduit aquifer ca

)

reélgcts the active condyit“topology and geometry és“quch
. ‘ - ‘_r ; w1

v —
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=as storage volumes per se. N

r

Recbgniginﬁ the tompound.storage ip mo?t kar;t
“Sduiftrs; a %iéqlation'uas run on 2 conduit system of 9.6
thousand cusié metres ;nitial storaga_éSame form as_RuH 5,
. T;b1ef6.55‘ﬁhgthluas iéfd receiving aﬁl}ndepéndantr. 1\‘
‘Coﬁtribﬁ}ign_Fbom a Linear‘réservoir {e.g.a porous meéihﬁ)_

uitﬁ an initial volume of Q.29 million cubic metres, and. a
recession coefficient of 0.025 pg; hour (Run 617,

Inittally, all three condtiits were active and shared

approximnately exponenfral recessions (Figure 6.15), but all
at dif?erenﬁ rates iﬁpiying (étcbrding.Po conventional
wisdom) quite distinct characteristic aguifgrs feeding each

conduit: | ) , Coe . , -

[

. Qlthpugh‘thesé simulaﬁions'éhe very simplistic, it

‘is .clear that in-a conduit agquifer the recession curve is
not necessarily a straightforward phenomenon. It is .

Qn?ortunate,that'the‘method of recession analysis is so-

"firmly eéztablished in the karst water resource evaluation
1ité?a§ure~(e.g.ﬁtkinson 19%?, Buyrdon and Papakis 1963,

Burger .and Dubértret 1975, Karanjac and Altug 13980,

This difficulty has already been réeognised ﬁrom

work on'cha}k'and'ooljte équi?érs,fuhith ﬁave a
muiti—cémpdnént flow system (e.g.Atkinson and Smith 1974,

Powning

ke v

et al.1977, Ineson 1362).  Thase sysgéms create

‘\’——-——f



222,

difficultieg in interprefing recession and pumping testf
daﬁé‘(é.g.Fosteh‘19?4, Foster and Crease 19?5; Foster and
Ngitoq 1974). .These have led to the identification of a
ra;id-Plou ggchaﬁism {e.g.Fox . .and Rushton {975, Rushton and
'Qatgod 1?%9, E.J.Smith 19793, that is only active under
éértéiﬁur;charge or water level conditions., This is partly
because the hydrogeological properties of these aquifers
vary markedly uith depthq(éi'.ﬂaaduorth et al.1982%, which -
also means‘that‘spécial anaijt?bdiqtechniéues are necéEsary

for their  study (Rushton and Chan 1976, Rushton:and Rathed.

A

1980).P One of the most success aodels of a partiglly

-

karsti;-aquifar is one recentl 'developed for the

Lincolnshire Limestone, Q.K. (Ryshtbn et al.i9827, P

However, a sqtisfacﬁonyxpénfprnaﬁcé was only obtéined atter

‘employing field vaiuas)For aquf{er parameters at nultiple

depﬁﬁs,at-each finite éle§g6£ node, eﬁphasising the
.difficu}:v-of~dgv;lo$iﬁqﬁa_gena;al model for karst
aquifers: | L

'-The:ékten§ion bé'the-ﬁechniques_develobed for the
‘chalw‘aﬁdmLiacélﬁshihefL}héstopéiadyif&rs kolmpre . .
p;edoéinantly karstic situ;tions_has not yet éaken ﬁlace.

The present Eimulation results-emph@sdse the necessity of

5 . :
"

' such a transfer.
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A distinct outbut hydeographs,
5> Mul#i-day Simulations (Run 8> =~ i .
s . Running the simulation model over sevaral dawvs -

—-
-

. . ° - ’ - £,
becomes somewhat expensive, especially if-very small tiame

. ”gteés are‘necessiﬁy in order to avoid numerical
instability.-. Table 6.6 gives the aguifer COAéfggpation for
,Run'B._f%o s;;ﬁilise.thg_podei, a Fouﬁ;hJ targe, high
fogtlet“cSnduit has agaifh beeh inclu&ed élth;ugh-it is
*

never active as.an ovér?log, but 1s-ij’torage elnmeot
- ' : -~ -

< 7 suppleﬁanting shaft storage. Fxgun2 6. 1? shous‘the buY Fdup

-
T

- of .storage in the aqui#er :uln{nat;ng Le %ha characterxatxc

-
R - - -
- -

"l
i)over?lou—under?loy heﬁavxour desq&xbeg rn Chapter-ﬂ. '

;. Thg Porm of the output hydrographs can be moditied

T -

1nde¢1n1tely by adJustm#nt oP the 1nF10u and aqu1fer

parameters. l-!er‘m.r hoaever, it 15 perhaps better to

recognxse the” approxxnate nature of the wodel and not to

-Attampt to_ create an'"ab:olute‘ Lastlgguard Agquiter,

-
- -
- - -~ -
- - -

- ~ -

., 6.2.3.. LDNCLUSIDRS FRDH THE - bIKULQTIDH HDDELLIHh

- - - - - - .
- .
- - - .l
- - - -
-
W - ~ - -

- The s:mulatlon expe(:uents have shown that ~

- -
-

behaviour of a condu@ﬁ_équif:rvis‘strongly conditioned by Y

- I - hd -

 bhe pipe-géometry aﬁd Ebpblobﬁ. Recesszon analvs;s and
pulse train analyéi;.QQQe beég’shown_to bg patenp;ally

v - - - ~




Jd'

"nﬁéﬁchastic methods (e.g.Dreiss 19

- will bg,incnéasingly arbitrary,’

"ggéﬁﬁé(tion;o? the t tal.groundwater in the qgﬁi?eﬁ?ign_

~“diffuse flow?" How representative is the simple conduit

. : :
. - - ‘n -
NG = . v

- o

.“..}. ) o \ = el T

aisleading investigative techniques for conduit-dominated
o . ‘ " .

karst aquifers,

Furthermore, the more sophisticated -7 s

kniéef 19725 are -

82,
'}/ - . .-

. probably'insufficienﬁly"rpbusfpto copewhith ééberevsyﬁtemfy

-
-

- - B < - _.‘
discontinuities and nonlineapities should-they otcur.

e Ky
‘ea N .

Thé general rasults of the simulatibﬁ:_are_f iriy

~— . -

Fhliable;iputfﬁhere remaTn se&erai'gross sidpl}TiCSt was
. _ BT e -
and assumptions @Q the model. Although these may be

. A | _
overcome by increasing sophistication, moré-precise s¢stem
. : .. - . ' e EARNG

definition is requdired, which Tor most aon-trivial ca¥es

- o B ~

or else expensive to

ez -

B ) -~ * 3 . . P
obtain, s : F)

N Y 5

. N 1
One remaihing questi®n is similar to that

Uhite and Schaidt in 1966 >p559__:{= =ur$$_;

Y
v

6qiginairy'poéed by

movingqby log#lised lconduit] Flégyand.uhat proportio

model of a real karstaaa“ifeﬁ%l

;ry feuaﬁgfgﬁﬁégu{fg}sa“'.¢

have totally qgnddit fIﬁu,'a d only high quality field data

. é i . . . ‘
can reveal the relative inportance of conduits in a given

sﬁﬁyation. In genaral,#}hesé data are not available, but _

Qanyrof-the peculiariﬁfés of the Castleguacd results apagan

to stem from a dominantly conduit greoundwater system.

.

Inspection of the Hydrographs in thiz light provides a
ha . . =i,

little additional insight to the agquifer. *In1Puture, far _

-

L

S
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. - - . . N L -
' ) | : s o
- . - N
N '
b “~ M

jmbre‘detailgd~iﬂtefpretatiop§ may be possible. - . _,’
6.3. CLOSING REMARKS . o o

. 6.301, INTERPRETATION OF .SELECTED CASTLEGUARD HYDROGRaPHE 3
. -. | S : ' N

- . - ) ) \T . y
Thé overtflow ahdlﬂnder?Iowvregimes illustrated in

P

Fiéﬂrgsd4.11 anqr:TT2 can be effectively explained using +

T
the simulation model. L (’("
Some additional.detail concerning the Big Spring -
can be gained fron Figu;e 6.18. In the upper figure, taken

from a‘period when the Big Spring itself was only

'Hntermj£ten£12_§ctive,'smhll underflow springs maintain
./ : - . - " . -t
flow with characteristic diurnal variability. Initiation
o oy i

of the Big épring causes a dramatic rise in total

f

discharge, while cessation of flow is mﬁre gradual. The
Y

| 1,
hydrograph (Fig, 6.18a) is characteristic of the

‘convergence of an overflow and an undeg?lou pipe; in which

conduft storage inceeagses on rising sizée, and is depleted
on falling stage. & similar superimposition of a | K
' hydr&g;;ph peak is seen at highgr discharges (Fig. 6,18b)
'in.the hy&rographﬂfgonthe'Big Spring itself,:suggesting an
intérn;l overflow Foute. GLiven the known ovaPIou’into

Camp Stream, a-loca! conduit metwork is proposed in Figure
- .
Mc\—-\ \/ . ~ -



e

The stage record from therForést.Spring (located

some tSm below the cave entrance; Fig. 3.3) also.shows

compound overflow-underflow hehiviour (Fig. 6.29), This

‘was initially attributed to the shaps of the control .’

section at the stagg‘recordeﬁ, but‘tbe-steps arg;also seen

_on the Cave Stream stage record obtained further

dounﬁtre&é.f Unlesé'thebé ;é a fgrtuitous éimilaéjfyf

between the two con{goi-éectioh;} then the iﬁrté‘leveis.of .
disch;rge msy.r;pré£ept ﬁhr;é.indeqéndahtfcahdudfg.which
;mglgamaté;hﬁst;giﬁﬁéf'thg'recprdeh toxproﬁuce-a co@ppund

hydrograph (cf. “Fig. - 6.12). .The Foﬁesthpqing,iﬁ3eéd )

consists of tup‘sepgrqﬁeugﬂtlets, and a cohduf&-nefhork‘»

like that" in Figure’6.20“;;y be Hypqthe;i%édﬂ'ﬁith‘tﬁé cave
qéithe ultimate contro{ling overFlo;T | | -
.! J_ o , | )
" 6.3.2. CONCLUSIONS o
The variaﬁility in“bghéviaur_of the“Castlegu;qd\
Springs has beenrreasonably ugll accoﬁﬁted Iof-by the

v

uniquely conduit nature of the karst aduifér. A veﬁp

simple simulation model has been developed uﬂich éccebtaﬁlv
mimics the field data. The model’s success also uﬁderm{nes
the éppli;aﬁion of flood pulse and‘regsssion geﬁhods in
conduit karst aquifers. The significance of the errors 1n”
these techniques depends on the nature of the aquifer in

quéstion, but in so far as all karst aquifers exhibit
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conduit flou, ‘they may nd longer be ignored.

Future experiments with the model will include more
_satisfécﬁpby‘optimisation roytines, more rzalistic

exchanges into and out of storage, the addition of porous

and fracture storage media, and possibly the addition of a
vados& routing algofithm. The d1P+1culty with such
'developments is in determlnxng neaIx:txc form parameters

- for the lnaccessible parts of the aqu1ter. Arbitrary

design is quite unreasonable considering the sensitivity of

. the pddelsto aquifer form. Rushton et. al.(1382) have

recently smphasised the need for abundant eapirical
information for both the conceptual design of, and

parameter assignment to, successful mndels of carbonate
. , oo . . o . . P .
aquifers. ’

-

The s:a?cfty oﬁfrepbﬁfs of underflbu—o&er?low,

béhaviour.ﬁn‘the Iiﬁebatgre is partly because mest karsé

-

,aquifers are less dynamic and subject to less frequent- '

flooding than is Céstleguﬁrd;'consequéntly, their behavioyr

is ‘less conspichous.‘ Ho@e&er, verbal‘repbrt; ot observed
'oJerPIOQ—uﬁ?gEFloQ phe;dgﬁﬁa aré rélétiyélQ coﬁmon,
 ‘suggasb;ng tﬁ;t lt is. the (econom;callv preferable)
collectxve gauglng of kar:t sprlngs uhxch is concealzng

real aquifer behaviour: It is reqommended that karst

, . . . . . i
resurgences should be gauged individually, at least

- initially,) so that aquifer behaviour can be properly
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identifiedw Furthérmore, the records of canduit springs’
are themselves amenable to analysis, such that, in futyre,
quite detailed descriptions of the interior of’ the aguifer

may be obtained from suitable hydrologic data.

L

. d .
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RUN NUMBER |

i
106.0 square metres
0.8521 metres

Number of Pipes
Shaft Cross-sectional Area
Initial Aquifer Level

. PIPE NUMBER '
- 2 3 4

PARARETER - 1

LENGTH = 1000.0

RADIUS = 1.0

YOLUNE = 3141.5

ROUCHHESS = 0.33 _
INFLOW INVERT =  -2.0 .

OUTFLOW CROWN = 0.0 .

Table 6.1. Simulation Run t: Small Epiphreas, - °
: ‘Aguifer Configuration.

.

P

RUN NUMBER 2

Number of Pipes = . 1 :
.Shaft.Cross~sectional Area = 1000,0 square metres
‘Initial Aquifer Level o= 0.8521 metres

- PIPE NUMBER ‘ ‘

PARAMETER . 1 2 3 -4
LENGTH = 1000.0

RADIUS = 1.0

VOLUME = 3t41.5
ROUGHNESS - = 0:33 .

INFLOW" INVERT = -2.0 ~
OUTFLOM CROWN = 0.0 3
: . , .

Table 6.2. Simulat;oﬁ Run 2: Large Epiphreas;w
- ' . ’ Aquifer Configuration,
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-~ - -+ RUN NUMBER 3

Number of FPipes
Shaft Cross-sectional firea
Initial Aquifer Level

.0 sguare metras
.0 metreas

wono

COC)!\.'I

P .

PIPE -NUMBER

PARAMETER 1 2
LENGTH . s 1000.0 «1000.0
RADIUS - = ¢.5 2.0 i
VOLUNE - = 785.4 12566,
ROUGHNESS = 0.33 ©0.33
. INFLOW INVERT = -1.0 -1.0
DUTFLOW CROWN = g.o. 5.0
. o ] ) o
. A X . »

Table 6:3. Simulation Run 3: Two Conduit Hquxier
: o ‘ LonF:guratxon '

L i

. RUN HUMBER -4

Number of Pipes: . 4 - i
Shaft Cross-sectional, ﬁrea 100.0 square metre:
Initial Aquifer Level 0 0 metres

L : PIPE-NUMBER L .
PARAMETER =~ - t : 2 3 o

LENGTH = 2000. 3000.0 1000, 0

RADIUS = 0.5 .0 2.0

VOLUME = 2356, 1 324.7 12566,

ROUGHNESS = 0.33 733 0% 33

INFLOW INVERT = -1.0 1.0 2.0 ]
= 0 8.0

OUTFLOW CROUWN - - 0.0 S.

‘Table 6.4. b1mulat10n Run 4. Thrpe Condu1t fiquifer
: . . : Confagurat:on
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RUN NUMBERS 5-6

.'3=
100.0 sFquare metres
100.0 metres

Number of Piped
Shaft Cross—-secticnal Area
Initial Aquifer Level

# 0 H

" PIPE NUMBER

PARAMETER - 1 2 . 3
LENGTH = 3000.0 3000.6  3000.0
RADIUS = 0.33 0.5 0.8
YOLUME = 1026.3 2356 .1 6031.8 .
ROUGHHESS = - 0.33 0.33 0.33
INFLOW INVERT = -0.66 2.0 4.40
= 0.0 5.0 8.0

Table 6.5. Simulation Runs 5—6; Reccession Runs,

: Aquifer Configuration.
a,

—
<
2 . RUN MHUMBER 7
Nymber .of Pipes . .- = 4 ~
aft Cross-sectional Area = 10.0 square metres
gitial Aquifer Level’ = 1,0 metres

PIPE HNUMBER -

PARAMETER ~_ - 2 3 - 4
" LENGTH . = 2000.0 '3000.0 7 1000.0 - 3000.0
RADIUS = 0.33 0.5 1.0 1.0
VOLUME ‘ = 1026.3 2356, 3142, 9425,
ROUCHHNESS - = 0.33 . 0,33 0.33 - 0.33
.CINFLOW INVERT = -0,66" -1.0 Yo-2.0 -2.0
= 0.0 5.0 3.0 30.0

OUTFLOU CROWN

" Table 6.6, Simulatibﬁ Run 7: Transient Events,

Agquifer Configuration.

P



~
RUN HUMBER 5

Number of ﬁipes _ - = 4
Shaft Cross—-sectional Area = 10,0 square metres
Initial Rquifer Level = 1.0 metres

T PIPE NUMBER \

;‘/T:‘QRMETER 1 2 3 4

'ﬁ~/ LENGTH = 3000.0 , 3000.0 3000.0 3000.0
RADIUS = 0.33 1.0 2.0 4.0
YOLUME = {026.3 9425, 37700, 150800,
ROUGCHHESS = 0.33 0.33 0,32 0.33
INFLOW INVERT = -0.66 1.0 2.0 2.0
ODUTFLOW CROWN = 0.0 5.0 10.0 20.0

—

o

Table 6.6. Simulation Run .B8: Multi-day Test,
aquifer Configuration

~}
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1'0 ’ il
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- Conduit Paramers: L =1000m’
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, Level exceéded 1
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Figure 6.2, Probability density function for an exponential distribution
of discharge exceedance with pean discharge 1 tubic metre
per second, and the equivalent head developed on a condutt -
of .0,5m radius : ’
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Figure 6.3, Head developed in response to discharge at the inlet of
two simple conduits of different shape undergoing a
transition from open channel to closed conduitjﬁlow

¢



237

1.0

(1) Sﬁin‘glé Conduit O4m radius
@ T 0Bm o

itsO5m -,
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. PROBABILITY OF EXCEEDANCE
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\‘/6001 L 1 ! 1
0 200 . ™ 400 600
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‘Flgure 6.4, Probabi}iﬁi density function of head on a simple conduit
system fqr an exponentially distributed discharge exceedance,

for varioys conduit sizes and configurations
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a) CONVENTIONAL MODEL OF CONDUIT AQUIFER
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~ b) REVISED MODEL OF CONDUIT AQUIFER

"-Figu&é/f.a. Cdnvgntional and reviqéd models of a codduit aquifer in
= "~ .pulse train afialysis
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See Fig. 613
\Jfor Model
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LCHAPTER SEVEN
HYDROLDGY OF & GLACIERISED ALPINE KARST

7.1 GLACIER - GROUNDWATER INTERRCTION

The loss of Iaﬁge quantities of glachfﬁgeituater tnto
karst has prevlouslﬁ only been inferred on hydrological,
hydrogeological and gébaorphological grounds (e.g.Ford
Ié?la, Lauritzen 1981, Ngire 19783, -The dye trace from the

.Saskatchewan Glacier to ghé Big Spring is-the fir%t
conclusive proof that such transfer is noflonly‘pbssible,.
but can ;:-relatiyeiy rapid and complete. Observations in
Casﬁleguaéd Cave have suggested great hydrological activity

in Suamer in the vadose zone benéhth the Columbia Icefield,
, b
with streams sufficiently large to convey clasts at least

{0 cm in length into the aquifer In addition, the<sa¢page
i "

water foralng speleothems must also be glac:genxc n l:
N 4

- The dischérge of the springs is characterised by
X N
‘diurnal -fluctuations which are do ely related tordaily air

n
temperature in the region. The da?ly disgharge -
. - N |
- oscillations may represent proglacialhflow superimposed on
- r’ .

™~
\
“: - e
g a ' . N ’
b € s o 255 &‘ \.\_ %
’ - o -
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"chenical-conposition'of the springs suggests that such-

‘associate
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a more steady flux from the icefield. Howewer, the steady

mixing is probabtly insigni#icant and that the I;efield

u;tars are themsglves released in a diurnal cyclé. The

large volume of water contributed in such a way from the
: a

'Icetield can only come from supraglacial melt, in which

case a well developed, conduit drainage.systenm is operating

in the ice bedy itself, and the Firn‘aquifer has relatively

little mgderatin§ influsnce on discharge.

The relative clarity of the spring water suggesfs that
ﬁhe glacier bed component of the "ice-karst® aquitfer is

cxther short or fxxad in pos1txon at the glac1er bed

(Lolllns 19?9 Metcalf 19?9) xbecause more e*tens:ve

contact uith the glacier bed woq;d allow waters to remove

subglacially genehated sediments. These channels éxist all

b cause thaey than convey the perennial wind up and

These'qualities'arz nostHlikely

e Channels”, probably Fo]louxng steps
\\
formed on major j¥ints in the bedrock. °

Y

The cave wind is«persannial, and under_#ufggble thermal

Eonditioﬁs is only stopped by cpnpleﬁe flood?ng of the

antrance passaées.zR.Balauin pers.comm. - 19?4).\ Therefore,_“

the subglaciél EhaA;els areg not iny pereﬁnialf'but_ygdése

under ;li ob#tr@ . E%Sﬁftionsv_cornéspoqging-to the

subglacial stresms reported By‘hpdgd ?19?9) qnd;EngclHibdt
’ ¢

) .t k

@ " . ‘ I-
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_groundwater system is unproven.  However,
- Y

{

—_ ) o . .

~ -—

¢1378). Ford (1379, 1983a) hypothesised that an icec
superimposed on a karst aquiter could enhance
karstification by increasing the H&Graulic head.. This is '
clearly#not the case at present.in'the'subglacialAstreams

L}

above\ the headward conplex.of Castleguard Cave. However,

" the high pressure subglacial file which has been shown fo

coexist with d:scrﬁfe conduits beneath certain glaciers
will indeed enhance the general hydraulxc head over large

areas of the aquifer. " C ' /

A}

The ability of the subglacial film waters to enter the

the drip waters
forming speleothems in the cave ‘Beneath g&ﬁ ice are
clearly of a different chemical characteF to tie erosive

water through bedrock-?ractures. Indgpendeﬁ& evidence for

passagz of these waters through badrock was found on the

lee faces of bedrock steps in recently exposed proglacial

areas. Here, small (1 cm in length 2.5 cm diameter)

"stalactite" forms are found on the rock face, overlving

e

fine cracks in the host bedrock. These fgatures are

. shaft-forming waters, and may representrpekcola top of tilm

¢
analoqdus to donVQntional subdﬁ%cia] precipitates formed by

freezing of basal water in the lower prassure areas at the
glacieﬁ bed, except that thé water has penetrated ghroﬁgh

the bcdrock rather than Follou1ng the ice-raci inte##ace

&

> -(Figure 7.1). A cursory inspection of a thin sectzon of a

\J_'

.
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‘specimen stalactite revealed none of the clastic particles
reported by Hallet (19793 from convantional pEecipitates,

suggesting that these aight have bfén filtered out in
passage through the bedrock. GCiven that water is mobile in

fissures at least locally beneath glaciers, then

panetration to greater depths is possible, especially if a
A— .
low pressure, air filled cavern exists beneath the glacier,
, h o .
/

Most calcite speleothem deposition is the result of
supersaturation of drip water causedAby degaSSing of
enhanced level§ of carbon dioxide on entering the cavé
atmosphere. The high levels of carbon dioxide are usually
attributed to biological activity in the regolith, but this

canrnot be the case baneath the ice at Castleguard.

Atkinson (1983), Drey dt (1982)%, Gascoyne aﬁd Helson
(1983).and C.C.Smart {1981 ave each proposed contrasting”

hypgthcses for tha supérsaturation o} dripwaters in the
subglacial parts.gf thgaca;e. In the absence of suf?ic?ent
rclézant neasureﬁzgzgf.tgﬁ;e fdgas ramaiﬁ'spaéu}ative.'
However, the mechanisms of bdth Atkinsen and B;eybrodt.

t inply supersaturation with respect to célcita within the

percolation nefwork . Gale.andAR ardon ¢ 1981 ) haﬁé,;houn

such procéﬁie ‘4o gradually decfea the permeability of a
WweR, - .

>

&\Eifutéd'fra#ﬁucg, and this may render these processes

: : '
inherently salf-limiting in the natural state,

Atkinson (19;9) neasured‘partial-pressﬁres of carbon

2y
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,
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.
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dioxide in drip waters in Castleguard Caveé and found them
. . ’ H e >
to b% esgsentially the same as equivalent local atmospheric
-~
.

degassing mechanism for precipitation. Hevertheless, such

vaqzeﬁ‘ He.used these data to reject a conventional

carbon dioxide levels are in excess of those reﬁorted for
glacigenic waters (Ek 1964, 1965, Ford i97ta,b, Miotke
974>, and demand an independent mechanism for their
g;:Lration. If the measured drip were very slow (making
§;;pling impossible), then an atmospheric carbon dioxide
ieval-cquld be gai;ed by back diffusion, 1n which case
cguilibraiion by degassing could equglly well have reduced
previously elevated carSoh dioxide levels. ‘Gascoyne‘and
Helson (1983} suggest that the oxidation of organic
material as;the souyrce, citing carbon isﬁtopic evidénce. ‘kg’
'Houeva?,ltﬁe'prés§éée of such organics has.not been
deﬁonstrafeq and the process of ﬁxidation 9150 requires
oxygen uhich‘js probably as depleted as :;:EQp dioxide in
glacigenic waters. In additjoﬁ, Jouzel and S;:;REZ (19820
have demonstrated tha£ a remarkable range of iso£op'c
fractionatio® is theoretically passible in the”basal

. .. . . - Tl
regelation film, making conventional i1nterpretation of

isotops ratio impossible,

" The mg%hanxsm proposed by C.Smart (1981) is based on
an obscrvakfgn—by Hallet &Lﬂ’») that the high ambient

pressure at the glacier bed will cause high partial
‘ : .-

= '\ - . ’
L 2 . . ,
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pressures of carbon dioxide in any bubbles in the ice.

Thése bubbles are known to exist in basal ice (Kamb and \\_,/

LaChappelle 1968), but their carbon dioxide content and the

bulk carbon dioxide-water ratio are unknown. Assuming a

- '.’

'valde of 1% for the carbon dioxide concentration in basal

icea bubbles (Waiss et al.1972), and water equiliprated to

. this level, a model systenm is illpstrated in Figure 7.2, in

which aassive supersaturation occurs when the percolation

water encounters the cave atmosphere.

. . - _ X ﬁ
These hypotheses need testing by tield measurements.
However, apart from the logistical diftficulties o?tworiing Ia
seven kilometres into. Castleguard Cavt?‘the seasonality of

subglacial hydrology may invalidate iﬁ; singiéuséz\pf ~

measurements. One soda straw stalactite from the dave
‘ o

showed distinct rhythaic bandin ch may re?létf

seasonality in the hydrochenmi . Hevertheless, apart —
. I - .

from these speculatio it seems possible that the

hydrology of subglatial karst groundwaters reflects the

independence of subglacial conduit water and ;égelation

film water.

N

®

7.2, SUBGLACIAL KARST DEVELOPHENT | '
: f ) ' . ) ' J =

—
- N

" The demonstration oP,hydrologicai cohtinuidg\bttueen

suffifient, evidence

ice and bedrock is necessary, but

.
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Por subglacial karsﬁ'initiationi U%f%g thé percolation

uater§ are possibly quite gggressive, the conduit waters

have a remarkably low solution capacity. The low sathated.
hardness of .valley Fpring wate; dencégz;ates that even
atmospheric levels of carbon dioxide are not r;ached,

despite much of the vertical range off the aquifer being
apparently vadose, 'Cleérly, the rapid tflow-through tiame is -
insu??icicht.For full equilibration, compared to the &
equally high altitude Terrace Mountain Agquifer 1n which

water hardness reaches atmospheric equilibrium.

Glacialfc nduit water will reach.bedroek uiéh most of
its limited gbiutional_capacitQ)still available. However,
ihe spray and turbulence generated in Ehe'destént-of vadgse'
shafts and steep canyons will expend this potential very
rapidly indeed (although‘this will a156 promote uptake of
additional carbon dioxide from the air). Ewen the largest |
shafts as yet dtsceﬁded ié Castleguard Cave constrict and

become impassable at depth, suggesting a rapid ;xhaustion
. i ) N

. ‘ . ‘ v

Palnér_(f981a) has' developed apprdximate growth rate

of "solution capacity.

'equations for karst conduits. Dischargé is important only
. . L

in 50 P?r as the growing:.tube should always_ be

'u;ter—Filled, and beyond a certalin maximum, gr0u£h rate is

independent of discharge, However, the degreé of -

undcrsaturqtégﬁ)of the water is gritical. ds a result,

'l
\" .
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Palmer (p.121) "suggests that the LENGTH OF TIME a passage
‘carries water is more important than discharge in forsing a

large cave." Lauritzen {(pers.comm.) has den;nstrated that

for meltwaters like those of the Big Spring, this time is -
longcf than lhe duration of most glaciations. For example,
T, assyming a mini’al solution capacity of 1 mg/l for uatérs'
reaching the Castleguard II proto-conduit, ages ranging
trom 27 million to 2,700 million vears are.redu]rea for it
to develop to one metre diameter. In additien, the
majority of the solutional potential of the Eanduit waters
will be expended on suspengedigedinents. Although these
figures are crude, they do suggest that ice-free
interglacial conditions are generally necessary for ﬁhe
caves to develop. That comparatively ice~free conditipns
might be attainable at Castleguard is suggested by the
G;Odo year old flowstone on the south Benches; implying

that the maximum altitude of soil and vegetation was much

greater during the hypsithermal period,

& further point made by Palmer (1981a) is that 1n1tlal
conduit growth rates are relatxvely fast, but can be
maintained only 1F water 1s available 1n-;uantxt1es
) matchin}A'lt tube capac:ty {e.g.in tonventlonal karst
landscé:es, tubes growing beneath rivers are more lxkelw to
reach cave proportions). The regelatxon f:lm has a lxnx\inL

volume of water available to maintain fracture dzscharge.

N - ™

/
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FurEheEmorea when a microfracture is enlskged bevond a
cerﬁlin limit, a pressure drop will be experieﬁced at the
enﬁ;y point on the glacier bed. Rather gkgﬁ’being a
stimulative deveiopnent, this will induce local: freezing,
concentrating solutes, and limiting continueé hydrqlogical
activity and growth. Benaath glaciers, it. is perhaps the
rqgclation film waters which:are responsible for cave

initiation, while~jt is those few proto-caves encountered

under suitable condi s by sugsﬁacial conduits which

develop into subglacial shafts,

A r;larkable feature of the five glacier ice Plugs
presantly known in the cave, is the cqulete absence of
finely ground detr;tus."Th;s is reflected in the clarity
of the spring/waters, in_uhich most of the tﬁrbidity is
probably e t;aglacial in origin. Engelhardt (19733 h;s
suggegted that impermeaable subsole drifﬁ is 1mportant in
contfblling Qater movem=ant at éﬁe‘glacier bed, and Drake
(1983) and Ford (1983a) have emphasised the iqportancé of
till in "shielding" karst surfaces from sglvent activity.,

At Castlegugrd, the absence of sediment partly reflects an )

inherktnt rc%istance'qf the local carbonate bedrock to

-

glacial abrasion; most arosion is by "plucking". = The high“

. -
i!brbidity of the Castleguard River, howaver, demonstrates

" that the local bedrock can be glacially abr;ded!;and~that
}

it is position within thé glacier systen whicly is possibly

—_

w0 .
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more important in controlling til]l generation,

' . N . ,—//—_
7.3. - EROSION RATES IH GLACIERISED KARST

No specific measurements were made to determine

b

denudation rates at Castleguard. However, the low

dissglved and suspended ioad of the spring water suggest
renarkably low erosion rates in the karst catchment. Table
7.1 shows extreme estimates of net er$s;on rates, using
crude gues;esrof maxima and minima for relevant variables.
The rates are indeed remarkably louf {possibly due to
incorrect extrapolation ouﬁside the period of field
observation), and are at least. three orders of magnitude
less than published erosion rates for glacierised
catchments (Enb{et?n and King 19759, iargely because QF—;Ee

extreng{g lou-fuspended sediment Jloading, ' - .

Interpreting these data is difficult, berause the flux

of water—borne sediment from a glacier-1i ot necessarily
—> . .

an estimate of total sediment generatidgn, but depends alse
[ .

on the geography and migration rate the subglacial
conduit network fransporﬁing the debris (Collins 15793},
Avulsion in subglacial drainage systems is often assoclated

uitaxii;sivc sediment dischargee (J.Shaw pers.comm.)

suggesting that the subsole drfift 1s mobile and may cause

_ temporary channel closure at the glacier bed. Recognising'

®
4
i



the extensive bed area efficiently scoured by basal 2

channels over a long period of time, the low ereosion rates

%, reported here probably reflect the relatively direct

\bhssage of supraglacial meltwater into bedrock, preventing
any interaction with sediments generated at the glacier

bed.

7.4 EFECTS OF SUBGLACIAL KARST ON GLACIERS

. Hallet ¢1976b) demonstrated that the pressnce of

*solutes in basal regelation water would result in a

significant retardation of basal sliding. The relativaly
high solubility of carbonate rocks mzan that this éffect is "'

maximised in karst areas. Ualdér and Hallet (19?9)
Ve

 identiFjed active subglacial karst, but made no comment on
h )

its'poséible impact on ﬁhe glacier, Thi effects of
subglacial drainags may be conceived at both the conduit
and the film scales. Lost conduit waters no longer release
~their. frictional heat'at the glacier bed, nor do tﬁey
remove saﬁal sediments. Le=akage of the regelation water,
may decre;ée bas#i uaﬁe; pressures, anyg the exchaﬁée of
water. between conduits and the film is less likely. -
Voluminous water storage at the glacier bea is nb£ possible
over a freely dralnlng karst, Recegi terrace gravels t?ree

metres above the normal level of the Castleguard River are

therefore unlikely to represent jokulhlaups; rupture of



Sl

-5‘.’

- 266 -

avalanéﬂg\ﬁebris da¥s is more probable. * e

Atkinson et al.(1983) and Ford fﬂ:a{.(t9?6> suggested

. that air temperatures in Casb{:;:;rd Cave uvere Io@er than

|

expected, because of a ééduction in the geothermalfheat‘

-

flux tq the glacier'bed caused by heat abstractien by.ka%st_-

groundwater. The 2.2 degree’Celsius temperature of the Big -

Spring was cited as evidence for this effect. However,

thes® authors copsidered geothehmal?(conductiue).heat'Flux

as the only enerby.coqgonent a?feEting the water (‘{ N
. " - - ) : I )

temperature. In fact, the temperature of the water

emerging Prqm the spring- is the result of several factors:

the temperature of the orig}nal uater.,sensfﬁlg heat

/
. transfer from air, mixing with other uaters,&ingund

(geothermal > heat flux, fadiative exchange, latent heat
flux, and viscous dissipation. The underground flow route

means that there. is no direct solar ﬁeating. and pfqhably

N

little sensible heat transfer from the air, or net latent®

2!

heat loss to cvaporaﬁion. If the influent wvater is

‘meltwater, an initial temperature of zero degress Celsids

may be assumed (although Griselin <1981) reported water
temperatures of 1.5 degrees in a subglacial river). The
kinetic energy at the spring is negligible, although

producing a spactacular resurgence. If the altitude of

cinflux is known, then the temperature increase which should

result from viscous dissipation during déscent to the

[ ]
e

]
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spring can be calculated froén:

Tout = Tin + ({(Hin ~ Hout)> d g / )

-

where: Tout is temperature of output
Tin ifltémpgrature.of input

Hin is.gleyabioh of input

Hout is the elevation of the output . _ . N
-d is-the density of water ' n . ‘ /f k
g is gra@iﬁatioﬁal acceleration : \u;/f’ . N

C is the sbecific heat of water

The difference befueen this calculated value and the

observed temperature of the_spéing'is‘from geothermal

sources, or.mixing with different water, péoviding the

~—

assumptions made above are met. Ubseivations‘oF the

bahaviour.of the spring temperﬁture were made to assess the

validity of ihe above d{scussion; and to estimate the
‘actuai geothermal heat 'scavenged by the subgiacial

groundwater flow,

Unfortunately, tﬁe temperature data were nét as
continuous as was hoped, but did show sligh£ diurnal
PIQctuatioﬁ of from 1.8 to 1.95 degrees Celsius with daily
‘minima lagged by 3-4 hours after fischarge paaks. In 1980,
the watér'uarmed to 2.9 degrees just priﬁr to cessation of

flow at the Big‘Spring.

~ /)



If inflow elevation of 2,300 m 1s assuged for zero
degree water, a temperature of 1.8 degrees Celsius 1s
expected at the Big Spring, corresponding to’measufad dai1lwv
minimé. The diurnal perioas of warmer watee and the
warming during recession can be interpreted in terms of
eitther residence time (gecthermal heatl or mixing with
warmer, extraglacial water. In general, the conduit nature
of the aguiter wil!lmaka it a poor sink for geothermai

heét; favouring the latter hypothesis. J

Dréke (1983 pers.comm . daveloped a numerical model to
test the assertions of Atkinson et al.and Ford et al.
Initially, 1t was hypothesised that the isotharmal glacier
bed was affecting the ground temperature, but under these .
conditions, model cave temper;tures remained higher than
observed levels, -Hodels including a douAuard,Flux of
‘meltwater uere succeSs?Ql iﬁ maiching-the observed data,
but exténsion of the model té consider the three
dinensional.situa£ion of the cave with reference to the
C;stleguarg Yalley was adually effective. The presently
available data are insufficient to demonstrate a
significant effeﬁ£'of subglacial waterflow on the ground

thermal regime of temperate glaciers.

The corolLahy of karst drainage of high lavel glacier
ice, is the possible discharge of karst aquiters into the

bed of wvalley glaciers. In some rezpects, the reverse

i
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effects will occur, because the emergent water will
constitute a point sou?ce of heat, basal pressure?and a
locus of fluvial erosion. It may be hypothesised that an
unusually well defined basal conduit may develop in this

situvation, although it may close in winter conditions.

Some distance above the valley floor in the neoglacial
benches bordering the South Castleguard Glacier, cave
networks have developed at shalleow depth, paralleling the
valley wall., These often contéin coarse glacial debris.
Ford =t al.{1983) sugges£ed that proto~-conduits emerged at
this level at an early stage in the growth of Castleguard
Cave. These fossil ramnants have subsequently beeﬁ
exploited as karstic marginal stream channels during past

L

periods of glacial advance.
7.5 GLACIATION AND THE CA&STLEGUARD KARST AQUIFER

Castlieguard haf been widely guoted as a type ex;mple
of a montane’karst affected by glaciation (Ford 1971a, Ford
1983a, C.C.Smart 1983>, and there is little purpose in
Fe-iterating these discussions, except where further

comment 1s considered necessary.

The.recharge points of the aquiter, observed both at
the surface and underground, are remarkably immature, This

in part reflects the rapid evolution of the glacier ice



surtace, conpared to the time-scale of the evolution of
bedrock landscape. Swupraglacial streams at the margin of a
glacier will migrate as the glacier front shifts over time,
preventing sinkhole evolution. Those subglacral shatts ted
via crevasses may well becom2 moribund as crevasses chagge'
lecation. As the badrock step north of Lastleguard
Mountain is gradually eroded southwards, the associated
crevasses will gradually shift,‘and new shafts will be‘éu§
further down the cave. The large moulin reportad overlyiﬁg
the headward complex may constitute an exception to this
observation, if it is able to maintain an adequate
catchment in the glacier icge. The best developed shaft

system would then be associated with this feature,

.

The.major factor agcounting for the continued
immaturigy of the sinks and springs 1s the limited
solutional potential of the watzrs. It may be speculatad
that the well developed'Castleguard I and Il are therefore

pred;mihant Q’the product of interglacial solutien.

The immaturity of Castleguard II, or alternatively,
the blo;k;ge and destruction of the original outlet from
Cas%leguard Il, has b2en generally accepted as an
inheﬁitanﬁe from past glaciation. Here an alternative

hypothesis is developed, broadly based on thé present

findings.
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The structural dip at Castieguard 1s slightly greater
than the net gradient of associated cave passages. ihe
cave i1s therefore characterised by long dip passages
'interspeésed with short comparatively steeply rising
"li1fting chimneys” (Ford and Ewers 1973). Figure 7.3
1llustrates this fore and also shows the approximate
distribution of sedinents‘throughput Castleguard I. Coarse
sedinegts are commonly associated with the low points and
lifting components of the cave. Schroeder akﬁ Ford (1983)
have explained the cobbles at the 5 = shaftillose to the
entrance of the cave as a coarse, autochthonous residue,
too massive to be lifted up the shaft by flood thers, but.
n;verthehtss well rounded b; water agitation. A similar
interpretation can be placed on other coarse depésits on
Figure 7.3, except that at the base QF the 24 m shaft they
almost otclude the passage, and at the other two points the
passage is completely blocked by sediment. The extensive
fine sediments ;n the cave are rhythmic silt-clay laninates
of about 1| cm thickness.(thouéh individual laminae reach 15
cm) and of consistent particle size distribution at all
locations (Schroe&er and Ford 1983). They occur throughout
the cave, except for the oné Eilometre of passage from the
entrance to the”?@_n shaft, At least Ehree phases of silt
depositi6n Have occurre&,.uith sufficient time between

evants to allow induration oéitht sediment surface. Each

depositional sequence uas'immediately preceded by a brief
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phase of erosion and deposition of Ccoarse autochthonous
gravel. The silts occupy vadose invasion trenches and so

post-date the development of Castieguard I1.

Schroedéé and Ford 1dentify the-deposits as glactial
flour injected into the cave from either eng during glacial
maxima. JThis hypothesis i3 umsatisfactory for several
reasons. At glacial maxima, relatively iittle melt water
would be generated above the headward complex, and it is
also unlikely £hat Crevasses or moulins would penetrate ;o
bedrock here either. Furtharmore, present day water from
this source is remarkable for its lack of turbididty and
would be unlikely to deposit the fairly massive laminae
seen in the sediments. Iﬁjectidn F;om the valley to £he
top end of the cave would raquire ice at.least 350 m higher
than the cave entrance, ie. over 600 m of ice in the |
Castlaguard Valley: Such injection would also include the:
entrance passage. . The heterogengous nature of
fluvioglacial sediments iz not seen in the cave deposits;
they are characteristically distal debosits,‘remarkaély
undifferentiated throughout the langth of the cawve. The
absence of a coarser facies, and any longitudinal ﬁ\\
fractionation argues against an external "injecztion

hypothesis.

An alternative interpretation rests on the obserwvation

that Castleguard Il was active before the fine sediments



273

were dtpo;ited. During interglacial coﬁditions the major
inlets to the cave may become proglacial, and streams aight
then carry a heavy, haterogeneous sediment load into ths |
upper end of the cave. Transportation of this material ‘
within Castleguard I would be most critic;l at the base of
anyAliFting chimney. The fractuée Zone nark;ng the
Castleguard VYalley is a likely location for such a:sha?ﬁ,
which would gradually be occluded by aat;rial ca;riea down
dip, but unable to be carrled up the conduit \Flgure 7.4a).
Atkinson et al. (1983) hawve demonstratad the sensztxv:tv ot

" the hydraulﬁc'Prictionzfactor to local constrictions iﬁ
conduits. As a result, the hydraﬁlic grade lina quld rise
in thc'upstrgan parts of the cave, In a single passage,
thi§ would create a "pbessure conduitﬁ, but 1n this case’

-

water would rise up through the vadose invasion shafts and -
into Cast]egdara 1. The relativély slow upward flow would
also fraﬁtionate the 3ediments,-preventing the coarse
fraction from feaching the cave (Figure 7.4b). If the
hydraul:c grade line should rise above the top of the 24 B
shaft uatar would rapidly overflow to the cave entrance”
and Forest Spring (Fig.7.4c), without depositing further
sediments in the entrance passageé. The laminates are also
found in "The Next Scane”, an ancient passsge which lies
some 10 to 20 m above the main conduit in the central cave
near the Grottoes (Fig.?. 3), Thxs demonstrates that the

~

local pxazomgtnjc‘surface was well above the main cave
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passage during the era of sediment deposition. The crucial
point is to recognise that the contralliné_&onditions were
hy¢rodynanic. tven-thodgh the water 1n Castleguard | wvas
tsscﬁtially static. ﬂtte@pting to maintain hydrostatic
conditions for sediment ﬁeposition leads to unrealistic

head distributionf.

__The above hypothe;is 15 highlylspeculatiue;'and
substant;ally more detarlad inFo;métion 15 needed on the
.¢av;_rh&in¢ntgtzaqd éhgir,relagion to vadose invasion
shafts., .HSueb;E, iﬁtégratiqn of.Castieguard I and 11 into
a conduit hieraréﬁp brings the_q;séhssion Back to the

present. Contempoéérb sediment transport In the karst is

negligible, but the association of turbid events with +low

recession may represent similar protesses oe€urring within

the active aquifer. So far it has bean assumed that it was

"glacial deposition and égzzsyse” which obstructed the

outlet of Castleguard II, leading to the presesnt day spring.

hierarchy, The internal constriction mechanism described
above is more liEgly te have been 1nterglacial, and
suﬂsequent glacial deposits have simply served to obscure

the valley Ffoér.

It 15 now a -minor step to extend these ideas to the
Castleguard III system, linking the Saskatchewan Glacier
and the Upper Meadows to ths Castleguard Va]ley. ‘The

marginal sinks in the Saskatchewan Glacier today convey

L

-
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-
fluvioglacial material into £he karst, much‘as the sinks on
the upper-Heaaous would ha;:\égié when the giacier surface
was highcr in elevatioﬁ, I¥ these conduits also became
blocked . uxth oarse dabris, overflow routgs uould deuelop
and uater could be ttortd in the porous ned:um +111:ng the
passage, provtdxng long ternm storage able to ;ugtaxn i
perennial Flou The Red bpr:ng resarvoir uas shoun to be
relatively coﬁsérvatxve,=uxth an estimated vdlume.o?,ﬂ,%ﬂ_‘
million cubic Aetr;;.(éection 4.3;3 10y, I th;s were a
Sidgle.éonduit ftbetcﬁing the 7 km From the Saskatcheuan
.h}acxtr to the Red bpr;ng, it would have an average rad:us _
of 3 m.® Such a2 "nature’ route would presumably bedveryh
-ancxcnﬁ, and could provide the §pé}eog¢9etic:“target",qu
“the early developmgnt of Castleguarddéfve hypothesised by
Ford et al.<1383). This feature would have a very damped
;ain?alllrzsponse, and could flso retain dye, accounting
”éor‘ghe poor recoveiry of the Néédous trace fSection 4.3.3
(3))ﬂ fﬁe long residence time of ‘water in a choked conduit
could allou(CSnpﬁéatively hard water to evolve, ;nd mixing
of this water uith.dilute Plood uatarszin~aucdmmon ocutlet

passage could gcnerate thq remarkable chemograph of the. Red

Spring (Figures 4.2%, 4. 22)

Small péragenatiC“passages developed above the -

sediments may account for the limited, but rapid dye and

rainfall response. However, the cave floods (and

b
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associafed_rainfgll response’ are highly dynamic, and
cieahly-r‘pr;sgnt a r#latively open flow route, independent
of ;ny blocked conduit. The underflow leading to the
vilfey'aqui?§r may be either a partially blockgd passage or
an immature conduit. Evidence su§gests'the latter.FeatLre,
because not only was dye transeitted rapidly and discretely
to the Big Spring (Figure 4.20), but there was a close
association begueeﬁ cawe Plood? ;nd Big Spring turbidiﬁy
(Figur¢n4.16). Figure 7.5 is an attempt to summarise the
- nagurt ;f the,Headpus Karst system; it is greatly stylised,
zmphas;sﬁhﬁvihg been placed on hydrological function more
£han on morpholdgicai realityl The undarflow marked ngu
connects to the sqﬁe point on Figure S.17, the model of tgg
Qalley Aquiter, Fiéure 4.2? provides more,gbecific details

con;erhing the hydological sttém.

Ford (%9?§) describgdra;ﬁining upwards Fili séquence
feom Nakinu Cave (Qlacier Mational Park, B.C.), which he
attributed to advance of a glécier‘oﬁér the cave. In
general, hquever,—ca&g 11l even£s need bear no absoluteo
Falation to a glacial chronoloéy, dépending‘largely UpoR
the vo{gﬁé of cjast;c,load.entering'the system,. It is tha -
geogrgphical relationship between the karst aﬁu}Fer and £hé

glacier systeh which is critical in detarmining the

interaction betwegn them. ‘Qt'tastleguabd, the catchmen

geomorphology and hydrology are such that sedimentation’is
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more likely during an interglacial climatic optimum ar
glacial advance or retreat, rather than in times of more

. . . ——h
complete ice cover, :

7.6. ORIGIN AND DEVELOPHENT OF THE CASTLEGUARD KARST ~

g transectxon vailey like Lastleguard Headous defies
s:mple cxplanatlon in either a +Iuv1al or g]acxal
landsrcap=. Hare, it is postulated that during an ice free
era, the Headous Yalley extandeﬂ southuards from Mt.
Andromeda (Fi1g.7. Ga) - What is now the upper baskatcheuan
Glacier constztuted a western tributary valley (Figure |
?.6a Erosional breach:ng 01 ‘'the Stephen Fornat:on at the
s:te oF the present Sagkatcheuan Llacier prov1ded access: to .
" the Lathedral Formatlon, and a karst systen develgped .
beneath the Meadows, ex1t1ng through-#ractures on a s;nilar
Ib?eéch in the Castleguard'#alley Although "the Meadous
link xs today called Lastlaguard III this is a reJuvenated
and recent +eature and the earliest element is best terned
“Castliguard or, T9 the northuest of Lastlaguard Mounta;n
a valley was then cutting into the Cathedral Formatxon,
develop:ng Castleguard I uhxch was direacted towards the
speleogenetlg target.of‘bastleguard 0 (Frgure 7.6a) At
some stage in thls ;equwnce glaciation started to dlsrupt

the landSPapo The_pre?erentlal glac:al development of

valleys with a north ééstgrly aspect led to the accelerated

4



deepening of both the uppef'and lower Saskatchewan Cirques
compared to the Andromeda cirque. leaAing to a breaching of
the Meadon Valley by the Saskatchewan Glacier. The
present daﬁ/location ot this hypothetical event has
diagnostic masgiQe,buttresses on eitther side of the Valley
(Figure 7.6b>, Castleguard OIUas truncated and blocked by
glacial debris, but Castleguard I continu;d to evolve onto
the lowest downdip exit point as described by Ford et
al.(19é3).' éubsaquently, as the Castleguard Valley‘uas
deepened, Castleguard 1] developed, graded to the new

vallay floor.

There are three obvious questions regarding this
sequence: (1) Why did Castleguard 0 develop north-south and
not'aoundip as did Castleguard I and 11?7 <(ii) Why is there
no*evidencelfoé the Castleguard U "target" in the preséht
Cavé?.:(iii) Why i1s there no Castleguard "1.5" known at an

intermediate level betwsen I and II7 -

» (1) The Stephen Formeation dips down the Castleguard Valley,
and the Cathedral Formation would have been exposad earlier
up—vglleyuproviding a.pstential discharge point slightly
of ¢ dip with respect to the sinks (Figuee 7.6a%. - In
aaaition, the Meadows provided a route with minimum
overburden ;bmpared to the downdip route bencath Terrace
Mountain. The resulting $1ight expansion of fracturés

élbng'the valley may have provided a preferred axis for
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spelecgenesis. Certain early pa§sagés in the headward
complex of the known cave have aiso developed obiiqbely to
the dip. It may be that overburdeq is a speleagenetic
control in tge region and the initial elements of
Castleguard I skirted around the Castleguard Mountain
massif.
(ii) The original junction of Lastleguard 0 and I.may have
been removed by enlargement of the Castleg;ard Valiey.
Hdwemer, the axit of Castleguard U shoﬁld still be found in
the valley side, but may not be obvious because 1t is
choked with debris and may be a lifting chimney, A

possible site is one of the Forest Spring orifices which is

alluviated and rises through allochthonous sediments.

(1112 Castleguard “1.5" may yet be discovéred,‘but
alternatively a sustained glacial epoch could have daepened
the valley by 300 m, during which time the tavg did not
evo]vé signifrcantly, Furthermore, the fractures of tha
Castleguard Yalley would have been a favoured location for
a phreatic lifting chimney, and the spring orifice may have
lain at a much greater elevation than the lowest point in

the Castleguard Il conduit,

The present day active systems Il and III represent a
response to internal sedimentation and paragenetic

“eveolution of alternative ?lou; outes. The Col karst on_the

X
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upper Meadows is a disorganised group of relic proglacial
~
sinkholes feeding into the newly evolving conduit system o&F.

Castleguard I1lI1.
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'Qaﬁxeegz’ CUNITS) MIHIMUM MAX IMUH

- CATCHMENT AREA (ke2) 30 128
SEDIMENT *.

. CONCENTRATION  (Kg/m3) 0.02 0.035
TOTAL aNWUAL
DISCHARGE .- <m3/ad 23,000,000 40,000,000
ToTaL ANNUAL © - - .
LOAD - .iKg/ad 460,000 1,400,000
ERDéIéH;ghTE (Kg/m2/a> 0.0036 0.0467
-ERDSfDQ‘RnTE".”(mm/Ka) 1.4 1s.

_ NOTES: D£H91f3925g0'g§/m3
Tab-le, Fa E;‘;imétion of ‘approximate erosion rates for

_ ‘the Valley Spring Catchment.

“-
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Figure 7.2. A model for subglacial speleothem growth by degassing
of carbon dioxide .
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Hydraukic Grade Line

A. Cestieguerd II active, vedoss entrenchment i Castieguard |

Figure 7,4a, Hypothetical model accounting for the silt-clay
laminates distributed throughout much of
Castleguard Cave
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‘Figure 7.4b, “Hypothetical model accountiné for the silt-clay
laminates distribited thrqgghout much of -
Castleguard Cave -
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Figure 7.4c. Hypotlietical model accounting for the'éilt—claf
. laminates distributed throughout much of
Castleguard Cave : _ . N



288

Saskatchewan
Glacier
Meadows Karst

Sediment-filled
Conduit

Bypass

Underflow to
4{ Valley Aquifer

"
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verflow
to Cave

Cave \ —— Flood Flow Route
| v . --——=+ Low Flow Route

Forest 4 o
Spring 4 Red Spring )

Figure 7.5, Tentative Eunctioﬁal model of the Meadows Karst PY
with internal clastic alluviation ’
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CHAFTER EIGHT

CONCLUSIDNS AKD RECOMMENDATIONS

r

8.1 CONCLUSIONS

8.1.1. THE CASTLEGUARD KARST

i. The main aquifer of the karst lies beneath Castleguard

Mountain and VYalley. rand is a conduit end-mzmber of the

"sponge’-conduit continuum of stylas of karst aguifer. It

is believed to consist of a trumk conduit which integrates
scattered recharge shafts, and dischargéé throygh numerou?_

constricted outlets. = - .- o . }

2. The catchment area of the Valley Aquifer extends well

into the c-entral Columbia Icefield which supplies surface

- meltwaters to the aquifer ﬁuring the ablation season.
-Small cirque glééiers around Castleguard Mountain drain

into the karst subglacially and proglacially.. The upper

Saskatchewan Glacieer drains into the Meadows kapéé,-but is
lost to the valley aqui?ér eicept.when recharge exceeds a

certain limit,

1

3. There is a semt—autonomous agquifer lying beneath the

290
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Castleguard Meadows and draining largely through the cawve
springs hangiég 2549 m.aSOVQ the floor of the Cast&eguard
Valley. It is.a.“hybrid" aquifer; under low summer flow,
discharée iélsustained by diffuse groundwater flow, with a
minor conduit component. During days of great ablatioq the
springs discharge massi;e floods dﬁaining through a daﬁure,-

otherwise inactive conduit.

4, The Catchmeqt for the Meadows ﬁqu;Fer depends on
dis;harge conditions. inder low élou small spriné-#ed
streéms (plus a small ablation and precipitation component)
recharge the porous medium and the mi&or conduit aqyifer.
Mich of the Msadous recharge: is lost through'a constri;ted
‘underflau cond;;t‘to_thg valle; aquifér,' Howawver, when
ablation rates are high, rechérge Prpm.the Saskatchewan
Glacier, or.tha Meadows can exceed, the capacity of the
un&er?lqu and floods are routéd thrpugh a well-developed

conduit to the cave spring;fb/

5. During flood events, limited cabacity of the lower cave
springs c;uscs u;tar to build up in the cave, where it may
emerge as fCave'Floods“. These events reach up t§ S cubic
metbes“per secqn& and are stranglgrdiurnal, reaching péak
flow éroun#lmidnight and minimumlflow'in the early
afternoon. éainstorﬁs occurriﬁg dgping periods of cave
flooding supplement rechargg and nay induce .cave floods

during expected mfnima} The largest Ploads'uere observed



when intense melting of the seasonal snowpack in the upper

Meadows took place.

‘

6. An independent karst aquifer alsoc asxists bensath thes
Terrace Mountain Range in the Eldon-Pika Foémation; Little
i1s known of this aquifer except that it exhibits conduit

flow, an overflow-uaderflow hierarchy, and has longer

grounduwater residence times than the valley aguifer.

7. The hydﬁological regime of the region is dominated by
ablation, especially when the central Icefield is active.
Rain events are conparatiue1y briet and volumetrically
insigni?iéant, althOQQh when superimposed on diurnal
maxfﬁa,:fainstorms can induce very high, short term

discharges.

8. Combination of the massive lithology and the conduit
aquifer creates conditions closely akin to an urban storm

‘sewver system. In common with such systems. the present

aquifer is more successful in draining its catchment than
in providing a long-term storage medium. Consequently, the
aquifer 1is remarkably ineffective as a natural reservoir;

providing little moderation of the intensely seasonal

runcff regima,

9. The ewvolution of the_CagtIeguard karst has be=n
complicated by glaciation, @& seguence of development may

be hypothesised:
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(1) "Castleguard 0" developed in a fluvial landscape along
‘the line of the present Meadows. This provided a
speleogenetic target for Castleguard 1 which developed 'from
streams sinking to the northuest of Castleguard Mountain,
(ii) Glaciation disrupﬁed.cavq,development: Castleguard 0§

-t

became blockdd?mCastleguard Valley was deeply incised.

(111) Castleguard I] developed beneath Casﬁieguard_l,
graded to the valley floor. Castleguard IIl started to

evolve along the ‘lines of Castleguard 0.

Ciw) Int:rnal sidin&ntétion*(plus spring 6cgiu§i§n or
conduit collapse) restricted flow in Castieguard II leadxng .
to (paragenet:c) developmpnt of the numerous present day |
sprlnqs. "and the extensive sxlt c];y laminates seen in

C;stleguard I, Castleguard “2 S, tha Headous under+low\\

devzlbbed lxnkxng the two xndependent aquzfers‘**(v)

E Qlthough the valley aquxPer is at present hydrolog1cally

very act;ve, solutxon rates are very low, retarding the
ratt oP grouth and dtvalopment of - the system. Houever, the
high- ltvel abandoned sprlngs suggest that the system nay be
.gradually 1ncre151ng 1n capacxty as louer condu:ts are
enlarged Thc nrtesxan Sprxng is at present the ‘lowest
outlet and. has the nost sustained flow and u:ll become the

'domlnant aprtng provldxng glac1atxon does not disrupt the



neltwafér.iiqits the effective penetmatir

- e al , ‘
. byt _may allow-rapid dewplopment of. micro-fissures; at the‘j

aquifer once more. . " 7

~ ’ - h N

1.2 GLACIERS .AND KARST. . - .

S e . .~
i, G]acier—tp~grounduater discharge occurs at both a
conduit and diffuse scélq,‘md%ghing the glacial ;égélation

- water to-percolation water, and surface meltwater with

karst conduwit water.’ The,ﬁadégt aggres @benessiof bulk’

subglacial cohdﬁit-uatgrs, ‘especially in v dosa,shafté..”

The chemistry of subglacial pencblation uéter-is’éomplég,

-y

blacier bea. .

.2, The general-lnteractxon betueen karat and glac1at1an is

complex, but as Ford 1983 a, p154)'says,l“§estructive and .

iaﬁibi%iye affects predomxnate R -Nevertheiéss,g:f.t*.;

-

general predictisn of the Jmpakt of pa:t gla;:ers upon

karst in a giQen-area 1; not Feanlble uzthout detailed 51te

/ftudxes. .The present work dL{{era *rom Ford 1n a +eu "L“

poxnts, houeuer“'v S S e e e s

ki)'Glacitr iéa kuperfmposed above‘a-kant”aduiFer'does éqt

naccssar:ly increase overall hydraulxc hoad Qﬂ:;nglal .

cond:t:ons at Castleguard appnar to be vadose u:th -

refdranca to ;ondult uaters. Regelatxon-qater, on the --

. other hand is. at hlgh prassure,‘and;méy_iniEiaﬁeiéxtadéiQé:;

2,

[ -t
A B e RS b g e... -

T P "
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but émall scale karstification, Two processes limit
sybstan@ial'dévelopnent: <a’ thé regelation'?ilm has‘
insuffic;tnt-local volume to develop larger conduits, and
(bﬁ.déveioppent of an open route from the glacier bed will
loyer‘iocal basal Pressﬂres caysfng Féeezing and pressure

-

isolation of the entry point.

(i?)iThe aé;ociéﬁion-betueen:the glaﬁial cycle and
"béocessgs acﬂing on the‘kérst is not neﬁessarily

‘ ;traiggﬁforuard ;Rq:dépeAds inﬁimateiy upon the ggogra&hy
oPJﬁhelkaPSf in relagion to the zon#tion of the given ice .

body. The "zonfiguration at Castleguard would place bhe

.

" main igiets to the valley équiftr beneath the dry snow
I(accdmplation)';bna-ddrisg a peak q? dT}ciat%pn. 'Uhder
present'circumstaﬁces"thg inlets are active, but carry -
1itt1eﬂor no sediment, More characteristically, it is
pro§1§§3a1 streams which carry a h;auy seaiment load. Thus’
the maxiﬁuh-ratgg of;karstification;aré assoclated with
“inﬁéralacﬁals, provided the groundwater system remains
actiQeir fAlthough ;ontinuing to function hydrologically

. beneath ice cover, the karst is little developed, and full
gf;ciatioh gould‘completely prevent any significant ‘karst
'cgélutfph. -Thi; tentative cyc;a is preﬁeﬁted in Table S.f.

8.1.3. KARST HYDROLOGY

.‘ T e n

t, The present work hys had some success in resdolving the
. a 4 :
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internal structure of a karst aquifer. This has been
helped by the nature of the Castleguard system: a discrete
conduit network responding to regular daiiy puisefro?
discharge. This allowed clearer identification of spring
behaviour than would have been possible under a
conventional rafn?all~runo?{ regime. The other principal
factor is the data denmsity. Very few previous studies have
employed an hourly sampling period, which permitted such
ready recognition ;F the nonlinsarity of spring behaviour.A
The rapid flushing of dye through the system also aliowed a
remaﬁtable nﬁmber of traces In such a short +ield season.
Once the voluminous Vield data were organfsed, plotted and
inspécted, the behaviour of the karst aquifer was so ’
overtly non-linear that a complete conceptual re-ewvaluation

was unavoidable,

2. The conduit aguifer %as certain distinctive and
diagrostic propertiés. The relationship between recharge
and dischaqge, and betwzen flow at various springs is
rather non-linear. Contrasts in spring behaviour reflect
fhe geometry of the associated conduit and condgit netdork.
Spring discharge is strongly affected by conduit rédius,
and is compahativély insensitive to haéd. hHoweﬁer, under
conditions of varying flow, lower-lying springs exhibit
less variation than a similar higher level spring.

Short-term discharge bebavigur reflects spring position

Al 4\ i R i

e
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within a Qertical "overflow-underflow" hierarchy! As a
result of these ob;;rvations, consideréble care has to be
observed in interﬁretin§ sprin§ hydrographé and in applying
both pulse-train analysis and recession curve analysis to
conduit_aqui?ers. These tecéniques are by no m;ans
redundant, but their application demands caretul
deas&rements and interp?étatidq is a little less
straightforward. Collective gauging of spring groups may
obgqurc the i;portanﬁ diagﬁostic properties of the conduit

aquifer, In this respect, direct analogue records are more

informative than coarser digitised data.

3. Presently available fluorometric techniqueg.allow versy
high resolution, field based water tracing at moderaté
co§£. Most karst uafer tracing 1is concerned wvith
point-to-point applications for which tﬁese methods are
excessively expensive, complex aﬁd timé coﬁsﬁmihg.

However, where infornation'concerﬁing the naédréiof_tha
flow route is regquired, cﬁnsider;ble in;ight can Se gained:
Unfortunately, analytical fluorometry has advanced faster
than karst hyqroloéy, and an isbalance has resulted between

.the technological and conceptual levels in water tracing.

- -

4. A procedure for the qualitative interpretation of
trazer breakthrough curves hés baen developed. a high
level of understanding of the tracer, sampling and

analytical procedures, and of the field site are necessary
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%
before any interpretation is made. Processss atfecting
tracer behaviour depend on all of these factors, and
alternatives should be explicitly rejected bafore a
particular interpretation is adopted. & broad appreﬁiation
of the experimental environment is therefore necessary,
demanding a systematic approach to the préblem. Such a
methodoleogy has been deveIOpeﬁ here, and deman?s

consideration of:

(1 The proSable strucfture of the flow route,
(11> Effects associated with the tracer.

(i1i1) Effects resulting from the sampling regime.
(iv) HNetwork eF?ec£s.

v Hydraulic effects,

‘(vii) Interaction with storage media.

1

S. The "dimensionlass" recovery diagram blots the due
recovery from each spring owver the.proportion of total
discharge flowing from that spring against total system

dischargz2, In studies whare more than one 59&3”9 is

positive, this figure provides a clzar statenms
L

relationship between springs.

8.2. RETROUSPECTIVE AND RECOMMENDATIONS

1. Ca;tleguard proved a stimulating and unusual field

location for the reasons outlined abowve. Howaver, the
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discussion throughout this text has failed to emphasise the
extrems complexity of the agquifer, in both the spatial
distribution of inlets and outlets, and the rapid
oscillations of digscharge., All significant inlets are
inaccessible, and most outlets difficult to instrument, and
unsteady flow probably pradominates in much of the aquifer.
An expansion of the instrugmental network in a suésequent
study would undoubtedly increase understanding, but the
marginal gain would probably not. be justified, given the

unavoidable indeterminacy of the system.

2. The high frequency of sampling for both discharge and
tracer measurements remains inadequate. The dye sampling
network was generally rather skeletal and the automatic
samplers somewhat unreliable, and ?requent}y undermined the
considerable investment of money and labour nacessary for
each trace. A better balance of expenditure @ould have
seen 3 superior sampling network, In situations whare
breakthrough curves change wvery rapidly, or where
contamination is a problem, continuous-{low PluorometEy ig
an excellent sampling procedure. At present,
unfortunately, only one dye can be sampled for at one
spring, nor does the method provide any opportunity for
sample treatment., and care should be taken with tracers
seansitive to temperature or pH changes. A coamitment was

made to replication of traces at Castleguard, at the cost
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of ignoring §82_0F'thg spriags in the valley <although,
perhaps only 10-40% of the total discharge'uas thus
ignored’. The vériability of the results justified this
decision, but uiqer sampling might have led to a more

complex, and less absolute model of the valley aquiter.

3. The abandoﬁmant of the water chemistry program in 1950
was ntcéssary‘to ensure tﬁat the expanded hydrometric and
‘tracer program was propérly executed. Howaver, the
carbonate and isotopic tydrochemistry of the valley aquifer
‘remains a pfomising study, but the'cohplegity of the
system, and the.peculiar difficulties 9? tﬁa eavironmant

" would demand ; thofough analvtical approach. The Headous
karst aquifer, and the Terrace Mountain aquifer are both
di#creﬁe tﬁtities, and perhaps more amenable.to study than

would be the entire system.

4. The bresent dissertation haslpnly succedéd‘infgaining a
superficial understanding of the glacier-groundwater
'relatiﬁns in a karst aquifer. The successful trace from
the Saskatchewan Glacier to the Big Spring has opened up a
new horizon in this reépect;" Quéntitabive traéing from the
Columbia Icefield Qould'provige a far clearer understanding
of the hydrology. However, the necessary expansion oFlﬁhe
_sampling network would necessitate a massive Increase in

logistical support.



6, ‘Tﬁa enpﬁasis in nﬁcﬁ of the present ubrk_has‘éeen'on
resoi?ing ﬁﬁe physical nature of the fblack box" karst
aquifer. An alternative approach might have attempted a |
§tochastic‘e§§1uation of the §ystemh,'The non—iinearity and
lack of stationarity of the present system and thé dat;
pre7eﬁt the'straightfbruard idop£idn of this approach;‘
Although aﬁ_iﬁprovenznt might:be gaine& Féom measurieg
total sttem discharge, sﬁch‘techgiques ?ré.probably b?st
developed for “simplerincaseé-such as that of a_single

glacier.

6. Tha numerical ﬁodel'o¢ a éonduit aquifér developed here
is.bdth unrealistically‘Simpla,‘and conceptually naive.
The'expansion of the aocdel tglrealistic situations, while
still'remaining faithful to physical proceses, 1s unlikely,
fhe iﬁnediatg abplication Lill be in developing
interprététiwe mggﬁods-For pulse train and }ecession

analysis in conduit aquifers.
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GLACIaL HYDROLOGICAL SOLUTIONAL CLASTIC KARST

STAGE PROCESSES PROCESSES PROCESSES PROCESSES
Pre- Active ' active Moderate Rapid
glacial - . _ . Cipcreasing)

Early Active " Limited inactive Slow
Glacial ‘

Full Inactive Inactive Locally Moribund
Glacial : Active

Late Active Limited Inactive Slow
Glacial ' :

Post-  Actives . Actiwve Very © Fast/

glacial Inhibited Active Inhibited

Table 8.1. Hypothetical status of geomorhhic and_hydrdF
logical processes in the Castleguard Karst

through a glacial cycle. )
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K APPENDIX A
INSTRUHENTATION AND TECHNIQUES

a1, CHEMICAL AWD ISOTOPIC ANALYSES

A.1.1. DEUTERIUM

Water samples werg collected in 30ml glass bottles or
25»1 plastxc liquid sc:nt:llatxon phxals Bottles were dry
before collection, but were rin;ed,if sufficient sample was
available. .Rainwater sanpies were qollectgd fron beneath
vacuum pump oil in standard sh Eain gauges,. Sample bottles
rWere stored.uhder waterin the:Fie>d to prevent

evaporation,

VDr. R;Kroﬁsg, Universitylﬁf Calgary kindly gave
access to to a mass spac£ron¢écr -Analysis was by difect
lnFlux of water vapour from a drop of sanple on a hot
p]atc. Vapour was rchLcd over heated uranium metal and
‘entered directly into the mass spectrqmeter. A
semi-automatic cy;ie of 15 seconds per detérnination
’_alloﬁed rapid replic;tion. énalgs{s was repeated until

stable values chc obtained, in order to. overcome mamorsy

325
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effects. The final values are the average of five to nine
determinations. Samples were alternated with a known
standard. An empirical precision of better than plus or

alnus one per mil was obtained.
A.1.2. TRITIUM

Tritium samples were of about 120ml in two-valved,
tightly sealéd_stgel_bottles, previously filled with drg
_nitrogen, Sampies were taken after flushing with S0-100
volunes of yater, gither by ggavity flow or siphoning.
Samples were stored cobl, with water on both sides of the

sealing valves

DnB.Clarke of Hﬁﬁaster University ganerously provided
analytical facilities and assistance. Analysis was
indirect, inferring the tritium concentration from -the
quant ity oﬂ;HeliQQ—S accunmulated in a degassed, frozen
uager sample over a known period of time (Clarke et al

1976).

A.1.3. CARBONATE WRTER .CHEMISTRY

Water sskples of 250m] were collected in polyethylene
bottles pravi;usly rinsed in sample water. All analyses
were performed uiihin two davs of sampling. The methods
employed were quite conventional colorimetric titration

(e,g.Gascoyne 1§?5). Results are the average of at least
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two titrations, replication continuing until some

consistency was obtained. Problems of precision were

encountered in some water samples. This was inferred to
stem from sub atmospheric partial pressures of_carbon
dioxide and the low dissolved load.l Samples exposed to the
air for more than a few hours ware Fouﬁd to contain
increased dissolved carbonate in proportion to exposure

time. Presumably this additional carbonate came from

. celloidal and fine suspended load which were présent in

most samples. This also prevented clear end point
determination in some cases, In ordinary circumstances,
these effacts are small, but in meltwaters low in dissolved

load, they constituted a significant ercor.

Conductivity was measured uith a YSI-33 Salinity
Csnductivity Tempera?ure‘metér. Prgéision was low in the
dilute waters and some interference from suspended sediment
noted. A continuous conductivity record was obtained using
a Rustrak Model 288 and an opgration;l aipli?ier {courtesy
of Mr .R.Bowean, Ncﬁastef University)>, The recofding systen
Was un?ort;nétcly difficult to calibrate, having marked
noﬁlinaarity. In addition, the power supply of the

L}

instrument was not self-adjusting, and ‘this resulted in i

mabked instrument drift over time. For this reasoﬁ'the

conductivity data are expressed in arbitrary units,
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a.2. METEOROLOGY

Temperature wvas measured in degrees Celsius on ‘a
Cassella Hygrothermograph with an B-day clock, cross
calibrated with a maxiaum-sinimum thermogpeter. In 1379,
instrument shelter; w2re improvised from packing crates and
boulders and gave coqsistent, noise-tree data. In 19840,
louve;ed screened boxes about'lm above gpou%d level were
used., These suffergd from attacks by rodents and tended tof
act as snow tr;ps in foul weather, At these times the
clockwork drives.garé prone to failure. Thé ber;oaé when
snow (and occasional hoarwféogtﬁ lay on ana around the
lbiﬁ;fallic 3§Q§or are marked by prolonged isotharmal ‘
periods in thg‘femperaﬁgre series. | '

Dqta were pbﬁained by point estimation to thé_nearest
0.5 degree celsius. The resulting seriks was harkedly
.stepped during pg;ipds of Qery g;adual chang;.in:
temperature.' This was imbrbvedISQ‘Snoothing with a single

’ . : v e '
pass ?f Q¢ﬁann filter, The undes1rfd r%ﬁilE:%L,Hﬁxs | -
smoothing was loss of power in some of the realT " high L.

FTrequency, high amplitude events..

Rainfall was recorded by A.E.S. standard tipping

bucket raingaug Qu obsolete). Evéry'ﬂ.b1“ of rainfall

Yo

is recorded ag an impulsae on an event recorder. Thare were
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P
occasional probleas with the solenoids on the event

recorder, which were solved by strengthenin@_}he'return
ST
spring and replacing the alkaline battery for the scleneoid
“every six‘wegis. The marcoid sensor Switch needed -
EePlacing on one macﬁine;. The record u;; calibratad using
- the total accq;ulated rainfall frem a nearby 5% gpllecting
raingauge; This, conbiqed with immediate inspaction of the
chart provided the best ;beck on machine malfunction, which
ua§ usualiy only iﬁﬁeéﬁittant and @if#icult to discern,

Data were obtaihed as hourly totals, corrected by
- ~

period toteis (S"gauge/tipping bucket), and converted to

millimetres.

Y

R.3. ~ HYDROLOGY

Given thc experiaental design for the hydrological
program, suitable gauging sites had to be found. Sites of
low turbulence/ stable section, and suitable.
stage-dischar rel;tioh\?era pﬁeferred. In mountain ™
streams ueibsrére difficult to iastal, and stable sites
hard to find. Considerable gfforﬁ_uas put into physicallyﬁ
,nodifyingwktreagé to provide good control sections. This
involved uiing bpulders to stabilise the secgion, and
cqnsﬁructing weirs and ob§£5ci¢s upstream to reduce the

kinetic energy of flow through a section. On larger rivers

this was not ugually possible,
' !
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Stillinq_uells ware dug in as deeply as possible and
anchored with steel girders and cables, fixed with rock
bolts or pitons. Boulder; were used to armour the base of
the uel{, and gravel to damp oscillatieons. A& general
concern\uas with spring floods and possible glacier floods
(for which Pre;h gravels ém above stream level provided
some evidence on ?he Castleguard River). Although |
installation usually éoo& a number of hours, observatbtion of
behaviour ,over loégar_gariQEQEZ?ﬁen resulted 1in subsequent
modification. Turbid streams of£en daposited séaimant
" around the base of the well, damping its response. This
Was oveééome by filling the well with water to lush auay
the blockage. An indication of recorder response was also

gained in this manner.

»

..Leppold and Stevens Type.F and A71 and Dtt XX stage
record::> were used, The more versatile and i}ght welght
Typé F was found the most suitable in remote.aréas, with
the additional advantage of Furnishing_ch;rts frequently
for field digitisqtipn and inspection. The coroll:k< of
this is, howewver, th;t recorders needed to be visited
rather frequently, and precisely. The conﬁinuous steip

chart recorders could congeivably run out between visits,

Instruments wvere mixed ‘imperial and metric, which limited

. ‘ L
interchangability, ,/”/

Charts ran from 4-30 davs. Whenever a recorder was
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visited, the following were recorded on the chart: depth to

water in the well, time, date, location and comment .

-Chants.ﬁerg digitised by:handl The t;pe F charts were
field digitisad, the loager charts later. The transition
trom chart to chart was noted—and aﬁhumulated to
concatenate the chart data. The reading precision was
about 0.01" and 0.2mm, or moré or les§ depanding on the
need for brecisidn. The relationship between the chart
data and stage data (datue depth-depth to water) was
inspected by chart and eqti;e'series, te cheeck for smooth
concaten;tion.g Ancmalies ware omnitt;d, corrected or‘.
averaged depending on the character of t;e "error®, Charts
uith‘an jneLélicably.avolving chart-stagse ralationsﬁip were

corrected by a least squares fit. Time errors were -
corected either by digitising with a transparent mask with
a correct time grid, by hand interpolation of highly

varable data, or by linear interpolation whare it was

appropriate. The chart data were then converted to stage
by

S=Aa+B C
Where: S;Stage in inches or mm

fi= an ebhpirical constant
B= Stage recorder gear ratio
Cm Concatentated chart data in inches or mm

Both the chart and stage data were plotted and inspected



for digitising and data entry errors,

Considerable effort was expended to obtain more than
90 discharge gaugings of the streams in the area. 0OFf these
50 Qefe by dilution gauging and 40 by‘current meter. The
current meter was a standard Price A4 or a Pygmy meter
mounted on a wading rod, maintained as recommended by Saoot
and Nowvak (19568), #HMeasuremants were made using the siangle
0.6 or the 0.8, 0.2 depth method (Church and Kellerhals
1978>. The great mobility of the method meant that it was
used at the remoter si£es,-or uhére several gaugings were
n‘ﬁessary in sequence. The major problem with the method
uas;imprécision in-the highly turbulent streams. In-
addition, the counting clicks were often inaudible, and
wading in the larger rivers was impossible even with
complete wet §uit and satety iin?. fh; flashy nature of
the streanms me&nt that sigéi?icaﬁt changes in discharge
often occurred during -a single‘éaugihg, although this aiso
meant that a single day on siterc6uld furnish a relatively

complete rating curve,

Dilution gauging Pollougd'the'slug injection technique
described. b? Church ar;d Kellerflals (1970), Dye %Las drawn
into special dye,bfp;ttes, drained into a-glass beaker from
which the dye Q#s injected and rinsed inéo mié—channel}

The injector did not sample, but rétired downstream to

rinse the equipment. The cloud was inspected for quality

~
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of mixing. Sampling was at up to i15s intervals around peak
concentration where errror is most likely. The tail

' sﬁmples were up to S minutes apart, and up to 30 minutes
after the first arrival time. Mixing lengths were often
remarkably ;hort in cascading reaches, but intolerably long
in larger rivers suc? as the lower Castle Q. Two or
three background samples were collecteéibefore injection,

because tracer tests were sometimes going on 4t the same

time,

. Standards were made up from river .water and a stock
concggggqtc. One standard was usually sufficient, although.
multiple ones were usﬁd on the turbid Ca;tlcguard River.
Inﬂﬁighly concentrated samplas, fesults‘uere cg;cked by

wquantitative dilution in cass of nonlinéarityﬁ Discharge
was calculated by dividing the mass of dye iﬁjectad by the
area under the time concentration curve, using appropriate
T’ :
units. A program for integration was written based om that
of Church C1974), alth;ugh a crude reézzﬁbqjar and residual
triangle integration technigque used in the é?hld gave
comparabla‘results. The majdrf;otential-source of error
was in_dinercnc;s in the temperature of the standard and
the samples. This was corrected in the COﬁputer pfbgra;

using the exponents recommended by P.L.Smart and Laidlaw

(1977, Fig.A.3).

The rating curve wag assumed to be of the form

— \
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B = a4 (5-B) ¢
Where § is discharge in cubic metres per second.
S is stage in units of length {(inches or mm)

A, B, L are empicical constants.

The constants wWer2)found by optimisation. However,

‘difficulties weré tnteraed because unacceptably high
values of T and low values of A w2re obtained. This was
attributed to the roughnesf characteqistics oF-the.typical‘
mountain stream, in which bqulders broke surface at louﬁ
“flow, but were submerged at higher flowus. The €urve for
the Cave Stream had to be broken up into coaponent parts.
This.night have been prefehabla on other seétions, but
insufﬂigjgﬁiﬂ%iij-uere évailasle. This problem is also a
constraint on the extrpolation of the rating curve. Brief
high discharges could not be gaugeJE and the rating curwve

probably over astimé&as theldqgﬁiiiif' Figure 4.1 is an

example of a rating éhnye.
B S~ )
The Big Spring was difficult to gauge, be;adse it

could not be metered at high flow, the available mixing

lengtl;' was too short, and there were numerous inflows an.d_

an Othgzszijfg this }hngth. Furthermore the stage in the
v .
plunge of the spring did not register increases in
'ﬁ .

[Y

discharge beyond a certain level. Thé resulting rating
curve is unsatis?actor?, consisting of twe straight
segments, linked by an arbitrary circulaf arc tangent to

<3



both lines ¢(Fig.. A.2>. The finite discharge at zero stage
/ : : - '
represents the continuance of flow in other springs. The

-

cﬁadbe in slope occurs when the overflow.to the Big Spring
. - S , i

(tﬁi Camp Straam} starts to opera£ef' The ypparxqegmeﬁt of -

oA . .
S €£; curve probably underestimates discharge at high flows -

quite substantiallQ. The absolute value of the data is in _A

< doubt, but the relative variation is representetive of
</ s ..
- reality.

~

The Castlegua;&wRiverruas very un}tqgie in i9?Q, 50

‘-r

:-that the data from that year were not used. The Meadows -
Stream (I) scctlonruas altered (aﬁd }gpﬁﬁc;d) by floods in
' f;h¢ spring of. 1980 “but this ua{/gd% noticed until
‘ t—ratxng was 1upossxbléﬁ ~This. acé&unts-for the contrast

LR - -~

) betueen the tuo.d:scharge ser:es -iR 19?9 -and 193847,
. ¢
ey _ r The dig;harge daté'ue;ei?tored as single data files
i ~ for each ‘%E* and each yéir.;‘nll tinme Feries data, K were
T ;iored as!
_ Title or caption
Data units -
Hour on

Hour off

Data in groups of 12

The time was initialised at 1.00 h on the 13 of July
and data reference in softuare was by hour from this time,

. )

¢
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" A
. e . .
Coversion to and from date routines were written, but “in

S—
general reference was to day number with 13/7 aS'#b.

-

. ] . ] AN .
A set of interactive Fortrar routines were written for

plotting, transforming and selection: of arbitrary-sequenqes
’ ~ I

of data from any time pe(idd andyany series. R

co

A4, DYE TRACING .

hl

[
The €luorescent dyes selected as tracers uwere

Rhodamine WT, Fluorescein, and Lissamine FF (P.L.Samart and

Laidlaw 1977). 5yes were decanted into preweighed
polyethylene botties and weighed before entering the field.

.Injection was directly into the stream sink.” Wind drlftang

of pé ered dye.uas 1n1t1a119 a problem,’ but prem1x1ng in a.”

bucket overcame th:s.' ther 1nJect10n the area Wwas

thoroughly uashed doun, and bottles,‘c1§§hxng and personnel

uashed as necqsarv o, . . “

o4

‘Various automatic water sampliers were used- as

availabler ISCO, Sigmamotor, “and Northants Engineérigg.

The Sigmamotor proved the most robust and reliable when

l‘o ted from an external battery. The vacuum droiven

but hadva'?ixed‘Q hour

LS

l;ng interval. Sawmple taken at yp to 9 per hour

using. a multiplex Facility‘ Frequanc discrete

The sanplcr bottles ware thnroughly r1nsed in de-1
. /?/‘\_/

ol
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N “"C_\E_‘ | o
! o .

water-after eacp‘magor %re;é_‘hQ during the trace using

deionised, uat%?ﬁPassed through\ column of activated

chancoal 80 Eﬁht t

Five hundred 30ml sampling bé&ilzgfzera numbered -and

transported in rack boxes. They were pre-rinsed in clean

water wis dye free.

water, and thg,caps soaked in water over night. Despite

these precautions'somgf;;ntamination occurred, probably as
. g )

a result of using the same bottles for tracing as for
dilutien gauging in uhich high yelcohcenﬁrations ware

-'encountered It is racomﬁfn at solid cabs be used in
. ~ .
f Eure, and that a d:f?erent set 01 bottles be -used for

[ ch purpose. BlkllOUICZ (pers conn ) reconmendsdfhe use

of a hpdrogtn ptroxxdz solut:on Por cltanxng. becausn 1t

.”_uxll ox:d:se any resxduglﬂdg;. ' _ | '

' . / . .
Samplées were storéé/in cold dark conditions and
' - . . } - . . - b
‘analysed at night. This is because the fluoresence of

. Rhodamine Wt is highly témperature dependaht (Fig.n.3);|and
‘ ?ﬂsgﬁiirkéd improvement in detectfpglity can‘be'gdinéd."

, .
- . . ) amn . . . ‘
N t ~“Analytical cuvettes wehe\riﬁsed_twlce in sample and wiped

-

—

dry bcfbrt'analysis. Sampling sequence was preserved to _ >
linit the effect of serial contamination, and heduce'the :
time spent in reajusting range on the fluorometer. Sample

temperature Qas measured to the nearest 0.25 degrees

Celsius, and recorded with fluorescence.
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"

" The fluorometer was a Turner Designs Model {0 Series

Fluorometer, powered by 12 qut battery or smoothed 110v AC

from a gaﬁolina'dri§en altefnatoﬁ. _The machine prowved
r;bgst.and.higﬁly seﬁsit{ve. Resolution of Rhodam@ne WT
was to 0.0ippb. a'signif}cance level obtainable enly
becéuse tﬁe Castleguard water had‘negligible backgrouﬁd. -
(Higher backgrounds ware found for green §9es, up to
{.0ppb.) Adjustments were available for blanking out of

background levels.

LA

Standards were prepaged from lppm stock solution,
using river water for dilutions, and’cl;an water for
traces. ngimum sen$i£ivi€y was used in trac;; so that
background variatibns could be'oéserved.l They were
corrected later nungrically. Background sanpleslprovided

instrument zero in dilutions.

A single standard was sufficient for calibration in

the linear range. & span adjustment allowed direct reading

in concentration. The temperature of the standard was 3

rccérdcd. The instrument was calibrated befgre and after

each batch of.samples, although this was found to be

unnecessary,

- N
(*ﬁz/;iltehs emploved are those rétommended'by‘Smart )

‘ v
and Laidlaw (1977, with light. sources suggested by the

manufacturer. Changing filters was a someuhat'iedf&us.

-

Q

-
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7

procedure compared to that on the better known Turner 111
* i ]
Fluorometer. -

. .
The instrument was also operated in flow-through mode,
driving-a.éustrak 388 Recorder. ” A recérd of fluoresence
a /'iﬁstrument range. was obtained. In this context the
aug?matic ranging of the instrument was indispensible. The
total power consumption was considerably greater fn flow
through mode; and no control over temperature was possible.
The 1;£t¢r problen was overcome by passing the incoming’
ther pipe through a coil condensor in a cold spbing;Fed
créek ipmcdiately before passing it through thcjinstrunent.'
Calébrction Was managedvby a special pipe ‘and p}ug,‘uhich

allowsed rinsing and multiple ack calibrations without

using excessive volumes of standard.

The quality of data provided(by-.continuous analysis is

believed to be unsurpassed, and it is \strongly recommended
for high resolution results in relatively fast flow
systems., The main advantage is the productipn of noisa

free data,:anqﬁth¢ avoidanc¢ of any suspicion of aliasingL

1B

N ﬁi'a_ncphaionetcr, the instrumant was txcellant;
althougﬁ conversion’ of the instrument was unnecesarily

.awkward, A colloidal silica solution "Ludox-HS" provided a

stable)\ but arbitrary standard. Difficulties in the

interpret of nephelometric data meant that no attempt
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was made to convert reddings to turbidity (see Chapter 4).
i < :
Dye. concentration data were entered into data files,

corrected for temperature effects (only necessary for
Rhodamine UT{:\and standardised to coancentrations K
equivalent tq a 18009 injection. UWhere discharge data were

available, the mass breaktfArough curve was also calculated.
P

A set of interactive 2-D and 3-D' Fortran interactive
plot&isg routines were developed for monochrome and-golgpr

presantation .of tha data.
R . ) - o '

,/‘ . : ’ - '

- "The tracer data were analysed using a modified version

of a program written by R.Kellerhals ¢(in Church 1974) which

. usas a third order integration routine with a smodthing-‘

3

function. In addition, a dispersion term D/UL ués'

estimated following Brady and Johnson (1981) (where D is

the dispersion coeffecient, U is qverage tracer velocity,

and L is path length), Ko assumptions concerning the Pfou .

path are made in this definition, gu; it is not directly

comparable between different tracer links. AQn exponential

extrapolation to infinity gas included in the calculations
.y

: ~ ] )
where appropriate, Dya recpvery at each spring was

calcuiéted using measured or approxinmated discharge. -

~

%



341

b 0- .15E—B7“(S+13.94)*04.97

A}

3- p—
b4
mo2. L . :
\
o .
.
]
X
ul
0
x
L o -
X
&)
[ .
Q
a. - " 1 1 i 1 2 L i 3 | 1
8. ] ] o
- N M

STAGE. INCHES

RATING CURVE: BRIDGE STREAM. MB8R."

S _
Figure A.1. Discharge rating curve for the Meadbwa.Creek
(#2) stage recorder
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1. Q= . GRE-D1#C(S+ 4.34)»=1. 208
2. A=18. 75-<(B7. 37~ (S-10. S3> #ew2) wed. 5
3. O= .Z2BE+PBw(S+—14. Q) #=1. 2

Men3 /S

DISCHARGE,

STAGE. INCHES

RATING CURVE: BIG SPRINGf/g;;\/Bﬂ

RN

‘ .'_"'- _’4-:-"’-\;\ I
";? -
Figura~7Z2. Discharge rating curve for the Big Spring
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