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ABSTRACT. D ye-tracer techniqu es a re widel y used to infcr th e cha racter o f' 
subglac ia l dra in age s\·stems. Qua ntitati\'e anah'sis o f c1ve breakthro ug h cun'es focuses 
on the d e termina'tion' of' th e \\'a ter throug hflo\\: \·eloc it;· (v ). th c di sp'ersio n co('IIi cient 
(D ) a nd the d ispcrsi \·i t y pa ramete r (d = D ill ). T oge th er , th cse para l11 e ters describe 
th e ra te of passage of' trace r thro ug h the drainage sys tem a nd the e"te nt to \\ 'hi ch th e 
Ch T clo ud becomes sprea d out durin g passage. They ha \'e been used to infer th e nature 
of fl o \\' conditi ons \\'ithin a dra in age sys tem a nd temporal cha nges in S\'s tem 
mo rph ology. Estim a tes of all three paramctcrs, ho wc\,e r, arc depend cnt upon th e 
sampling intcn 'a l a t \\'hi ch mcas urem ents of dye concel1lra ti on used to defin c 
brea kthrough cunTS a rc made. Fo r a giw n brea kthrough cun'e, th e dispe rsio n 
eoe fli c ient increases \\,ith the sampling interval , \\·hile th e th ro ughflo \\ ' \T loe ity sho\\'s 
no s\'stema ti c \·a ri a lio n. As a res ult , tlle di sprrsi\ 'it y a lso tends to in crease with th c 
sampling inten ·a l. TIl\ 'es ti ga ri ons o f th e sensiti\ 'it y o f' para metcr estim a tes to th e 
sam pling inten'a l re\'ea l tha t reli a bl e estima tes can be obta ined o nl y if th e sampling 
intern tl is less th a n 1/16 o f the time fro m d ye injecti o n to pea k ChT co nce ntra ti on, ,\ s a 
ge nera l g uid e, wc sugges t that , id eally , qu a lltita ti\T a na lyses of Ch T breakLhrou g h 
cunTS should th erefo re be conducted onl y wh en thi s criteri on ca n bc m e t. 

INTRODUCTION 

\\ ' ith th e rea li sa ti o n th a t th e re m ay be a s tro n g; 
co uplin g be t\\Te n th e h ydro logy o f \I 'a rm-b ased 
g lac ie rs a nd th eir fl o w m ec ha ni cs (l ken. 1981 ) , th e l-e 
ha s a ri se n a s tro ng inter es t in d e terminin g th e 
m o rphology o f S ll bg lac ia l d ra i nage sys tems a nd its 
e \'o luti on o\Tr tim e K a mb a nd o th e rs, 1985; Sea berg 
a nd o thers, 1988; Willi s a nd o th e rs, 1990; Fo unta in. 
1993 : H oc k a nd H ooke, 1993 : pe rson a l communi ca ti o n 
[i-o m p, ;\Ti eno\\·. r. \\'illis, \f. Sh a rp a ndK. Ri c h a rds, 
1 99 ' ~ ) . Trace r tec hlliques ha \T bee n \\'id e ly used fo r thi s 
purpose, and a rc pe rh a ps th c bes t l11 e th od <1\'a il a blc 10 1' 
d e termining dra in age-sys te m c h a r acte ri sti cs o n a 
g lac ie r-\\'ide sca le (Hoo ke, 1989) . 

Tracing ill\ 'oh-es th e inject ion of a kn own quantit y 0 [' 

trace r (sa lt , o r more commonl y a [1uroescent d ye such as 
rh od a mine B or \\ 'T or []uorescein ) a t a kn O\\'Il po int 
(co mm onl y a mo ulin o r CIT\ 'asse o n th e glacier surfa ce, 
but occas iona ll y th e base 0 [' a bo re holc drilled to th e 
g lac ie r bed I , a nd its d e tec ti on in one o r more melt\\, a te r 
strea ms dra ining fro m th e g lac ie r . Three fo rm s of 
d e tecti on a rc wid ely practi sed: 

I. Act i\'a ted cha rcoa l d e tec to rs a rc pl aced in th e 
strea m a nd a bso rb d \'(' as it passes . After co mp­
le ti on 0 [' a tes t, th e d e tec tor is rin sed in a n e luent 
\\'hi ch is th en passed thro ug h a flu oromete r . Th e 

presence or a bsence o f d ye is used to d etermin e 
\\'h e th er or no t d ye em erged in a pa rti c ul a r strea m 
(e .g . Smart a nd Brown , 1973). 

2. Disc rete sam ples o f s tream \\',lLer a re co ll ected a nd 
run thro ug h a f1u o ro mete r to m eas ure ch 'C 
concentra ti on (e .g . Sea berg a nd o thers, 1988). 

3. \\ 'a ter d nl\\'!'1 ['ro m th e stream is passed cO lllin­
uo usly through Cl flu o rometer, a nd d ye conce lll­
ra ti o ns arc recorded on a da ta logge r or cha rt 
reco rd er (e.g. Fo unta in , 1993 ). 

\lI"thod s 2 a nd 3 a ll ow th e constru c ti o n of d ye brea k­
throug h cunTS (plo ts 0 [' d ye concentra ti o n \'s time). 

Qu a nlit at i\T a nalyses of' d ye brea kthro ugh cUl'\'es 
form th e bas is of' Ill od e rn dye-trac ing tcc hniqu es (Sm a rt, 
1988) . H O\\'e\Tr, th e success o f' such a na lyses is stron gly 
depende llt upon th e acc uraC\' \\ 'ith whic h the brea k­
thro ug h c un'e is resoh Td (Fi sc her, 1968; Behrens and 
oth ers, 1975). Tlti s is a ['U ncr ion of' th e aec urac), of th e 
flu oro m e tri c detec ti o n procedures empl oyed a nd th e 
frequency with \\'hi ch \\'a te r samples a re co ll ected fo r 
analys is o f d yc concentra ti o n. In thi s pa pe r \\T consid er 
th e influ e nce of th e sampling inten 'a l o n th e d etermin­
a tion a nd interpreta ti o n o f th c properti es o r d ye break­
throug h c un'cs . Our goa l is to determin e tlt e Ill llllmum 
sa Illpli ng frcq uenc), whi c h a ll ows consiste n t de term i n­
a ti on o f these properties . 
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METHODS USED IN THE ANALYSIS OF DYE 
BREAKTHROUGH CURVES 

I n t hi s sec t io n , \IT icic ll til\' th e para metCl's Ill os t 
commonh (' mpl o)'ed in qua ntita ti \,(, a na h,scs of' dye 
hreakthrough cunTS, in orde r to sho ll' hOll' an acc urate 
ci e t('J' Jl1in a ti o ll o r the fo rm of th e breakthrough c unT is 
esscnli a l to Ih e acc ura tc c" lima ti u ll or Iil ese pa ra m e ters, 

Establis hing th c tim e hC III'Ce ll d\'(, injcction and pt'a k 
concc lllralion in a n out noll' st ream t ill ) a ll oll's es tim a tio n 
or til c !lOll' \T loc it y, 11, through a g lac ia l drainagc system 
,di s!<l IllT tra\'C ll ed lt lll ) , Th is prm'id cs info rmation conee J'l1-
ing th c h\'Clrau li c st r UC'lu re of' the fI 0 11' S\'stCIll, Ra p id n()\\, 
\'(' Ioci tic" >O,2m S I ha\'(' hcell interp rcted as ind ica t ing 
fl o\\' thro ugh hyd ra uli ca lil- d Jic ient cha nncli scd dra in age 
SI 'stcms Stcnl )(J rg, 1969: I\. ri 111 Ill e l and o th ers, 1973; 
Bchrcns a ll d o th ers, 1975; :'Iloscr a nd .\ ll1 iJ ac h , 1977; 
I,a ng and o th ers, 1979: Bu rk ims her, 19H3 , LOII'C r nOli' 
\'c locit ies halT u s u a ll ~ ' IJt'l'1l inle rpretcci as indi ca t ing nOli' 
thro ug h a hydra u lica lh in d Ji cient "distri hut ed " Il\'d ru­
logica l syslcm sueh as a l i n kcd - ca\' it ~ configura tion, a thin 
I)<lsa l lI'ale r film 0 1' a pe rmca ble basa l scdilll ent Ia \'er 
Theaks lOlH' and K n udsc n, 198 1; I kcn a nd l3 indsc ha d ler. 

1986: I\. am h. 1987; \\' ill is a nd ol hers, 1990 ' In somc recc nt 
\\'o rk , \,(, Ioc iti cs or less Ihan O,l m s I halT hcen interpre ted 
as ind ica li ng nOli' th ro ugh highl y sinuous, h \Clra uli ca ll ~ 

in efli c icnt, a nab ra nc hing cha nnc ls , jo'o unla ill , 1993 : H ock 
a nd Il ooke. 1993 , 

Th e shape o r a Ch T iJrea kth roug h cur \'(' prm 'id es 
inf(JI'Ill a ti on a l)() ut th c fI ()\\ condit io ns 11 ith in the SI 'stcm 
Iraccd. part icu larh- lI,ith rcgard 10 tit e nll'l'han i' lIl s lI,hi c h 
ca usc di spns io n of' the (h e c lo ud , ,\ n incrca sin g ly 
d ispCl'secl (h l' c lo ud can res ul t rro m tll'O ma in e ll<"Cls : I i 
a n In CI'('a,c In lit c ra n,ge of' nOli ' \T loci li cs 11 it llin the 
draill age pat h lI,iti c h will cnh a nc(' mecha ni ca l c1i spl'l'­
sio n l; and 11 a n in<Teasl' in the numbCl' of' storagc 
loca ti olh or immo bile zo nes a long th e d rai nage pa lit 

11 hi c it 11 ill enh a n l'l' moiccu la r c1ifl'tl sion , I n ge ll c ra l. 
d i ~ pCl'si()n I'l'su lting fi-OI1l \'aria ti oll" in fl olI' \'(' Ioc it \ is tit e 
do m ill anl Elc lo r in c ha nnclised s\ 's te lll s. lI'hi b t di spe rsio n 
res u lling fi'om sto rage rCla rda li o l1 I)eco lll l's in lTeas ing l ~ ' 

sig nificanl in di stributecl -noll' 'i\ ste lll s, T llo pa ra m e ll'l's 
a rc lI,id eh' uscd to c1 cslTil ll' the deg rcc o f' d ispersio n 0 1' a 
brea k t hro ug h c u nT : Ihc di spe rs io ll cod'li c ie lll. D. 
,'Ll ylor, 1~).1 I : Lc\'C nspicl a nd Bi sc hofL 1963 a nd the 
cl isjJCI's i\'it\, d Fi ,c li e r. I96H : Belll'l' ns a nd o th ers. 1975 " 

Th e cli' lw r"io n coc fli cicnt. D , is used 10 desc ribe th e 
ra il' o f' d ispersio n o r ,I cllT clo ud during il s passag'c 
th ro ug h a c1 r' lin age S\'stelll , II has lI n its of' m~ s I. There 
a rc n umerous m Ct hods o f' oiJw ining D fi'o nl a (hT I)r('a k­
throu g h CU I"\T, \\ ' ithin glac iolog\ ', a del a iicd a n a l ~ ' s i s o f' 
th e p rocesscs o f' cl is pcrsion lI'as unci e rt a ke n b\, Brug m a n 

I ~)g (i , OIl(' ur tit e m cth ods used b \, hcr ,lIld suhsc­
Cju enl" by Sea be rg a nd olh ns 1988 I a nd \\ 'illi s a nd 
ot hers 1990 III d eri\"l' a \'a luc o f' D is u"l'c1 here: 

(1 ) 

H ere. ,r is th e stra ig'ht-lin l' d ista nce 1)(' tll(,C II th e po int s o r 
d \'(' inj cct ion and ITCO\Try, t"l is th e tim e to max illl um (h T 
conc('nlra li on I but is IIOt lakcn fi'o lll field dat a, but ins tead 
is trea ted as a \'a ri a ble to 1)(' obta in ed in the "o lutio ll . a nd 
t, rcpresen ts 11 a mi 12, lI,hic h arc th e lilll es lI,hcn th e d yc 

, \ 'if//(ill ' (llId olltn,l: JlI ,l/l'IIlIIfIIl,l (///{/lIIl'iho(h 

concentra lioll reaches ha lf'it s pcak \', !Iuc o n th e rise to and 
d ec lin e f'r o l11 th e co n cc ntrat io ll pea k . Eq ua tio n \ I ) 
represe nt s tllO equa ti o ns fur i = I. 2 a nd is so h-eel 
it era ti \"(' h ' fCl r till until a \'a lue is ehoscn sLl ch tha t th c l\1'() 

eq ua ti o ns arc sat isfied a nd D i" obta ined . L'n fcl rtun a te ly , 
because D is depcnd ent upon bOlh th e Ill ca n nOli' IT loe it\, 
alld th e ra nge or nOli' \T loe ities lI,ithin the dra inage sys tem 
it does no t. on its O\I'n . p ro\'ick a reliable insight int o 
drain age-s\'stclll stru l'lu rc. I t is Iherdc) I'(' usua l 10 look a lso 
a t the rel at iollship be lll'Ce n D a nd th e Ill ca n nOli' \'(' Ioc it)' 
de tcrlll i ncd fi'om a t racer test. 

I n a gi\'l' n chann el lI,ilh a ClJ llsI,lnt ro ug' llIless and 
h\'d ra u li c rad iu", it has bel' n fClLInd th a t D is a pp rox imate ly 
pro po rti o ll a l to Ihc a\T ragT fl oll' \'t' loc it) , 11 Fi sc her. 1968: 
Behre ns a nd ot hers, 197 ,): .\ la losze\lski , 1992 . such tha t: 

D rv dll , (2 ) 

Herc, cl is rckrred to as th e dispersi\'il Y a nd has unil s or 
Ill , H oc k a nd Il ookl' 1993. p, ,')+ ~ sta te th a t " o f' the 
pa ra m c tl'J's dn i\'l'd f'ro lll ana h-sis or Ch 'C- IT tUJ'll cun'Cs . 
the di spl'I'si\'il ) is lli l' on t' Ih a l mos t c lea rll' illu strat es 
c\'l) luti o n of th e dra illagT sys tcm" a t Sl o rglac iiire n , 
SII'cd e n . c1 uri n,g the SUllln H'I' 1989 mclt season , 

T he int n preta tio n o f' t1 ispns i\ 'ih' \'alLll's d cril'l'd rmlll 
tracCl' tes l" in glac ie r c1ra in age "stems is di scussed mo re 
fl tlh- e lse ll hnc pl'l',o na l u) mmuni ca ti o n fro m P, .\ icn oll', 
I. W ill is, :'I!. Sha rp a lI( I K , Ri cha rds, 199 ~ , For o ur 

pre"l'nt p u rpose". it , ul lin'" to ,aI' th a l th e di spcrs i\ 'it y 
represe nl s til e ra te o f' s Jlrea d i n ,~ of' a c1 ye c loud rc la til'(' to 
the ra te of'a(h-et'tion o f' l li c (h e durillg tra nsi lth ro ll gh ,1 

fl Oll' S\ StClll, a ll d tha t it prm 'icl cs a measure of' a leng t h 
scale c it a ral'l rrisl it' o r t he cl ra i nage s\s te lll I Fi ,cher, 19GB : 
Cillh a n l and ol hn". I ~lB I .\ n accu ra te c,t im a lc of d ca n 
onh- he o bl a in ed ir D allCl 11 ,liT II"C II kn oll'n , T o achi e\T 
Ih i,. il is 1 J('('essar~ 10 h,l\'c a 1Il' II-defln ed hrea kth ro ug lt 
(' unT so Ih al Ihe \',!I lll" of' 1111 a ncl I , Eq ua ti on I I , 
obta in ecl I'ro lll the l'llnT a llCl lISccI in th e calculalion o f' u 
ancl D a rc CO ITC(,[ or halT a n acceptab le erro r margin , Th e 
im po rt a nce of't hi s \la" "C kIl OIl Icdged b\' Fi sc hl'l' 1968 a nd 
Ik hrens a nci othn, 197,-)' p , :~HI , th e la ttcr nOling Iha t. in 
ce rla in trac ing l'xpl'l'in H' II I~ a t the Hin lcre isil'l'II l'I'. ,\ uslri a, 
Ihl' sa m p li ng ill lc l'l'a l 11 as "co lll pa ra ti l'l' h long as conl­
pa l'ed to the lime of' pas" lgl ' o f' a Iracl'l' clo ud" , and " Iil e 
amo unt o f' da ta \I, IS ti ll' l'dclI,(, too , ma ll fc) 1' ~ I dispers io ll 
an<l l)s is" , .\ tt hc Hinll' IT i, li: rn n. a.'i min sa mpling int('I'\ 'a l 
\las used \I hi bt Ihe p, lssage or a d\"t, clo ud o rl en LOo k no 
morl' tha n 1.1 20 min , VOI' d c ta iil-d di spcrsio n .s ludi cs, a 
short C l' sa m p lin ~ il ll LT\ 'a l 11 as I'cq uired to gc nerate a Illo l'e 
,1(,l'Ura tl' iJreaklh ro ug h ('\ II"\T ane! th us mol'l' acc urate 
\"du es of' D a nd 11, \\ '(' IIUII' sec k to dCIl'I'm ill c !t Oil' sli o rt 
thi s "a mpl ing inlel'l'a l Illus t bc, 

SAMPLING-RATE EFFECTS ON THE DETERMIN­
A TION OF VALUES FOR THE FLOW VELOCITY, 
DISPERSION COEFFICIENT AND DISPERSIVITY 

In thi s sec ti on. 11'(' e\'a lu a te th e sen"it i\ ,it \, o f' \ ',!Iues or 
11, 0 a nd d 10 \'a ri a ti o ns ill th e sa mplill g in ter\'a l uscd to 

ddin c a ( liT bl'cakthro ug h (, UI'\T, T o do so , 11'(' make use 
or brea kthrough CU ITl'S res ult i n ~ fi 'o lll ill jcCl ions mad e 
in to Illou lins Oil Ha ut C lac ier d '. \ro ll a , \ ·~ !I a i s, SII itzlT-
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J Ollrl/al o.f (; Iaciolog)' 

la nd during th e sli mmer o f' 1990. The trace r used was 
rh od a min e B, a nd dyt" d e tec ti on lI'as b y continuous now 
flu o ro m e tn' usillg a Turn t" r Des ig n s 10 -005 li e lcl 
nuorOmete r. Full d eta il s o f' th e meth od s c lnplo)'ed a rc 
g i\'en by Sh a rp and o th e rs ( 1993 . 

T o illustra te th e depe ll ckll ce of' \'<!lu es of v" D and d 
o n th e sa mpling inte l"\"a l, we co nsid c r a scr ies o f 
brea kthro ug h cunTS w hi c h resu lted fro m te ll inj t"cr ions 
condu c ted at a moulin located 1.44 km fro m the glac ie r 
snout o n 14 Au g ust (Fi g. l a ). Th ese CUI"\TS liT re 
ge nera Led b y Imin m'naging 01" d \'e co n centra ti ons 
meas ured e\T ry 10s using a Ca mpbell Sc ic ntili c Limit ed 
2 1:\: d a ta logge r. Th e c UI"\"es lI"(' re sub-sa mpl t"d to 
produ ce breakthrough c urH'S based on dye concentra ­
ti ons La ken a t 5 and 10 min int en 'a ls (Fi g . I b a nd c) . 
\ 'aILll's of tim e to pea k d ye concentra ti on (t ill ) ,7/,. D and d 
obta in ed from each se t of c un'es a rc g i\'e ll ill T a ble I. 

Th e sha pe 0(" th e brea kthrough cun'e ge nera ted I1\' a 
gi\'en inj ec ti on becomes increas ingly a ll g ular as th e 
sampling inten 'al is in c reased . whilst the d eta il of th e 
cUI"\"e is los t (Fig. 1). Th e ge nera l shape of a brea kthrough 
curve rem a ins rela tin' l), co nsistent as the sampling inten 'a l 
is increased. but th e peakedness of' indi \' idu a l cunTS tends 
to d ec rease as th e short-li\"Cd dyc-co ncen tra ti on pea k is 
misscd . In th e case of' injection 3, th e breakthrough cun'C 
res ulting fro m the 10 min sa mpling illlc'r\'a l is \'e r\, diOe rent 
ri 'om th a t produ ccd with sh o rter sampling inten ·a ls. 

Altho ug h th ert" a rc n o sys tema ti c \ 'a ri a ti ons in th e 
\'a lu es o [ tL obta ined [i-om brea kthro ug h c un'es con­
stru c ted v\·ith different sampling inten 'a ls, it is clea r th a t 
th e " a lu es obta ined with 5 a nd 10 min sa mpling inten 'a ls 
ra rcl y co inc ide with th ose o bta ined lI'ith a I min sam pling 
inten 'a l (Fig . 2a; Table I ) . T he mea n \'a lu l' orD obta in ed 
from I min sampling was 2 .8 1 m2 s I sta nd a rd d C\' ia ti on 

(S.D. ) = 0 .70). Such con sistent res ults a rc to be ex pec ted 
[i-o m a seri es of cl o;;e ly spaced inject ions m ade into a sing le 
moulin ove r a pe ri od of tim e th at is sh ort eno ugh to 

ass um e a "eons tant " d ra inage co nfl g ura ti o n . Sampling 
inte rva ls 0("5 a nd la min p rod uced mea n D \'alues of4 .1 5 

- ,_ ~ I (S.D. - 2 .04) and 9.54 (S.D . - 7.06 ) m s, respec-
ti\ ·e ly . These la rge r a nd m o re \'a ri a bl e \·<du es (F ig. 2b ) , 
whic h mig ht be ta ken to sugges t signili cant c ha ngcs in the 
dra in age-sys tem morph o logy during tb e co urse of a sing le 
d ay, cl ea rl y res ult fro m in ad eq ua te d efinition of th e 
breakthrough cunT ra th e r th an ri'om a ctu a l cha nges in 
th e dra in age eo nfl gura tio n . 

Sin ce D tends to inc rease with th e sa mpling inten 'a l, 
whilst'li shows no sys tem a ti c \'a ri a ti o n, it fo ll ows th a t d 
a lso te nds to increase as rh e sa mpling inte rva l increases . 
Th e di spe rsi\'ity \'a lu es d e te rmin ed fro m th e I , 5 a nd 
10 min d ata se ts by reg ressing D o n 1L (fo rcing th e 
regress io n to omit a consta nt ) were. res pecti\'e ly, 5 .28 
( T"~ = 0. 5 7, P < 0.005 ) , 7.93 (,.2 = 0 .03 ) a nd 17 .92 
(T"2 = 0.04 ) (Fig. 2c ). Th ese res ult s sugges t th a t a J min 
sampling inten 'al is LOO g rea t to o bta in a n acc ura te 
es tim a te o r cl from th e brea kthrough curves res ulti ng from 
th e se ri es oC inj ec ti ons co nducted on 14 A ug ust 1990. 

r n ord er to determine th e prec ise sampli ng in terva l 
required to ge nt" ra te acc ura te es tim ates of D a nd thus d, th e 
curves \\'ere furth er sub-sa m p led a t 2, 3 a nd '~mi n illlelTa ls. 
Figure 2d shows th a t ce rta in va lu es oC D in c rease markedl y 
from th e I min sam pling -inten'a l eS Lim a tes when the 
sampling inten 'al is inc reased from 3 to 4 min. This [ac t is 
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Fig. 1. A series qf d)'f breakthrollgh CII1"1 'es resultillg/rom 
ten illjections conducled at a 1170ulill localed 1.44 km .from 
the SIIOll t o.f J-iall t Glacier d'Arolla, "alais. Su,il.::.erlalld, 
all 14 .illlgllSI 1990. CIII"l'es are /J{olled .for s([mjJlillg 
ilZterl'also/(a) 1. (b) 5 and (e) JOm/". 

furth er illustra ted bv th e sta nd a rd cle\ 'ia tion deri\ "Cd ri 'om 
rhe ten es tim a Les ol"D whi ch is 0.70 for Imin sa mpling. and 
increases ri-o m 0.82 to 1.33 fo r th e 3 and4min sampling 
in te n 'a ls, res pect i\'ely (T abl e 2) . Similarh', th e correla tion 
coe Oi eienL o bta in ed from regress ing D on 7L to o b ta in cl 
dec reases from 0 .43 (p < 0.025 ) LO 0 .23 between th e 3 and 
4 min sam pling inLen 'a ls (T a bl e 2). 

Thus, in th c abO\"C example , in lI'hi ch th e d ye-ret urn 
tim es we re a ll less th a n 62 min a nd th e passage o f O\'e r 
90% of rh e recovered trace r LOo k no more th a n 20 min , a 
sa mpling inte rva l of 3 min o r less was required to pre\'ent 
erroneo us \"a lu es of cl being d e ri\ 'ed [i-o m th e break­
through curves. H Oll eve r, th e sampling inte rva l required 
to produ ce a brea kthroug h c unT th a t is ddined well 
enough to a ll o w acc ura te es tim a tion of cl \\·ill inCl-ease as 
the lime o f passage o[ a trace r c lo ud and /o r th e di stancc 
t ra ' Tll ed b y th e trace r in c reases . This is a simple 
renec ti on o f th e ra te of cha nge o f concentra ti o ns during 
a dye return , which tends to d ccrease as th e t race r cloud 
becomes m o re di spersed. 

T o illus tra te this, wc consider ho\\' \ 'a r Ylllg th e 
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. \ 'iello/(' alld olltl'l'.l : I lI.Ilrtl/lIl'11ls alld melhods 

Table 1. i',jfeti.> oj'l'{flialiollj ill lite 5(1/1I/)lill/!, illlen 'a! Oil 1"}'(Jugllllo/( ' l'e/oei!)'. di.I/JI' , .lioll eoeiliril'lll alld di.>/J('}".lil' i!),/ol a 

.lflifS lif lesls l///dl'llakl'll al a IIW//till IJI klllji'OIlI Ihe Jllolll 0/ 1 l aul Glacier (/'. 1 ra/hi 0// f.j .·l l/glI.11 1990 

tmill I(!III/Jiill.!: in/I'/Tu/ 

'/l' l / I/ O, I l1jali fJ lI 7 in/( to 

.'J 
6 

7 
B 
9 

10 

1;lIIe /II'fl k (!l'< 

9.1.) 
1(1.00 
11.00 
12.0() 

13.00 
II.0ll 
1.'i.00 
IG.OO 
17.00 
IB.OO 

~l ea l1 

S.D. 

(Oll f , 

Itll 

IllIII 

()I 

·f7 

+·1 
1:1 
·18 
I~ 

3 ~) 

+2 
12 
+3 

.\I (,(II( 

('{'/o(;{r 

(( 

Ills 

0. 39 
0.51 

0 .. ) :' 
O .. )tj 

O .. 'iO 
0 .. ',7 

0.G2 
0.57 
O .. 'i 7 
0 .. ) :1 

0 .. 1 I 
D.Oi) 

1);' /1("";011 /) ;'/1(')",;(" ;11' 
c(Jefl/c;ml 

D 

-' I 
111 'i 

1. 11i 
:$.1 3 
2 .:ll 
2.83 

2.19 
:1.11 

:l. IH 
3.01 I 
:1.18 
:i .')1 

2.81 

0.70 

d 

111 

2. <)·1 
G.II 
+.20 
.l .O(j 

1. :17 
.) . 13 

.i.G I 

6.1 :; 
G.07 
3.+ I 

5. I ~ 
0.98 

111111 

lit) 

.iO 
+.i 
I .) 

.'Il 
I., 
+0 
+3 
10 
+:, 

sam pling in lcJ'\ 'a l a lfeCls eS limates or 11. D and d deriH'd 

from a n addilional six iJrea kLhroug h cu n TS rcsuiLing [i'oJll 

tract r Icsls CO lldUCl Cd during lll(' 1990 Jllcil season. The 

tim c lO peak dye cO lllT nlrati o n ill Ihese ex p eriJll cnls 

\ 'a ri ed be l\\'Cc n 81 and 267 1l1in Tahle 3). Fig lllT :~ shO\\'s 

ho\\' th e \'alue of D deriH'd rmlll lh c breakthrough c ur\"(' 

\ 'ar ies ",ith sa mpling inlL'}'\ 'al [(l r each ofLile six inj eCl ion s. 
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. ) 111111 .\ (III1/) /illg ill /find 

/I 
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(J.(;(j 

0 .. ) :1 
(UiO 
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(l.OG 

D 
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III ... 
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:U9 
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.i. I!) 
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+.G! 
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S.).17 
I (i.()(j 

(i.(jl 
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17.78 

I ~. I I 

For eac h l'L1nT, the p oin l al \\' ili c h D Ix'gin s lO in c rcasc 

", il h samplin g inlcl"\"a l is taken 10 incii (,aLl' th e maximllm 

possible salllplin g inll'l'\"al wh ich wi ll a ll o\\' acce ptable 

est illl alCS or D anci d lO he made . The rati o of' the spread 

o r lill' retu rll l'lI1"\T c h araCll'l"i scci b\ ' the tim e hcl\\'Cen 

half~pcak ('oll("l'lltra li o ll Oil Lil(' rising and fa lling limbs o f 

lhl' (,lInT I to Illa:-.: imu m a ll o\\ ',lblc sa lllplin g int l'l'\ 'a l 
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F ip, . 2. I ·alialioll.> ill ( a ) lite Iltrollghj7m,· l'1'loci!) ' . u. alld ( h) Ihe di.I/N'nioll mfjjicifll/ . D. delelllllll f'{/jiolll 11'11 IJrf'{{klhrollgh 

ClI/TeJ 1"I'.lIIllillgji·oll7 {~J'e illjeclillll.> cOlldllcl l'd III a IIIOlltill lomll'd 1. ·1+ klll j i"f}/II Ih l' 1110111 o/ l l alll (;I{(cier 1/'. 1 rol/a Oil /-I. I /lglol 

1990 a.1 a jill/clilll/ IU lhe .lallljJ!illg il/lerl'a/ //.l ed 10 (Ol/l/lIIcI Ihl' Im'lIkllllollgh Clln'I' . ( e) . 1 /Jlol III D agaill.ll Il./i}/" Ihl' dala 

/llo/led ill F igllll' 2a alld b, JhOll· il/g Ih l' l egl l'.Diol/ 1i1l1'.1 /I .If'{llo 1'.l /illlale Ihl' di.l/I('}".liI·iO'. d. JVI I . . ! III/d 10 III ill jall//llillg 

illlrrl'al.>. ( d) .1 If /mll 0/ ( b ) 1I'ilh dUji'l"l'IIl lalll/llillg illl l' l"I'al.1 lo ed 10 rfl' ll'Il/Iill l' lit I' di.I/II'I".>ioll coejjlri1'll1, D. 
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JOllmal 0/ Glaci%gr 

Table 2. FJJerls a/1'arialioll ,1 ill ,\am/!/illg IlIlen'al Oil lite mf{/II dis/JI'rsion co(:iJi'riflll ( D ) and relaled l'ariables/or lite 11'11 

lracer le,l/s ,11I1I1I1/(/rl.lN! il7 Table t 

S(IIlIjJ/ill/!, illten'a! 

111111 

'i 
10 

.1/1'1111 lii"iIlT.,ioll 
IIIlI Jllil'lll. D 

m - s 

2.81 
2.~) I 
3.09 
:U3 
-1.15 
9.:'> I 

,')'/aJlr/ard dn-Iotioll 

I!I D 

0.70 
0.71\ 
O.B2 
1. :>3 
:Z.OI 
7.06 

\'an es fi'om 1.7 to 6. 1 (Tablr 3) \I·ith a mca n of' 3.cI-
S.D. = 1. 71. Th e ratio ort im e to peak clye concentra lion 

to maximum a llowahle sampling- intel'\'a l I'a rie-s rrom 7.3 to 
16.0 (T a ble 3) \I'ith a me-all or 11.2 S. D. = 3.5 . Ci\Tn 
the \'ariability or both se ts or resu lts. tlll is consicie-red a 
more appropriate parametC'l' fa r establishing a suitable 
sa mpling inte l,\,a l due' to the case \I'ith \I 'hi ch it can he­
determined in the field. Thus, if a tracer experiment is 
conducted \I 'ith the inten ti on or a na lyz ing the shape or the 
breakthrough cunT. it is ach-isable to adopt a sa mpling 

1'11101' of d delmllill"ti I~)' 

/'( ',!;}(I\ \illg f) 011 U 

III 

j.2B 
,j.+'l 
,j.BI 
6.70 
7.93 

17.92 

(:"IIII{(liOIl ({Ie/!ili,"1 jin 
rt'gu).uioll (!/ D Oli 11 

., 
r-

0 .. l7 ,,< D.OO.i 
O. J.I I' < O.02j 
0.+3 I' < 0.025 0.23 } \"ot ..,ig-lli li r;11l1 
0.03 al lh(' O.Oj 
0.0 I 1('\,<·1 

int ('r\'a l no greate r th a ll tlllfl6 . CreateI' sampling int en 'a ls 
arc like'" to resu lt in inconsistellt a nd inaccurate es tim ates 
of 0, a nd he'nee' of d . 

CONCLUSION S 

The principal impact of'increasing- the sampling intcn'a l 
useci to COI1S LrLlct a dye breakthrough cunT is to increase' 
estimateci \"ducs of the dispe rsion coefficient, D. Estimates 

Table 3. Till' dIerl.1 cif l'{trialioll,1 ill lil(' ,I([III/J/ing IlIlen'a! Oil a/J/Ja/'fIIl Illrollgltj7ou' l'elori(r . dls/Jl'I'sion eoeffitil'lll alld 
diJ/Jelsil'iO'jiJl" ,Ill /(' .1'/.1 o/l'al),ing dllralloll tOlldllell'd dllrillg lite 1990 ji'rld .\f{/IOIl (11 H alll Glacier d'. I rot/a. Tlt e 117(11 illl 11 III 

arre/llable m/lies 0[12 - 11 I t , alld tlll / t, be.fore D hegin,l 10 illtrl'a,l{' ll 'IIIt ,\(//n/I/illg inlfl'ml ore IInderlilled 

I lIjcrlioll dall'. lillll alld .\(lIII/J/ill.!; 'I ill ll If) jJml, d)'I' ,1/1'1111 I'e/ori/ l' /) ;I/It} lion O il/l/II ;"i!)' /1 - /1 / 1, 
i' 

1", / 1, 
dislall({, j i'o l!1 I//OII! illl(,{"I'{(1 ((J ilt, 1'0<:lJ;mlll 

I, ' IlL /f ill D " ,) I 
IllIIl nUll I1l S 111 - ... III 

1.1 . \ug-u-.t 267 0.22 3.55 1.',79 59.1 267.0 
1200 h ,j 270 0.22 3.+S l .i.6.1 II.B 33. ~ 

:,602 III 10 270 o.n 3.,j8 16.10 5.9 26,7 
20 2HO 0.21 -L03 IIl.SO 3.0 13.3 
30 270 0.22 :UfJ 11.81 :Z .O H.9 
60 3(jO 0.20 7.7+ :lB.liS 1.0 l..J 

21 .J 1Ih- 2 11l O.2 ,i 19.80 7S.IB 11 3.0 2IB.O 
I:nilt .J 210 0.2G 20.1 f 7R.ill 22.6 13.(j 

TlOOIll 10 2/0 O.2G 20.56 7S.50 I I .:{ 21.8 
20 200 0.28 20.10 73.09 3.7 10.9 
30 210 0.2(i I~H c) H.~2 3.S 7.3 
GO 210 0.2:; 30.7S 13 L :11 1. 9 :l.6 

I . \ lI .~u"t 159 0.33 I L 78 12.7:1 -19.7 15~l.O 

1300 h ,j I GO 0.3+ 1+.+3 11.98 9.9 3 1.8 
330() III 10 IGO O.3-l I L31 +/.72 5.0 I.l. 9 

20 IGO 0.3+ l(i.O I -i1i.GG 2.5 B.O 
:10 150 0.37 21.90 .1~1. 73 1.7 5.3 

I . \Ugu~l 9S 0 .. )3 + .. 11 8.36 16.9 9B.O 
12:lj It 5 lOO 0.32 -1.9:) 9 .. i8 3.+ 19.6 

301)9 III 10 lOO 0.52 3.87 7. 19 1.7 ~).B 

20 lOO 0.';2 8.2S IG.03 O.S -1.9 

30 .J llI](' !)O 0.22 8.H6 10 .+1 (il.2 90.0 
1230 h 5 90 0.22 8.6:1 39.39 12.2 18.0 
I I B:llll 10 ~)O 0.22 9.00 11.08 (i.1 9.0 

20 lOO 0.20 12.-19 633,i 3. 1 I..J 

30 ,lul y 80 0 .. i2 1.60 :UI!l 9.G 80.0 
112.1 h .) SO 0 .. i2 1.63 3.1,j 1. 9 I (5.() 

21S.i 111 10 80 0.j2 2 .. 13 +.B9 1.0 8.0 
20 80 0.52 8. f~) l(i.J(1 0.3 HI 

tl and 12 represcnl the 1 i Il1l'S whcll the dyc concenlralion reachcs ha ir its peak I'alue on t he ri se 10 (I ll ancl declinl' li 'o ll1 (/2 ) th e 
concclllralion peak. 
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F ig, 3, I 'al'ialiolll III Ihe di.l/JI' I'.lioll (0 e//ir il'll I , D, 
dl'lnlllilll'd/i'o/ll "i, IJI'('aklhrollgh 1'111'1'1',1 1'1',l/Illillg,j'rOIlI d)'f 

illje(lioll,1 (Olldll{'ll'd Oil ffalll (,'I1I(i('/' d', Jl'o//a ill 1990 a.1 a 

.Iilllrlillll of' Ihe ,I {//II/)/illg illl('/'i'{/I IIIl'd 10 {,OII ,1/1'1I1'1 l/il' 

hl'l'aklhl'ollgh 1'11/'1'1' , The ,Ii, O/l'l'I',1 Il'I' /'t' ,1 1'lnled Oil Ihl' hllli, 
ol lhe 1'lll'ialioll,1 ill I illl I' 10 /)Nt/,' ((ri' (o ll(1'IIImlioll , t 'll ' Il'llirh 

Ihl~r ,Ihow , , Jrr1!11'" illdicale Ihl' jJoilll./ill' mc/I (1/1'1'1' alll'hil'h 

/) begill,l 10 ii/{'U'{/H' ll'ilh,alll/)/illg illll'l'I'ol , amI Ihll,l dl'ii'III' 

Ihe ilia '/11111111 ([((I'/llabll' ,Ialll/)Iillg illlam//iJl' II/{II /lIj(,l'lioll , 

or lhrou g- hll ulI l'(' locil;', u, arc (' ha ng-cd bl II1(Tea,ing lhe 
sa mpling inl C' J'I 'a l, bUl nOl in alll consislenl lI'al, BOlh D 
and 11 arc useei 10 ('a lnilalc the di'lwrsil 'il Y, ri, so ('s lim<lll's 
of' d a lso lcnci 10 increase 11 ilh salllp lill g' in lc l'1"al. Since 
illcreascs in d halT co III III 011 h' bc('n laken 10 indicale all 
increase ill lhl' ('olllplcx ill ' or gLI('ial cil ',l ill age Sl'Slenb, a nci 
in lh e number or qo rage 1()("lliolh lI'ilhin lhem, il is 
illl po 1'1 ,I 11 I 10 he c(,(,I ,lin lh ,11 su('h illLT1'aSl'S arc nol InlTcl) 
an al'leGIC'l or th e samp ling pron'c1ure used 1O COns lrul'l ch e 
breaKlhroug h CUJ'lTs , ,\n ana ll's is of'lhc I';t ri alion 01 ' /) Wilh 
sampling illllTl'a l f(H ' six brl'aKlhrough (,Ul'lT ' 11 hi ch 
prociuced wide ll' I'arl 'ing lim es to pr,IK (11'(' ('1) 1l c('lllralioll 
til l suggC'i IS lhal accu rale and consistenl cSlimales oJ'd I,'ill 

ollil 1)(' produ ced 11 hen lhc sampling illl(T\ 'a l used is < t lll l 
16, " 'herc lhi s rrilC'rio n callnol be Illel , ca uli o ll sit ou ld iJe 
app li eci lI'he ll maKi ll g illlt-rCll ('l'S aboul lhe chararllT oJ' 
glac ial drainage S)S ICIllS based Oil an a nah'sis or lh e 
di sptTsion charanrrisli('s oJ' ( liT breakthro ugh CUrlTS, 
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