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ABSTRACT, Th e ass umpti o ns il1\ oh e cl in til e lI se of' chemi call y based ml xlll g 
m ock·ls fo r a na h 's is o f' fl oll' ro utin g- o f' me!tll'<l te rs in g lae ierized bas ins a rc criti ca ll y 
cI'a lu a tcd , Th e ass umptio n tha t g lac ia l clra inage sys te m s co nsist of' o nl y tll 'O prim a ry 
n O li ' component s is a rbitra r) a nd must bc sup po rted b y indc pend ent el'id ence , Rece nt 
st udi es of' the processt'o, hI' \\ 'hi c h m elt ll'a ters acquire so lut e indi ca te th a t th e 
ass umption tha t fl o\\' com po ncllls h alT un iquc a nd co nstan t chemi ca l co mpos iti o ns is 
unlik ely to he co rrcct, So urce-wa te r com positio n a nd \\'ea th ering po tc nti a l lI'ill I'a ry 
ol'e r th e course or a m e lt season, a nd th e exte nt o f' su bglac ia l lI'eath cr ing is stro ng- I), 
d e p e nd ent upo n s uc h f; lcto rs a, m e ltll',ll er res id e n ce ti me a nd th e a l 'a il a hilit y of' 
reac til 'C sed im ent, b o th o f' whi ch a rc kn ow n to l 'a l'\' o n diurn a l to seasona l tim c-sca les, 
.\lix ing o f' fl oll' compo n ents does no t a ppea r to bc' co nfin ed to th e terminal regio ns o f' 
g lac ie rs a nd is th crcflJ rc unlikely to be co ns('l' \'a til 'C as ass um ed, :-\ multi-pa ra mc te r 
l11i x ing model is ap pli ed to th e a na lys is of'd a ta o n th e c hemistry o f' \\ 'a ters sa m p led 
fi 'o m bo reholcs d rill ed th ro ug h H a UL G lac ier d'. \ ro ll a, S\\'irzerl a nd , to de m onstra te th e 
ra nge or di sso h-ed sp ec ies fllr \\ 'hi c h th e ass umpti o n o f' eonsel'l'a ti l'e mi x ing is \'iola ted, 
Th e co nsequ c nces o f' thi s I'iolat io n fo r qu ant it a ti \'e h yd rogra ph sc pa ra ti o n arc sholl' lI 
to b e hi g hl \' sig nifi canl. The u tilit y o f' mi xing model s as a tool fo r th e il1l"('st igat io n of' 
g lac ier h l'dro logica l systems is ques ti o na ble a nd th e res ult s of' p re l 'io us stud ies a rc 
unre li a ble, 

INTRODUCTION 

r\ rcc urrent th em c in resea rch o n g lac ie r hyd ro log\' h as 

bce n th e use o r m casure l11 cn ts o r m el t\\'atcr q ua lit y to 

cie ri I'C' info rm a ti o n a bo ut th e cha racte r of's ubglac ia l a nd 

c ng lac ia l d ra in age sys tc ms Coli in s, 1978, 1979; O ertcr 

a nd o th ers, 1980; C o llins a nd You ng, 1981: CUJ'Jl c ll a nd 
F enn , I 98.J.: Sha rp, 199 1: Tra nt e r a nd Ra is\\'C II . 199 1; 
L eccc. 1993 ), On e technique II' hi c h has bee n wici ely 

a d o pt ed in th ese s tudi es a nd used to m a ke q ua ntita ti n' 

in fC re nces a bo ut m e lt wa ter flu xcs thro ug h th e dif'f'e re nt 

e lem c nt s o f' sue h dra in age sys tems is th e c hemi ca ll y b ased 
mi x ing mod el Pinci ('I' a ndJ o nes, 1969 ) , This tec hniqu c is 

uscd to se pa ra te me! t \\ ',Her ru n -o fT' h yd rogra phs i i1l0 

compo"l ents \\'hi c h a llegedly a ri se fro m n O\\' thro ug h t \\'o 

o r some tim es three ) e le men ts of' th e dra inage sys te m, Th e 

tec h n iq ue m a kes a num b el' or ass um pti o ns a bo u t th e 

na ture o f' e ng lac ia l/subg lac ia l dra in agc sys tems a nd th e 

l11 a nn e r in \\ 'hi ch m e ltwa te rs acq uire th e ir solute load , 
mos t o f' II' hi ch ha lT no t bee n tes ted in prn' io us studi es , 

Recen l d CI'l' lo pmel1ts in o ur und crsta n ling of' th e na ture, 

a nd bc h av iou r or g lac ie r dra inage sys tc m s (:'\i enoll' a nd 

o th ers, in p ress , a nd o f' c he mi ca l \\'('a th er ing p rocesses in 

glac ia l e l1l 'iro nm en rs (,fr a lll er a nd o th e rs. 1993 , cas t 
co nsid era ble do u ht o n th e I'a l id i t y o f' th ese ass um ptio ns 

a nd thus o n th e a pp li ca ti o n or th e m c th od, Th e purpose 

o f' thi s n o te is to draw a tt e nti o n to th e n at ure of' th esc 

ass umpti o ns, to present so m e of' th e d a ta w hi c h cha ll enge 
th eir va lidit y a nd to exa min l' th e ir impli ca ti o ns fo r 

qU <l nti ta ti lT hydrog ra ph se pa ra ti on, I t is prompted b y 

a rece nt a p p li catio n o f' th e mi xing-m od e l m ethod (Lecce , 

1993 ), \\' hi c h , like prel' io us studi es, d raws co nclusio ns 
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which we do not belie\'e a re susta ina bl e in th e light of th e 
inform a ti 0 n presen ted, 

ASSUMPTIONS OF CHEMICALLY BASED 
MIXING MODELS 

Collins ( 1978, 1979) argued that a simple mixing mod el 
of th e form: 

(1) 

co uld be used to se pa rate meltwater-di scha rge hydro
grap hs into two fl ow co mponents, H ere Q refers to 

meltwa ter discharge a nd C to so lute concentration, The 
subsc ripts t, sand e refe r to th e tota l fl ow, a nd to wha t 
Collins te rm ed the "s ubg lac ia l" ' a nd "eng lacia l" compon
ents, CoJlins ass um ed that wa ters whi ch pass more slowly 
throug h th e sys tem (" subg lacia l" wate rs) experience 
consid erable enri chm ent as a result o[ contact with 
subglac ia l bedrock and fin ely comm inuted roc k debri s, 
H e a lso ass umed th a t th ese two types of wa ter mixed in a 
region close to the glac ie r snou t, th e el/glacial wa ters 
diluting th e subglacial waters to produ ce bulk meltwaters 
with a c hemica l composition d epend ent upon th e initi a l 
chemistri es of the two components and th eir mi\illg ratio 
(the rel a ti ve proportions o[ the two components in bu lk 
waters) , If the chemica l composition of the component IS 

known, the mixing-mod el equation can bc rewritten to 
a llow so luti on for the component discha rges: 

(2) 

Models o f this form ma ke a number of assumptions whi ch 
we now eXaITllne, 

Two dra inage cOInponents 

An imm edi a te problem conce rns the d efinition orthe fl ow 
components, Collins envi saged two princ ipa l drainage 
routewa ys through a glac ie r - a sys tem of m ajor cha nnels 
which a llows rapid tra nsit a nd iso lates waters from 
potenti a l so lute so urces, and a sys tem whi ch permits 
mu ch slower transit a nd brings waters in to contact with 
so lute so u rces, Th e first he d efin ed as th e "englacia l" 
compon en t, e\'en thoug h it was sa id to d rain via a system 
wh ich includes "arteri a l conduits loca ted a t the bed" 
(Collins, 1979, p, 349), a nd th e second as the "subg lac ia l" 
compon ent, which was said to drain \'ia "cha nnels whi ch 
may be mo raine-wall ed or c ut in bedroc k, and in whi ch 
sedim ent tra nsport occurs" (Collins, 1979, p, 349 ) , This 
use of th e terms "subglac ia l" ' a nd "eng lacia l" to d esc ribe 
the fl ow components is mi sleadin g, sin ce both can 
appa rentl y dra in throug h cha nnels located at the glac ier 
bed, Th e ac tu al basis for di stin guishing be tween the two 
components is the residence tim e of m eltwaters at th e 
glacie r bed ra ther th a n their location or morphology , In 
thi s sense, it would seem more logica l to differentiate th e 
compo nents using terms suc h as delayedflow and quickjlow 
(cr Tranter and o thers, 1993 ) , Neverthe less, we reta in 
Collins' terminology for th e purposes of the present 
di sc ussio n, 

Collins' d efiniti on of th e h ydrolog ica l pathways 

242 

[o ll owed by the two compon ents is vague, sin ce Ice
wall ed conduits at th e glac ier bed wi ll pres um ably a lso 
h ave bedrock o r morain ic fl oors, and it is not c lea r \\'hy, 
gi \'en the d efi n i tions presen ted, the t\\'o path \\'a ys wou ld 
res ult in sys temati c \'a ri a tio ns in res idence time \~ ' ithin the 
glacier. Equa ll y, whi lst it is clea r that Collins envisaged 
the source of "en g lac ia l" waters to be surface m el ting, it is 
nor clea r wha t sou rce he en\ 'isaged for "s u bg lacia l" 
waters. The so urce wou ld presum ably be surface melt, 
intern al/subg lac ia l melt or gro und water. \\'h ic h of these 
is ac tua ll y the source has m ajo r implica tions for flu x 
magnitudes, p a ttern s o[ Dux \ 'a r iat ion in time a nd 
component ch emistri es . 1\ m o re r igo rous d e finition of 
th e morph ology of th e hydrologica l path\\'ays fo ll o\\'ed by 
the two flow components is required if th e resu lts o[ 
mi xing-model ca lcul at ions are to be interpre ted. TheOI'et
ica l ana lyses o[ glac ier h ydrology nO\\' identify at least 
seven possible components to subglacia l and englacial 
dra in age system s. T hese include englac ia l co nduits, 
subglacia l water films (\\ 'eertm an, 1972) , R-cha nnels 
in cised upwards into the g lacier sole (R o thli sberger, 
1972 ), Nye channels incised into bedrock (Nye, 1973 ), 

linked-ca\'i t y sys tems (Wa ld e r , 1986), perm eab le sub
glacia l sed im ents (Shoema ke r, 1986) and broad canals 
incised into the surface of such sed imenrs (\\' a ld er and 
Fowler, 1994) . Gi\'en thi s di\'e rsit y, it seems arbi t rary and 
unreasonable simpl y to ass um e th a t the d rainage system 
o[ a gi\'en g lac ie r con tains o nl y two (or perh a ps three ) 
primary com p one nt s. Th e re is c lea rl y a necd for 
a pplica tion s of th e mi xing - model techniqu e to be 
supported by ind epend ent e\·id ence (such as is prO\' ided 
by illtellsive d ye-tracing or boreh o le-based studies ) [or th e 
charac te r of the subglacia l dra inage sys tem . 

Wh ere multipl e co mpo n en ts do exist w ith in a 
drainage sys tem, it is importa nt to understand ho\\' they 
are a rra ngcd in space and ho\\' th ey a re interconnected . 
F a ilure o[ th e dra in age sy te m to conform to the 
assumption that the hydrological pathways rep resented 
in the mixing m ode l are arranged in such a way that 
mixing is confined to the termina l regions o[ the glacier 
has importan t h ydrochemical implications. \\' hnC' two 
di stinct dra in age pathways do ex ist, Geld e \·id ence 
sugges ts th a t th e slower one may be located up-glacier 
of the faster , so tha t "s ubg lacia l" \\'a ters ac tu a ll y pass 
a long the sam e pa th as "eng lac ia l" waters in the 100\'er 
g lac ier (H umphrey and o th ers, 198G; l\i enow a nd others. 
in press). If rhis is so, there wou ld be consid erable scope 
for cO I1linued ch emical evolutio n of the combin ed waters 
a fter mixing . Su ch e\'olutio n wo uld \'io late th e ass ump
tion of conse rva ti ve mixing (a ll so lute transported by the 
bulk meltwa te rs is d eri\'ed direct ly from th e fl o\\' 
com ponents) made by mixing m od els (sce below ). 

v\'here mixing models h ave been app li ed to the 
interpretation of run-off d a ta collected O\'er w hoJe melt 
seasons (G urnell and Fenn , 1984) , or large parts thereof. 
th e use of a model with a sing le fo rm is tantamOU I1l to 
assum ing that th e str ucture o[ th e drainage sys tem is 
consta nt over time. Th is ass umption is direc tl y contra
di cted by the r es ults of d ye-trac ing studi es whic h indi cate 
sig nifi cant c ha nges in drain age-system stru c ture O\'er 
indi \' idua l m elt seasons (Willi s a nd others, 1990; H ock 
and Hooke. 1993; '\i enow, 1994) . Since th ese structural 
cha nges a re often manifes ted m os t clea rly by c hanges in 
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meltwa ter residence tim e, th ey ha \'e profo und implica t
iollS (o r the processes a nd m agnitud e o f' so lute acquisition 
by mel twa te rs, a nd thus fo r th e ass umpti on m ad e in mos t 
m ixi ng-m od eI st udies tha t com ponen t c h em istri es a re 
uni q ue and constant ove r tim e (see below ) , 

Unique cOInponent cheInistries 

r n most ap plica ti ons o f th e mi xing mod el p ubli shed to 

d a tc (e,g , Coilins, 1978, 1979; Curnell a nd Fenn , 1984) , it 
has been ass um ed th a t th e chemi ca l com pos ition of th e 
"subglacia l" a nd "englacia l" components is co nsta nt, a nd 
tha t \'a ri a ti o ns in bulk m elt wa ter che mistrv re(lec t 
\'iHia ti o ns in th e mixing r a ti o of th e two components 
(a n excep ti o n to thi s is th e work ofTra nter a nd R aislI'e ll 
( 199 1)) , Collins (1979 ) justifi ed this ass ump tion on the 
g rounds th a t (a J th e dra in age pa th ways fo llowed by 
" englac ia l" wa ters a rc esse nti a ll y free of so lute sources, 
a nd (b ) th a t so lu te acqui siti o n in th e pa th ways (o ll o\l'ed 
by " subg lac ia l" \\ 'a ters is suffi c ientl y ra pid to bring th em 
to a uniform equilibrium con centra tion, i\either a rgu
me nt is convincing, Co llin s' "englacia l" wa ters a re 
d eri l'ed la rgel y (j'om melting of surface snow a nd icc, It 
is \I'ell known th a t impurities held within a snow pac k a re 
nol rel eased in meltwa ter at a uniform concentra ti on 
corres ponding to the ir bulk concentra ti o n \I'ithin th e 
SnOl\', bu t tha t they a rc r eleased a t signifi ca n t ly hi gher 
concentra ti o ns within th e (irsl mel twa te r produ ccd 
(joha nn essen a nd o th e rs, 1977 ), Th r chemi stry of such 
\\'a ters will th erefore \'a ry O\'e r a mr lt seaso n in res ponse 
to thi s leac hing effec l. Seaso na l cha nges in th e ac idit v of 
source wa te rs will a lso impac t 0 11 th eir a bilit y to acquire 
so lutr by \\'ea th ering of subg lac ia l sediment. as demon
stra ted b y la bora to ry \ I"(~ a th e rin g ex pe rim ents (Bro\\' n 
a nd o th e rs, in press ) , 

E xperim ented studi es o f so lute acquisiti o n from glac ia l 
Oour by dilutc aqu eo us solutions (Tra nt er a nd oth ers, 
1989; Brown a nd o th e rs, in p ress ) indi ca te th a t , a lthoug h 
ra tes o (" acqui sition dec rease ex ponenti a ll y o\,er tim e, th ey 
a re nC\"{>rl hrless still sig nifi ca nt a ft er pe ri od s of time 
compa ra bl e with melt\\'a te r res id ence tim es in glac iers 
indica ted b y d ye-tracing ex perim ent s (Co llin s, 1982 ; 
Burkimshe r, 1983: Sea be rg a nd o th ers, 1988; \\,illi s a nd 
o th ('!"s, 1990; Founta in, 1993; H ock a nd H oo ke, 1993; 
.\Ii cnoll' , 1994), Thus, if m e lt wa ters com e into contac t 
with suspe nd ed sedim cnt o r o th cr roc k m a t('!"i a l durin g 
th eir t ra nsit thro ug h it g lacicr, th cy arc like ly to 

experi ence signifi ca nt enri c hm ellt in solutes, S in ce both 
res id ence time a nd suspe nded-sedim ent con cen tra tion 
\'a r )" w ith melt\l'a te r disc ha r ge (Burkimsh cr, 1983; 
Curn ell , 198 7), th e d cgr ee of enri chm ent is like ly to 
\'a r \' 0 \ "(' 1" ti mc, prod uc i n g \'a ri a ti ons in mcl tw a te r 
chcm istry w hi ch a rr no t direc tl y a ttributa blc to th e 
mi xing r a ti o (Brow n a nd o thers, 1994), Th e kin eti cs of 
th e \I'ea th e rin g processes a re such th a t th e impac t ol" such 
l"Cuia ti ons o n so lute acqui siti on will be g rea tes t in maj or 
subglac ia l c ha nn els w he re sig nifi ca nt suspe nd ed-sediment 
tra nsport occ urs, \\ 'hen dilu te wa ters a re placed in 
con tac t w i th suspend ed sedim ent, solute-acq ui si li on ra tes 
a re ini tia ll y ra pid but th ey d ec lin e ex ponenti a ll y OI'e r 
tim e (Bro wn a nd o th ers, in press ) , Thus, a g i\'en change 
in wa te r sedim ent contac t time will have maximum 
impac t on so lute acquisitio n w hen th e ave rage cont ac t 

S/all jJ and olhers : Instruments and methods 

time is shor t. D ye-trac ing studi es indicate th a t thi s is 
usua ll y th e case in major subglacia l cha nnels, 

Th e conseq uence of ass uming constant- component 
c hemistri es, w hen th ese a re in [ac t \'aria ble, is th a t 

\ 'ari a ti ons in component chemistry will be expressed as 
va ri a ti ons in the mixing ra ti o in the mi xing-mod el r es ults, 
F o r insta nce, in c reased solute co ncentra ti ons in bulk 

waters, such as occur und er rccession-OOl'" conditions, 
wo uld norma ll y be interp rcted as res ulting from a n 
in c reased pro porti on of "subglac ia l" wa ters in bulk run

o ff, In rea lit y, they may bc a t leas t pa rtl y a ttributa ble to 
"su bg lacia l" wa te rs becoming m o re concentra ted over 
tim e as disc ha rges d ec reasc a nd res id ence tim es conseq
uen tl y increase, I f such a rtefac ts, w hi ch may in volve bo th 
th e magnitud e of th e compo ne nt discha rges a nd th eir 
pattern of va ri a ti o n OI'e r time, a re to be avoid ed , it is 
necessa ry to d e te rmine acc ura te ly th e chemistries o f th e 
com po nents a nd their tempor a l va ria bility, Tra nte r a nd 
R a iswe ll (199 1) suggested a m e thod [o r doing thi s using 
meas urements o f th e p roperties 0 (' bulk meltwa te rs, but 
direct mcas ure m ents in th e subglacia l environm ent wo uld 
be prefera ble , 

A furth er pro blem with th e ass umption of consta nt 
me ltwa ter chemi stry rela tes to t he choice of a ppropria te 
co ncentra ti o n \ 'a lu es fo r each co mponent. V a ri o us 
sugges tions ha \'e bee n mad e con cernin g whic h values 
sho uld be used, F or th e "eng lac ia l" component, these 
inc lud e th e concenrra ti on of a species in sup raglacia l 
wa ters and th e minimum con ce ntra ti on in bulk melt
wa tcrs record ed during a m elt season, For th e " sub
g lac ia l" compon e nt , th ey include th e concentra ti o n in 
g rou nd- wa te r springs, winte r b ase 0011' o r summ er 
recess ion fl ows (see Fenn ( 1987 ) fo r a IT \'icw ) , Each of 
th ese possibiliti es will res ult in a difTerent value fo r th e 
co mpo nent c h e mi str y, w hi ch will a ffec t bo th th e 
magn i rud e a nd tem po ra l pa tte rn of Oow calcula ted for 
each component (BrOl'\"I1 a nd Tra nter, 1990) , Higher 

valucs of Cs a nd /or Cc will reduce Q s, th ough th e e ffec t of 
va rying Cc is less m a rked beca use Cc occurs on bo th sides 
o f' Eq ua ti on (2 ) , C hoice of a n a ppro pria te \'a l ue fo r Cc is, 
howe \'er , critica l a t times when Q c compri ses th e m aj o rit y 
o f bulk meltwa te rs, \V e have pa rti cul a r conce rns a bout 
th e usc of max imum a nd minimum so lute concentra ti ons 
in bulk run-ofT to cha rac teri ze th e compos itions of th e 
(low components beca use , during the summcr o r 1993, we 
reg ul a rl y sampled wa ters fro m th e base of boreh oles a t 
H a ut Gl acier d 'Arolla , Switze rl a nd, which we re up to 
thrce tim es m o re concentra ted th a n a ny whi ch dra ined 
from th e g lac ie r during th a t m e lt season, 

Conservative Inixing 

As d efin ed b y Eq ua tion ( I ), th e ml xlll g mod el ass umes 
th a t th e mass of solutes tra nsp o rted by th e two fl ow 
components re m a ins un cha nged a fte r th ev mi x , Collins 
( 1979 ) defend ed thi s ass umpti o n on th e gro und s th a t 
sedim enta ry pa rtiel es in suspe nsio n reta in sig nificant 
qua ntiti es of ion s ad sorbed to th eir surfaces a ft e r th ey 
ex it from th e g lac ier porta l. This is sa id l O impl y th a t 
solution and surface exc ha nge be twee n susp end ed load 
a nd meltwa te rs pl ay onl y a min o r ro le in modifying th e 
co mposition of m el twa ters once (l o w is in la rge ch a nnels, 
This conclusio n is, h owe\'er , contra di c ted by th e fac t th a t 
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T able 1. Chemical com/Josilioll ( l11e([ /I a/ld slalldard enor 
oJ tlte !Ileall) of the three water types sam/Jled from 
borefzoles al Hall l Glarier d'AroL!a, Swil;:.erial7d, il7 1992. 
CO l7rCIIlra liolls oJ calions and alliollS are measured i/l 
micro-equivalC1l ls per litre. ECo is Llze eleclmal conduct iv
i£J' oJ the l.vaLers at O"C ( f.I's cm I) . SIcc is Ihe s([11ImLioll 
indf.l" Jor calcile and jJ(C0 2) is Lhe parlial pres.lllre 0/ 
rarboll dio ride ( almospheres) wilh which lite wa ler 
ap/Jears 10 be ill equilibrium . T lze hil/a lu'o jJaramelers 
are calClllaled Jioln groll/J meall dala ralher thall indiz'idua/ 
samjJle ml(f~J'ses 

j\Jode 1 iIlode 2 M ode 3 
Species M ean S .E. ,I l ean S .E. M ean S.E. 

C a 2 + 10 4 .3 183 16 A 8 15 10.4 
~ 21-0' 

- '" 6 3.2 17 l A 90 1.4 
N a + 4 1.1 10 2 .0 15 0 .2 
K + 2 0. 5 13 3 .7 16 0. 2 
BC03 9 17 . 1 166 26 .7 596 10.0 
Cl 4 1.0 4 0 .7 5 0, 3 

N03 5 4 ,4 6 3 .0 27 0. 2 
SOl2 6 3.2 37 5.1 312 4 .8 

pH 6A 0. 1 8 .5 0 .6 7.5 0.1 
E C o 1.8 0 .3 10.9 0 .8 45 .5 0. 2 

S I" 6. 22 1.62 1.47 

log p 2.66 3.52 1. 96 

(C O 2) 

bulk mcltwa te rs arc comm onl y und ersa tura ted w'ith 
r es pec t to reac tive minerals suc h as ca lci te (R a iswe ll , 
1984; Brown a nd o th ers, 1994), a s a r e wa ters sampled a t 
the g lacier bed from boreholes (Ta bl e I ) , In a dditi on , 
la bora to ry wea th e rin g ex perim e nts il1\ 'olving suspended 
sedim ent whi ch has passed th rou g h the drainage sys tem 
of H a ut Glacier d 'Aroll a (Brown a nd o th ers, in press ) 
show significa nt a nd continuing solute acquisitio n by 
d e io ni zed wa te r pl aced in co ntac t with sedim ent 
con centrations compa rable to th ose reco rd ed in m elt 
streams O\'e r a t leas t th e first 3 h of contac t (Fig. I ) . Oth er 
experiments, which simulate the mixing of dilute a nd 
con centra ted meltwa ters, also r eveal signifi cant solute 
acq u isi ti on fro m suspend ed sedime n t a ft e r mixi ng 
(Tra n ter a nd o th e rs, 1989). If, as sugges ted earli er , 
mixing is not confin ed to th e ex tre m e termin a l region s of 
the glacier , it is ex tremely unlikely to be conse rva tive. 
Brown a nd o thers (in press) es tima ted th a t as muc h as 
70 % of the C a 2 + load transported b y bulk meltwa ters 
dra ining from H a ut Glacier d'Arolla in August 1990 m ay 
h ave been acquired by post-mi xin g reac ti ons. 

T o illustra te th e signifi cance of thi s point, we present 
th e res ults of a na lyses of wa ters from 22 boreholes drill ed 
thro ugh H a ut Glacier d 'A roll a in August September 
1992 . O\'er 3000 m eas urements o f elec trical co nduc ti vity 
( EC ) we re ma d e o n th ese wa ters, and th e r es ulting 
frequency distributi on shows three clear m od es . Sa mples 
o f eac h wa ter typ e were a na lyzed fo r th eir pH a nd m aj or 
ca ti on a nd a ni o n compos iti on (T a bl e I ) . Th e CO l1 ve n-
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ti on a l mixing-mod el a pproach to glacie r h ydrol ogy wo uld 
m a k e the ass umpti o n th a t wa ter s o f interm edi a t e 
com p osi ti o n (mod e 2) were prod ueed b y consen 'a ti \ 'e 
mi xin g o f more dilute (m ode I) a nd m ore concen tratcd 
(m od e 3) wa ters, T o d e termin e wheth er o Llr chemical 
d a ta a rc consistent with thi s assumpti o n , \\'e used the 
multi\ 'a ri a te mi xing m odel SOLMIl\"EQ88 (Kh ara ka 
a nd B a rn cs, 1973 ) to d e termine w lwth cr or not mi xing 
was conse n 'a ti\ 'e fo r thc lull range of dissolved spcc ies 
a na lyzed . A mi xture of nine pa rts m od e I a nd one pa rt 
m od e 3 wa ters wo uld h ave concen tra ti o ns of '\Ig~ + , C l , 
N03 a nd SO I~ \\ 'hi ch a re compa ra ble with those of 
m od e 2 wa ters. H owc\ 'e r , such a mixturc wo uld cont a in 
significantl y less Ca2 

+ , K + and HC03 , a nd have a lower 

pH , EC a nd calcit e-satura tion index, a nd hi gher p (C 0 2 ) 

th a n m od e 2 wa te rs. T o reprodu ce these properti es o f 
mocl e 2 wa ters, it was necessa ry to simul a te th e dissolutio n 
of a n addi tiona l 5 x 10 :l moll I of' ca lcite and 8 x 

10 G m oll I of po tas h fe ldspar in the mixture. Thi s 

clea rl y indica tes th a t , fo r ma ny dissoh 'ed spec ies, it 
wo uld be incorrect to ass um e th a t mixing of'dilute a nd 
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Fig . I . (aJ COllcen/rations q/ (;a 2 + ([Ild H C0 3 as a 
JlIllclioll oJ lime ill a /aboralol)' dissolulion flperill1enl 
"sing a waif/' : rock ratio oJ 4 g I I , ( b) COllcenlralions oJ 
flli + , j 'a + and K + as ([ JIIIlC/ioll oJ lime in a 
/aboralo l)' dissolution e.\ jJeril1lenL llsillg a waLer : rock ratio 
of 4 g I I . The sedimenl used ill tlte eXjJfrimell1 was 
rollected Jrom l/ie IIlmgins of /he main lI1eltwater slream 
draining }i'om Haut Glacier d'ilrolla : the so lUll I was 
deioni<.ed waler Left il1J;-ee cOlllacl with the almosphere alld 
slirred collliIlUOllS~)' Jar Lhe duralioll oJ Ihe eI/Jeriment . 
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con centra led \I'a te rs is conse r\ ·a t il ·e . It may a lso be th e 

case th a t mod e 2 I\'a le rs a rc no t, in a n y el"(' nt , produced 

b y mi x ing of" mod e I a nd mode 3 w a ters. bUl th a t th e 

three I\'a te r types el'o ll"e ind epe nd e ntl y a long d iffe rent 

nOl\' pa th s I\· i th d i fTe- rent reside nce ti m es. 

NelTrth eless, it is useful fo r o u r present purposes to try 

to q ua ntify th e sig nifi cance ofl 'io la tio n o rthe ass umpti o n 

of'conse l"\ 'a til"(' mi x ing . [ f" I\T ta ke t h e m ean EC o f"m o d e I 
C,, ) a nd mod e 3 (C, I I\'a ters as a measure of th e ir solute 

con te nt T a b le I ) . a nd use Equat io n I to ca ieul a te th e 

E C or m od e 2 \\'ate rs (Ct ) , I\T find th a t a 9: I mi x ture of" 

m o d e I (Q,, ) a lld m ode 3 IQs ) \I'a te rs I\'o uld g iw 

C t = 6.3 IlS cm I. \ I od e 2 \\'a le rs h alT a meas ured \TI ea n 

EC of" 10 .85 j.LSc m I. I f 1\"(' then lI se this m eas ured I'a lu e 

as a n es tim ate o r c t • a nclta ke th e l11ea n I'a lues for 111 0 d e I 

a nd m od e 3 wa ters as est ima tes 01" C" a nd c", \\T can use 

Equ a ti o n (2 ) to es tim a te Qs. W e o bt a in a I'alu e o f 2 .1 

in s tead of th e tru e I'a lue o f" I . The res ulls o f" sim ilar 

ca lcul a ti o ns pe rfo rm ed usin g ca n n' n tra ti o ns o f" o the r 

di sso il-ed spec ies a rc p resen ted in T a ble 2. Estim a tes or 

Q, ra nge rrom I (fo r SO / ) to 7.9 ( K + J. \I 'hen th e true 

I'a lue (ass umin g cO ll se l"\ 'a til "(' mi x in g ro r SO I2 ) is I. 
Thu s. el"en il" o ne accep ts th e va lid i t y o f th e bas ic mi x ing 

mod e l a pproac h to g lac ier h yd ro logl·. h yclrog r a ph 

sepa ratio ns \\'hi c h a rc based upo n di sso h w l spec ies ro r 

T able 2. R ewllJ uIlllilillg- lIIodel ((tleu/aliolls /m/onned 

usillg l('aler rOIll/)()JilioIlS elfllimlml 10 lite llleall (O )II/H).I 

ilioll r1 ea(1t (!/ lite lit rei' It 'aler Mm .Ialll/lled .from 
borehole.1 al /-/a 11 I ( ;Ia(ier (/". l rolla ill /992 . . I/orle 2 
cOllcelllralioll re/i'rJ 10 Ihe OI) ,IUI'ed .IV/llle rOIlCl'1I1m1i1)1I 

( l ulf I I) ill H'oler.1 ()/ illlemll'diale rom/)o.>ilioll bdiel'l'd 10 

jiirlll/~J' lIIilillg ~/dillll{' ( lIIodl' I ) al/ll cOJlcfIIlwl('(1 ( IJlOdc 

3 ) 1('([lnl wilh addiliollal Jolllle jilmi.lhed I~)' /JO,I/ -miliJlg 

reaclion. P redicll'd C ij Ihe ('I1)('cll'd cOJ/cmlroliulI l!i ' 

illlnlllediale ll 'aler.1 forllled I~)' lIIi \I'Jlg lIine /Jarl.1 iliadI' I 

1(,ilh 0111' /)({rlll7odc 3 ll'aler.1 l('il/, 110 IJo.l/-lIIilillg reaclioll. 

T he I}{'/"{elllage (!i ·.IOIl/le derizwl ~J ' /)o,l/-milillg rearlioJl 1.1 
gil'I'" ~)" : (( .I/odI'2colI(('lIlralioJl P redirll'dCt )/ .liode 

2 cOllcelllralioJl ) x l OO. Predicll'd Q, r(ji' r.1 10 Ihe 

nlilllale 0/ Q, Ihal ll'ould be ob lained IIsill/; t'lfl/alioJl 

(2) if Q I = 10 alld Ihe /IIea.lured IIlea)1 CO/ll/Jo.lilioll.1 o/Ilte 

Ihree boreho/e- ll'aler U/Jej gil'I'JI iJl T ({ble I are 1I.led {/j 

e.llilllaleJ (!/ C". C and C, 

S/)('Cil'.1 .I / ode 2 COJl - Predicll'd % solllll' 

from /ml 

m/ \lllg re

arlioll.1 

P redicled 

cmlmlioll Cl Q ., 

Ca~ + 183 90 5 1 2 . 1 
\ lg:1 I 17 14· 13 1. 3 
;'\ a + 10 5 5 1 5 .. 1 
J.,;, + 13 3 73 7.9 

H CO.l 166 68 59 2.7 

Cl + "~ 0 0 .0 

N O :; 6 7 1+ 0.5 
SOI~ 37 37 0 1. 0 

E C 11 6 2 .1 

S!t({}p alld olhen : } JlSlrulllenl.1 alld lIIelhods 

w hi c h Ill ix in g is no n-co nse rl 'a li l'e may b e 1'(' 1"\' se rio usly in 

e!To r. 

1I 10s t pre"io us Illi x in g -mod el s tudi es ha lT b ase d 

se pa ra tions on the EC o r m cl t\\ a ters (e.g. Collins, 1978. 

1979; C UrIl ell a nd F e nn , 198+). The res ults presented 

a bol,(, s ugges t th a t EC is no t a co nserl 'a til '(' p rope rty o f" 

g lac ia l m e ltwa ters a nd lh a t th is prac ti ce is therefo re 

unreli a bl e . Beller es tim a les a re mo re like ly to be obta in ed 

if" se p a r a ti o ns a re b ased upon ll1 eas urell1en ts o r th e 

("() Il ce n t ra ti o n or co nse l"l"at il'e spec ies suc h as \ l g2 + , 
SO I:!' C l a nd .\"03 , o r th ese spec ies. \ Jg2

+ a nd 

SO 1:1 a rc likely to b e m o re use ru l th a n C l a nd NO:l 
beca use th e la tter t\\·o spec ies arc n o rma ll y c1 c ri \"cd 

primaril y rro m th e sn O\\'p ac k an d w ill be p rererenli a lIY 

irac hed fl 'o m th e ca te hll1 e nt in the ea rl y p art or th e mclt 

seaso n (Tran ter a nd o th e rs, 1993 ) . Th is conclusio n is 

co nsis tc ll t w ith th e a rg um c nt put fo n nl rd b y ' l' ra nter a nd 

R a is l\ 'C' 1I ( 199 1) lha t S O 12 m ay be th e b es t spec ies to use 

fc)r 111 ix i ng-mod el ca lc ul a ti o ns. 

SUMMARY 

Th e a pp l ica t ion o f' mi x i ng models to th e i IlITs ti ga ti o n o f" 

n(m ro uti ng of" nw lt l\'a tcrs in glac iers de m a nds : 

(a ) I nd e pend ent co nfirm a tion tha t th e nU lllbero f"n o \\" 

co mpo ne nts in c lud e d in th e mi :-; in g m od e l is 

a pp ro pri a le 1'01' th e g lac it'J" in ques t io n . 

b \ Io re rigo ro us defi n iti o n o r th e h yd ro logica l 

p a th ways assoc ia led w ith eac h no\\" component. so 

t h a t int er pre ta ti o n o f" mi x ing-m o d e l resu lts ca n b e 

b c il it a ted . 

(c ) Co n lirma li o n th a t th e n O\\' components ide n t ifi ed 

h alT un iquc ch e l11i s tri es an d se lect ion o f" a pprop

ri a te l 'a lLl es fo r th ese. I I' compo n e nt c hem istri es a re 

no t uniqu c. it is n ccessa ry to CI'a lu a le how th e\" I'a n ' 

ol'e r ti me. 

(cl ) D e termi na tio n o r a n ap pro pri ate so lu te spec ies o n 

I\' hi c h lO base h ycl rograp h se pa ra ti oll'; in ord e r to 

l11inimi ze th e impact or I' io la tin g th e as~u l11pti o n o f" 

co n se l"\ 'a ti l"(' m ix ing . T he co ml11 o n ly usecl pa ra 

l11 e le r. Ee, is nOl co nsel"l"at il,(, a nd is th erefo re 

in a pp rop ri a te fo r thi s purpose . 

At prese n t. it is no t clea r lh a t th ese req uirC' ments ca n 

ac tua ll y be Ill e t a nd I\T th e refo re ach-oca te res tra int in l he 

a pp li ca li o ll 01" m ixin g m odels in g lac ier h ydrology . W e 

a lso be li el"l' tha t co nc lusio ns dra\\"Il rrom pasl a pp lica ti o ns 

a re un re lia ble a nd th a t th ey do no t p rOl ' id e a sa li sracto r y 

bas is lo r di sc ussion o f" th e f"un ct ion ing o f" g lacier dra inage 

SI'ste m s. 

ACKNOWLEDGEMENTS 

\" C a re g ral e l'u l fo r g rants rro ll1 th e U .K. N a tura l 

EI1I 'i ro nlll ClIl R esea rc h C o un cil (G R 3 7004a a nd G R 3 
8 111 ) . C. H .B. ho lds a ",ERe F ell o ll's h i p (GT5/ F/9 1/ 
.-\ APS /l3 ) . :--1. :\,i e lse n , \1. Tull y. C. S m a rl a nd S . 

C o rd o n m ade ma jo r contributions to o ur I)() rehole studi cs 

In 1992 . 

245 
https://doi.org/10.3189/S0022143000016142 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000016142


J ournal oJ Glaciolog)' 

REFERENCES 

Brown, G . H. a nd ~1. Tramer . 1990. H yclrogra ph a nd chcmogra ph 
sepa ra ti on of bulk meltwa ters dra ining the Up per Aroll a glac ier. 
Va la is, Switze rla nd. Il/lwlClliol/al Assorialiol/ oJ H),drological Scirnces 
Publication 193 (Symposium a t La usa nn e 1990 - H),drology in 
.llountail/olls Regiol/s. I . H)'drologiral jl/easnremel/Is : Ihe II'ala c.l'cie ) , 
429-43 7. 

Brown, G. H. , 111. Sha rp, 111. 'fra nter , A.1\1. Gurnell a nd P. \I '. :\fienow. 
199'[, Impact of' pos t-mixing chemi ca l reactions o n the major ion 
chemistry of bulk mel twa ter dra ining the H a ut Glac ier cI 'Aroll a, 
\ 'ala is, S witze rl a nd . H),drological Processes. 8, 465- 480. 

Brown , G. H. , 1\1. l'ranter a nd ~/I. Sharp . In press . Experimenta l 
im'es tiga tions of solute acquisition from suspend ed secliment by 
Alpine glacia l mclt\\·a ters. H),drologiwl Pro,",sses. 

Burkim sher. 1\1. 1983. Im'es ti ga ti o ns of glac ier hydrologica l systems 
using d ye trace r techniqu es : o bser \'a ti ons at Pas terzengletsc her, 
Austri a . J Glaciol .. 29 (103), 403-416. 

Collins, D. N. 1978. l-I l'drology of an Alpine glacier as indica ted by th e 
chemical compos ition of meltwa ter. Z. Glelscherkd. Gla:r.ialgeol., 13( 1/2). 
1977 , 2 19-238. 

Collins, D . N. 1979. Qu anti tati ve d etermination o f' th e subglacia l 
hydrology of two Alpine glac iers. J Glaciol., 23 (89 ), 347- 362 . 

Collins, D. N. 1982 . Flow-routing o f meltwa ter in a n a lpine glacier as 
indi ca ted by d ye tracer tes ts. Beilr. Gtol. Srhweiz . H),drol ., 28 (2), 523 
534. 

Collins, D . N. a nd G.j. Young . 198 1. :'<'1 eltwate r h yd rology and 
hydrochenli stry in snO\\'- and ice-covered 1110un ta in ca tchments. 

X ord. H),drol., 12 (4-5), 3 19 334. 
Fenn. C . R. 198 7. Electri ca l conducti vit y. In Gurncll , A. ~1. and ~1..J. 

Cl a rk , eds . Glacio-Jlucial sedimenl Iral/sfer : an alpine !JersjJeclive . 
Chich es ter, etc., J ohn I \' ilcy a nd Sons. 377 41 4 . 

Fountain. A. G. 1993 . Geometry a nd flow conditions ofsubglacial lVa ter 
a t South C ascade Glac ier, \ \ 'ashington Sta te, U.S.A .; a n a nalysis of 
tracer injec ti ons.]' Glacial., 39 ( 13 1), 143- 156 . 

Gurnell , A . Yr. 1987 . Suspended sediment. 11/ Gurnell , A.1\l. and 1I1.j . 
Cla rk , eds . Glario-Jlllvial sedimelll Irans}er : all aljJille jJers/JeClive . 
Chichester , e te .. J ohn \I' il ey a nd Sons, 305-354. 

Gurncll , A.1\·1. a nd C. R. Fenn. 1984. Flow separa ti on , sediment source 
areas a nd suspended sediment tra nsport in a pro-g lacial stream. 

Catena SII/Jplemell l 5, 109-11 9. 
H ock, R. a nd R. LeB. H ooke. 1993. E\'olutioll of the interna l drainage 

sys tem in the lower pa rt of the a bla tion a rea of Storglae iaren, 
Swed en. Geol. Soc. Am. Bull ., 105 (4 ),537-546. 

Humphrey. :'-J., C. F. R avmond a nd VI'. D. H arrison. 1986. Discharges of 
turbid wa ter during mini-surges of Vari ega ted Glac ier. Alaska , 
U.SA]. Glaciol, 32(111 ), 195- 207. 

J ohannessen, ~/l. , T. Dale, E. T. Gjessing, A. H enriksen a nd R. F. 
Wright. 1977 . Acid precipita ti o n in Norway : the reg iona l di strib
ution of contamina nts in snow and the chelnicaJ concentration 
processes during snowmelt. Inlernational Association of H),drological 
Sciences Publica lion 11 8 (Sympos ium at Grenoblc 19 75 - i solo/m and 
ImjJurilies il/ Snow al/d fee). 11 6- 120. 

Kha raka. Y. K . a nd I. Barn es. 1973 . SOL1--I NEQ so lution-mineral 
equil ibriulll computa tions. C.S. Geo/. S,11'V . lI'aler Resollrces Paper 73 -002 . 

L ecce, S. A. 1993. Fl ow separati on a nd diurnal \'a ri a bility in the 
hydrology of Conness Glacier, Sier ra N e\·ada. Californi a, U .S .A. ]. 
Glacial., 39 ( 132) , 2 16-222 . 

Ni eno\\". P. 1994. D ye trace r il1\ 'es ti ga tions or glac ier h ydrologica l 
SI·s tems. (Ph.D. th esis, Uni\'ersit y of Ca m bridge. ) 

;\JienolV, P .. ~1. Sha rp a nd 1. \I·illi s. In press . Dve trace r il1\'Cs tiga ti ons a t 
the H a ut Glacie r d 'Aro ll a, Switze rl a nd. 11 Seasonal cha nges in the 
morphology of' the subglacial d ra in age sys tem. Earlh Surface Processes 
al1d Lan(!forms. 

N)'e, j. F. 1973. W a ter a t the bed o f' a g lac ier. Inlernaliol/al Associalion DJ 
Sciellli/ic f-{rdrolog)' Publimliol1 95 (S ympos ium a t Cambridge 1969 
H)ldrolog)l oJ Glaciers ), 189- 194·. 

O en er, H., H. Behrcns, G . Hibsch, W. R a uert a nd I\'. S ti chler 1980. 
Combined e n v iro nm cnta l iso tope a nd elec tri ca l condu c tivit y 
ill\ 'es tigations of the runoff of' Vernag tferner (O etzta l Alps) . !\taleI' . 
G[l'alsiol. Issleel. K/z ron . Obsllzhdeni)'a 39. 15 7- 161. 

Pind er, G. F. a nd J. F . j ones. 1969 . D e te rmination of th e g round- water 
component of peak di scharge from thc chemistry of tota l runoff. 
Il'ater ResOllr. Res., 5 (2). 438-44·5 . 

Raiswell , R. 1984. Chemical models of' so lute acquisition in glacia l mel t 
wa ters. J. G'iaciol., 30 ( 104),495 7. 

R o thli sberge r, H. 1972. Water press u re in intra- a nd subglac ia l 
channels. J. G'lacio!., 11 (62 ), 177- 20 3 . 

Sea berg, S. Z .. j. Z . Sea berg. R . LeB. H ooke a nd D. \I ' . Wiberg . 1988 . 
Charanc r of the englaeial and subg lae ia l drainage sys tem in the 
lower part o f th e a bla ti on area o f StorglaciarcI1 1 Sweden , as revea led 

b y d ye-trace studies . J. Glaciol. , 34 ( 117 ). 2 17-227 . 
Sha rp, 111. 199 1. H yd rological influences from mel twa ter qu a lity data : 

the unfulfill ed po tential. Proceedings oJ Ihe Brilish I-f),drological Sacie!)' 3rd 
"\ ational.~l'lI1jJasium, Soulham/Jlol/, 16-18 Seplember 1991, 5.1 5 .8 . 

Shoemaker, E.1\'!. 1986 . Subglacial h ydrology fo r a n ice shee t res ting on 
a derorma ble aquifer. ]. Glaciol .. 32 ( Il 0 ), 20- 30. 

Tra nter. 1\1. a nd R. R a iswcl l. 199 1. Th e composition of' the englac ial 
a nd subglac ia l component in bulk meltwa ters draining th e Gorner
gletscher. J. Glaciol., 37(125), 59-66. 

Tra ntcr, 111. , R . R a iswell a nd R. A. Mills. 1989. Chemica l wea th ering 
reac tions in Alpin e glacial meltwa tcrs. I n Miles, D. L. , ed. Proceedings 
oJ Ihe 6th i lllernaliol/al .ljmjJosiulII 011 II 'aler Rock Inleraclion, k /alrern , 
1989. Rotterda m , Ba lkema, 687 690. 

Tra n te r, 1If. , G. Brown, R. Raiswe ll , M. Sha rp a nd A. Gurnell. 1993 . A 
conce ptua l mod el or so lute acquisition by alpine glacia l meltwate rs. 
J. Glaciol, 39 ( 133 ), 573- 581. 

W a lder, j. S. 1986. H ydra uli cs of sub glacia l cavities. J. Glaciol., 32( 11 2), 
439-445 . 

W a lder, j. S. a nd A . F owler. 1994. C ha nncli zed subglacial dra inage 0\'Cr 

a deformable bed. J. Glaciol., 40 ( 134 ),3- 15. 
W ecrtman, j. 1972 . G eneral theo ry of wa ter fl o\\' a t the base of a glac ier 

or ice shee t. Rev . GeojJh)'S. Space Ph,)'s. , lO t I ), 287- 333 . 
Willis, I. C., M . .1. Sha rp a nd K. S. Ric ha rd s. 1990. Config ura ti on of the 

drainage sytem of ~i(idtda ls breen , Norway, as indi ca ted by d ye
trac ing ex periments. J. Glaciol., 36 (122) . 89- 101. 

}\lIS received 30 J une 1994 and accepted in revised fo rm 27 September /994 

246 
https://doi.org/10.3189/S0022143000016142 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000016142

