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ABSTRACT, This p a per d e termin es th e pro\'Cna nce of'so lute in bulk m elt wa te rs 
dra ining H a ut Glac ier d'Arolla , \ ' a lai s, Switze rl a nd , during th e 1989 a bl a tion seaso n, 
Dissoh-cd spec ies a re partiti o ned into components d eri\'ed fi 'o m sea salt , acid acrosol. 
di sso lutio n of' atm os ph eri c CO 2, and lith oge ni c so urccs, na m el)' ca rbo ll a tes, sulphid es 
a nd a luminos ilica tes , A m a jo r co nclusion is th a t trace geoc hemi ca lh' react i\'C mine rals 
in th e bedroc k contribut e th e bulk of th e so lutc [()und in run o ff, Seasona l cha nges in 
so lute prO\ 'C na nce and in th e d ominant chemi cal weathering proeess are obse l"\ 'ed, 
\\ 'hereas th e ehemica l lI'ea th ering of a luminosili ca te minera ls by ca rbona ti on reactio ns 
rem a ins rela ti\ 'e ly eo nstant during th e abl a ti o n season , th e ehemi ca l erosion or 
ca rbo na tes shows di stinct seasonal \ 'a ri a ti ons, refl ecting cha nges in th e na ture o f' th e 
subglaci a l drain age system, Suhg lac ia l drainage structure a nd bedroc k type arc ke\' 
contro ls on th e extent of subg lac ial chemi cal IITath ering , 

INTRODUCTION 

The traditi on a l \ 'iew th a t chemi ca l e ros ion is least inten se 

in g lac ia l e ll\ 'ironm ent s, fo unded on th e no ti on that lOll' 

tempera tures inhibit chemi ca l \\"ea th ering processes, has 

bee n o\ 'C rl'urn ed by numerous stud ies since 19 70 (sce 
Brown a nd oth e rs, 1994; Sh a rp a nd o thcrs, 1995 ) , Th e 
traditi o na l \'iell' f~lil ed to a eco ullt fo r th e imponall cc o f' 
acid snoll'm e lt. a nd und erpla yed th e role 0 [' moisture 

Cl\'ailabilit y, the freshly g round charac ter of th e rock Dour, 

a nd geoc hemi call y reac ti\ 'e trace minerals, R ega rding th e 

ex tent to \\'hi ch lI'a te r ac ts as a reagent , ca ta l)'s t a nd 
ea rrier in chemi cal weathering rea c ti ons, its a bundan cc 
sho uld be cruc ial to the rate of' chemica l lI"Ca th erin g 
reac ti o ns (R ey nolds a nd J oh nso n, 1972; L erm a n, 19 79 ) , 

Therefo re, th e seasona lity o f' run o ff in g lacia ted ca tch

m ents is o f es p ec ia l sig nili ca nce, sin ce th e rate of' 

di sso lutio n is im-e rse ly relat ed to tim e-depend ent so lut e 
concentra ti on, a nd hence th e m cltll'a ter nushin g ra te 
(Lerm a n , 1979; Brown a nd o th ers, in prcss ) , 

A m a jo r foc us o f geoe hemi ca l research in acti\T 

g lac ia ted regions has been to es ta bli sh rem o\"a l ra tes o f 

m aj o r ca ti ons in m eltll'a ters a nd to d eline chemi ca l 

d en uda ti on ra tes , Des pi te tem pcra tu re-d epend cncc effects 
O il th c ra te o r di sso luti on (Dre\-e r a nd Z obri s t, 1992; 
\ 'elbel, 1993 ) , weh studi cs indica te ra tes o r chemi ca l 
e rosion in g la cia ted catchments which a rc 1, 2 2,6 timcs 

th e contin ental <t \ 'C rage (Sh a rp a nd o th ers, 1995 ), Th e 

dli cac )' 0 [' chemi ca l lI'ea thering in g lac ia l e l1\'ironm cnts is 
a ttributable to h ig h nushin g ra tcs, turbulent mcltll'a tcrs, 
hi g h suspend ed-sedim ent concentratio ns a nd th e 10\\' 

buffe rin g ca pa c ity o f' dilute melt\\'a te rs I Sharp a nd 

o th e rs, 1995 ). H OII'e\ 'e r, fell' studi es ha\'e a ttemp ted to 

di saggrega te th e so lutc load o r g lac ial run o [T' int o crusta I, 
a tm os ph e ri c a nd sno\\"pa ck so urces (cC Sh a rp and others. 
1995 . a nd to id entir\, \'<Hiati ons in so lute sources a nd 

chemi cal lI'Ca thcring m ec ha ni sm s on a seaso na l time-seal c 

(Tran te r and o t he rs, 1993; Brown a nd o th ers, 199+), 
This pa per a na k zes th e p ro \'ena nce o f' so lute in th e 

prog lac ia l stream draining' Haut Gl ac ier d ' .-\ ro ll a during 
m os t o r th e 1989 ablatio n seaso n , utili sing m eltll'a tlT
quality d a ta d e ri\ 'ecl fi'o m tll'ice-cl a ih' sa mp li ng, Disso h- ecl 
spec ies a re pa nitio ned in to components d e ri H'd ['rom sea 

salt , ac id aerosol, di sso luti on 0 [' a tm os ph eri c CO2. a nd 

li th oge ni c so urces , na m el\' ca rbon a tes , sulphid es a nd 

a luminos ili ca les , V a ri a ti ons in so lutc pro\T nance a re 
thcn relat ed to the scaso na l c\ 'o lution or th e subg lac ial 
hydro logical sys tem, 

FIELD SITE 

Sa mpling \\"as undertakcn a t H a ut Glac ic r d'!\ro ll a, th e 
m os t so uth e rl y g lacier in th e \ 'al d'H c' rcns, \ 'a lai s. 
SlI'it ze rl a nd, The g lac ier has a n a ltituciinal ran ge of 

"-'2560- 3500 m , a nd occ upi es a pp roxim a te l)' 6,3 km 2 
0 [' a 
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12 km2 catchm ent. The maximum length of th e g lacier is 

a pprox imate ly 4.2 km. A numb er o r porta ls (2- 5 ) 
contribut e me ltwate r to the bu lk run o IT (Sh arp and 
othe rs, 1993 ) . The bed rock geo logy is \'ar ied and consists 
of metamorph ic and ig neo us rocks of th e Aro ll a se ri es of 

th e D ent Bla nche na ppe, the hig hes t tectoni c unit o f the 

Va la is A lps (D a l Pi az a nd o th ers, 1977; M azu rek, 1986) . 
Geoc hemi ca ll y reactive min erals, such as p yrite a nd 
calc i te (T a b le I ) , ha\'e bee n iden tifi ed by mi c roscopy 
and a re present in trace a mo unts in many of th e rocks 
thro ughout th e ca tchm ent (Brown, 199 1) . In additi on, 

XRD d a ta from th e ma in lithological units indi ca te th a t 

the main fe ldspa rs a re a lb ite , a no rthite, mi croclin e and 

sa nidin e. th e ma in o li \·in es are diopside, enstatite a nd 
spocl umenc. Actinoli te, muscovite, cord erite, hema ti te , 
hydro hasa lumin ite, quartz a nd talc arc a lso present 
(perso na l co mmuni ca ti o n from D. "Ve bb, c ited in 

T'ra nter a nd o th ers, in press ) . 

METHODS AND T ECHNIQUES 

Bulk m eltwaters were sampl ed cv I 00 m fi"om th e g lacie r 

snout twi ce d a il y at 1000 a nd 1700 h loca l tim e 

(a pprox imating to minimum a nd max imum d iurn a l 

disc ha rge , respectively) , from 1 June Uu li a n d ay 152 ) to 

3 1 August 1989 (J uli a n cl ay 243 ) . T he samp les we re 
imm edi ately \'ac uum filt e red thro ug h 0.45 pm ce llul ose 
nitra te mem bra nes, a nd stored in pre-c leaned p lastic 

bo ttl es . T o ted a l kali n i ty was determ i ned colorim etri ca ll y 

in a field labo ratory to a n end-po in t of p H 4.5 uSlI1g 
BDH mixed indi ca to r so lution a nd I mmol HC!. 

P rec isio n was ±2%. Th e con centrat ion of H C03 was 

d e te rmined from th e total a lka linity b y co rrec tin g for 
ac id needed to acidi fy a volum e o f d e io nised water eq ual 
to the yo lume of th e a liquot a nd th e titre . The major 
ca ti o ns (Ca2 + , N[g2+, :\Ia +, K +) were d eterm in ed b y 

AAS, using an air-ace tylene fl a m e. Spectrochemi cal 

buITers, L a (N03h and CsC], were added to overcom e 
c hemi ca l inte rfe ren ces a nd io nisation, respect ively . 
Accuracy was ± 5 % . \ /Iajo r a ni o ns (C l , N03 , SO ,2 ) 

were dete rmined by io n chromatograph y on a Dionex 
4000 i. Acc uracy was ± 3% . 

Bu lk meltwate r d isso lved -ion co ncentra tions we re 

separa ted into cru sta l, sea-sa lt a nd snowpac k d erived 

com ponen ts, as d e ta il ed in Sharp a nd o thers ( 1995 ). All 
NO , a nd C l was assum ed to be a tmosph er ica ll y 
derived, with sea-sa lt contributi o ns or Ca2 + , Nlg 2 + , 
N a + , K + a nd SO ,2 derived from sta nd ard sea-wate r 

r a ti os w ith C l (H oll a nd , 1978) . Atmospheri ca ll y d erived 

SO/ associa ted w ith ac id sulph a te ae roso ls was 
calculated from th e average C l : SO/ ratio measured 
in th e 1992 /93 winte r snowp ac k (0.4 107 ) . Since the earl y 
stages o r a luminosi li cate di sso lu tion a re non-sto ichio
metri c (sce Lerm a n, 1979 ), a tmos pheri c H C03 d erived 

from the ca rbonation oC a luminos ili ca tes was es tim a ted 
* + * + * from th e sum of N a a nd K (whe re d eno tes non-

sea-sa lt sod ium a nd potassium ) ra th er than from a ra ti o 
w ith sili ca (a lth ough ca rbona tion o f a luminos ili ca tes 
probab ly a lso contrib utes to th e nu xes of Ca2 + and 
l\fg2 + ). Therefore, thi s represents th e lower li m it for C O 2 

drawdown associa ted w ith th e carbonation of a lu minosi 

li cates . Coup led sulphid e oxidati o n and carbo na te 
di sso lu tio n (SO /CD) ge nera tes a ll th e cru sta ll y d eri ved 

Table I. Jlil7eralogiwl comjJositioll (%) affine lIlaterial « 511l111 ) from samjJlil7g loeations A- l oll the medialmorailZes 
of Haul Glacier dO.'! rolla (data ji'om Browll, 1991) 

A B c: D E F C- H 

Carbonates: 
Calc it e 5.67 11 .45 0.00 0.00 0.42 3.55 1.35 0.00 0.4 1 

Si li cates: 
Quartz 27 .. 13 39.02 58.48 66 .40 64.35 42.55 55.6 1 66 .75 60.94 
Orthoclasc 0.00 0.23 0.00 0.00 0.00 0.00 0.00 0.25 0.00 
\I icroclinc 0.6 1 0.00 0.00 0.60 0.63 0.00 0.90 2.25 0.00 
Plagioc lasc 0.40 0.00 0.39 0.20 0.00 1. 18 0.22 2.00 2.25 
Perthit e 0.61 0.00 0.78 0.40 0.63 0.95 1.35 0.00 0.82 
Tremoli le- acti noli le 8.70 2.57 0.78 3.02 2.53 0.71 0.00 0.50 1.23 
Horn ble nd e 0.20 0.00 0.00 0.80 0.42 0.24 0.00 0.00 1.43 
Amphibo le \misc. ) 4.86 2. 10 1.56 5.84 5.49 3.3 1 1.57 0.50 2.66 
SphC'ne 0.40 3.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Zoisite 4.25 7.24 2.92 0.20 0.2 1 0.7l 1.79 1.50 0.8 1 
Epiclote 1. 2 1 0.93 0.39 2.82 0.42 0.00 0.00 0.50 4.50 
\1 usco\·i te 13.97 16.59 26.5 1 12.07 11.39 18.68 21.08 10.75 15.13 
Bioti te 10.93 3.97 1.75 0.20 0.42 5.44 0.45 l.00 0.00 
\l iea (misc. ) 10.53 +.67 3.51 2.4 1 1.69 8.27 9.87 7.00 2.25 
Chlorite 7.29 5.61 1.1 7 3.62 6.96 9.22 4.48 3.25 6.75 

Opaques: 
l\J a inl y pyrite 3.24 2. 10 1.56 1. 21 1.05 4.96 1.35 2.75 0.82 

Others 0.00 0.47 0. 19 0.20 2.95 0.24 0.00 2.75 0.00 

Total 100.40 99.99 99.99 99.99 99.56 100.0 1 100.02 100.00 100.00 
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SO I~ ' y ie lding o n t' t'Cjuil 'a le nt o r HCO:1 a nd t,,·o 
equi \"a lents or C a2 + + J\lg2 + . Sn o wpac k ac id it \" [i~om 

ac id sulph a te a nd nitra te ae roso ls I\'as ass um ed ro II"eathe r 

ca rbon a te mine ra ls to produce crusta ll y d eril 'ed HCO:, 

Th e res idua l HC03 lI'as ass um ed to a ri se equ a ll y fro m 

th t' di sso luti o n a nd dissoc ia ti o n oC a tm os ph e ri c CO2 a nd 
th e ca rbo nati o n o r carbo na te minera ls, whi ch produced 
a ll th c crusta ll y d eriv t'd no n-SO /C D C a 2 I a nd .\ I g2 + " 

RESULTS AND DISCUSSION 

Fig ure I shol\"s th e di sc ha rge a nd suspend ed-sedim e nt 
co ncentra ti o n reco rd s fo r mu c h o r th e 1989 a bl a ti o n 

seaso n (Bro l\"n a nd o th e rs. 199+ ) . Di sc harge and 

di sc ha rge a mplitud e inClT ased as th e seaso n progressed. 

accompa ni ed b y a n increase in suspe nd ed-sedim e nt 

co nce ntra ti o n , re ll ec tin g th e seaso na l e l"o luti o n oC th e 
dra in age sys te m (BrO\\"ll a nd o th e rs, 199+) . 

Th e subg lac ia l h ydrologica l sys lem o r Alpine g lac iers 
a ppea rs to be adequ a te h" d escribed b y t""O prin cipal (l 01\' 

compo ne nts (Collins. 1978 : O ert er a nd o th e rs, 1980: 

Tra nter a nd R a isl\·e ll. 199 1 I . Qjtirk-f1011' I\'a ters a re 

d e ril 'ecl la rge l\" Cro m ice m eit , a nd pass ra pidl y thro ug h 
a r/iallll eliJed h yd ro logica l sys tem or in'-lI" a lled cha nnel s 
a nd m ajo r a rte ri a l co nduits (Sh a rp , 199 1; BrO" 'n a nd 

o th ers, 1994) . C OJ1\T rse h , delr~)'ed:J7011' wa ters a re d eril "ecl 

la rge ll- fro m sno ll'mclt , a nd pass m o re slo l\' II- thro ug h a 
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Fig. I. l "ariabili~J' ill lII el/ll'a/er di.lr!wrge alld jl/sjJmded
juli/lleJ// cOllcen/ra/ioll ill bulk rlllloJlji"olll H all/ Glacier 

rI': lml/a during Ihe 1989 ab/alioll seasoll . 

Brlm'lI alld ollien: SlIbglaria/ cliellliwl frO.liOIl 

di.l/ribll/ed h yd ro logical sys tc lll e.g. link cd. ,,"a te r-fil led 
ca I"i ti es \ ,. a ld er. 1986 Thcsc t \1'0 co m po ne nts Illi x to 

fo rm b"lk lIIellzt 'aler:, dra inin g th e g lac ie r. I\ith th e 

c ha nncli sed sys tem ex p a nding headl\'a rds at th e ex p ense 

of th e di s tributed sl 's tem as th e me lt scaso n p rogresses 

( Bl'Own a nd o th e rs, 1 99 L~ ) " 

Sources of a queous protons 

Ch e mi ca l erosio n b y .~\Ipin e g lac ia l mel(\\'a ters is 

precJ o min a ntl y bl" th e broad c lass of react io ns kn OlI'll as 

ac id h ydro lys is Tra nter a nd o th er!> . 1993 R a isl\c ll 
198+ 1 has sugges tcd th a t th e a ni o ni c co nt c nt or g lac ia l 

m e ltl\"a ters ci emonstra tes t he ac id so urce used in th e 

che mi ca l 1\"Ca th erin g oC roc k m iJl era ls" HCO:1 is th e 

d o mina nt a ni o n " 'he re th e disso luti o n a nd di ssoc ia ti o n or 

a tm os ph e ri c C:O ~ prOl" id es proto ns to ru e l c he mi cal 

eros io n (Equa ti ons ( 11 a nd (2 )) . 

C aCO :1IS) + CO~ ( aq l + H ~O ( a CJ 

ca lcit e ;=: Ca~+ (aq ) + 2HC03 - a q I I 1 

C a .-\1 2S i20 a,s + 2C02 a q + 2 H 20 aq 

;=: CaH ' a q + 2HC03- a q + H ~AI 2Si ~0p, s 

pa rti a lh' \I"C'a thcred fe ldspa r 2 1 

C OIl\T rse h- , SO 12 IS th e d o min a nt a ni o n I\'here p ro to ns 

a re d eril "Cd fi"o m th e ox id a ti o n o r sulphide min e ra ls 

(Equ a ti o n 3 11 . 

-fF eS2ls + 150 2 aq ) + HH ~O l aq l 

=" 16H + a q + +FC10H 1 S I + 850 / - aq J 
fCrr ic oXI"llI"c1 rox ides \ 3 1 

T I'pica ll y, c he mi ca l reac ti o ns a re co upl ed . suc h th a t 

so lute acqui siti o n in g lac ia l m eltl\"<l te rs im"o h-es spec ies in 

so lid. liquid a nd aqu eo us ph ases Tra nt er a Jld o thers" 
1993 ). e .g . 

+ FeS2(S) + 16 C a C03 s ) + 150 2 1a q l + 1 -~H 20 a q );::::: 

16 C a
H

(a q l + 16HCO:l (a q l + 8S0 1
2 aCjJ++ Fe O H l SI 

rerri c oxy ll\'drox ides 

+ 

Thcrdc) re. th e pro port io n or H C O :l a nd SO/ In th e 

bulk m eltl\"a te rs \\"ill re nec t th e re la ti l"C d o min a Jl ce o r th e 

tl\"O m aj o r so urces o f pro to ns dril 'in g subg lac ia l chemi ca l 

eros io n ( Fi g . 2 ). E x pressed as th e ra ti o o r HeO:l to 
(H CO:1 + SO 12 I , a rati o o r 1.0 \l'o uld sig ni Cl ' carbo na
ti o n reac ti o ns illl"o h "in g pure di sso luti o n a nd ac id 

h ydro h"sis. co nsumin g protons d eri l"C cI rro m a tm os ph eri c 

CO2 Equ a li o ns I a nd 2 I . COIl\"Crse ly, a ra ti o or 0.5 

sugges ls co u p led react io ns il1l 'o h-in g th e II'Cat herin g of 

ca rbo na tes b l ' p ro to ns c1e ri l"Cd rro m sulphid e ox icl at io n 
Eq ua ti o n 1+ 

I t is c lea r [ro m Fig ure 2 th a l \I' hen 11 0 '" rro m th e 
di stribut ed Sl'stem , I\"hi c h unde rli es th e w ho le g lac ie r in 

ea rl y Jun e BrOlI'll a nd ol hers, 199+, cJ omina tes bulk 

di sc ha rge early in th e a bl a ti o n seaso n , th e ra ti o o r 

H C O :1 /( HC0 3 + SO I2 ) (h e rea f't e r th e C-ra ti o l 
(",0.65 1 sugges ts lh a t co upled reac ti o ns, il1\"o h "in g 
ca rbo na te di sso luti o n a nd proto ns c1eril -ed prima rih' 

( th o ug h not e:\C]USiIT h ' l fi"o m the ox id a ti on o C sulphid e 

min erals , la rge lY contro l b ulk me ltl\'a te r com posit io n. I t 
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Fig. 2. r ariablLi(J' ill Ih f ralio oJ HCO~ I ( He0 3 + sol ) 
ill bulk lIleliLl'alers draillillg flaLlI Glacier d'. l rolLa m'er Ih f 
1989 ab lalioll seasol/. 

is unlikel y th a t a sys tem o f'link ed ca \'iti es (W a ld er , 1986) 
is in intim a te contac t with a large source o f' atm os ph eri c 
CO~ to enh a nce th e C-ra li o to > 0. 5 (Tra nler a nd o th ers, 
1993 ) . Oth e r p oss ible so urces o r C O 2 (a q ) in th e 
di stributed system m ay includ e H C 0 3 in m e ltwa ters 

feeding th e distributed sys tem , th e release o f bubbles 

tra pped in basa l ice fac ies (Tiso n a nd o th ers, 1993; 
Tra n ter a nd oth ers, in press ) , microbi a l oxidati o n o f 
o rga ni c ca rbo n (Trantcr a nd o th ers, in press ) a nd th e 
oxida t io n of e lem enta l free ca rbo n. C a rbon occ urs bo th as 
a combin ed fo rm (m a inl y as carbo n a tes o f C a 2

-r a nd 

t\ lgH ) a nd as a free e lem ent (e .g . di a m o nd and g ra phi te ) 

in additi o n to that assoc ia ted with CO2 (Greenwood a nd 

Ea rnshaw. 1984) . Gra phite is wid e ly distributed , asso
c ia ted with qu a rtz a nd m e ta m orph osed sedim e nta ry 
sili cate roc ks suc h as mi ca -sc hists a nd g neisses a ll o f 
whi ch a rc present in th e H a ut Glac ie r d 'Aro ll a catchm ent 

(Brown , 199 1) . Indeed , thi s recycling o f ca rbon fro m 

sedim ents to fr es h waters \·ia rock wea th e ring fo rms a n 

integr a l pa rt o f th e g lo ba l ca rbo n cyc le (e .g . H o ll a nd , 
1978; Stumm a nd :-lo rga n, 198 1) . Th e impo rta nce o f' 
th ese co upled reactio ns in controlling m eltwa ter compos i
ti o n in th e d ela yed-now compo nent is a lso e \·id ent to a 

lesse r ext e nt in th e C-ra ti o « 0.75 ) durin g the m aj o r 

recessio n nO\l' event a t th e end of Jul y U uli a n d a), 2 12 ) 
(when sno \l' fe ll o n th e g lacicr surface, redu cing surfi c ia l 
m e ltwa te r inputs to th e hydroglacia l sys tem , res ultin g in 
d elayed no w wate rs fo rmin g an inc reas ing propo rti o n o f 
th e bulk run ofT), and in th e diurnal \ 'a ri a bility from mid

.J ul y o nwa rd s wh en th e C-ra ti o is lower a t dail y minimum 

disc ha rge . COI1\ 'erse l)' , when th e qui c k-Oo,,' compo nent 
domina tes m aximum diurna l bulk m e ltwater di sc ha rge 
[i'om mid-July o nwa rds ( Brown and o th ers, 1994) , th e C 
ra tio (0.7 5- 0 .9) suggests pro to ns a re d eri ved primarily 

fro m th e di sso lution a nd di ssoc ia ti o n o f a tmospheri c CO 2, 

Pro tons to fu e l c he mi cal erosio n m ay a lso be d e ri\ 'ed 

from th e di sso lutio n o f' ac id sulph a te a nd nitra te ae roso ls 
in th e seaso na l sno \\'pac k (Tra nt e r a ncl o th ers, 1993 ) . 
Sig nifi cant contributio ns ['rom this so urce of acidit y a rc 
limited to th e earl y m elt season ( Fig . 3) , as a res ult o f 

frac ti o na ti o n processes within th e sno\\'pac k Uo ha nn esse n 

and H e nrikse n , 19 78 ) a nd th e up-g lac ier re trea t o f th e 

seaso na l sno\\- cO\ 'e r a s th e a bl a ti o n season proceeds 
(Tranter a nd o th e rs, 1993 ) . 
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Ft~[{ . 3 . . ourees oJ prolol/5 ( sllol£,/J(lck ( acid Ili/mle (11/(/ 

sulph(lle aerosolj )) . SO (sulphide olidalioll ) alld CO;! 
( carbollic acid) dril'il/g c/zemiwl wea lherillg du ril/,!!, 11/1' 

1989 ablalioll seasol/ . 

Lithogenic solute provenance 

C o ntri bu ti o ns o f so l u te !i'om va ri o us rock types a re o fte n 
ca lcul a ted b y ass umin g that th e ir co ntributi o n is 
/))'o/Jorliol/al la Iheir mass (Garrels a nd !\lac kenz ie, 197 1) . 

H o we \'e r , min e ra ls " 'ea th e r a t diffe rent ra tes , a nd 

exa mples o f such wea th e rin g seque nces a re comm o n in 

th e geoc he mica l lite ra ture (e .g . G o ldi ch, 1938 ; S tumm 
a nd !\I o rgan , (98 1) . Th e refore . th e rela ti\ 'e abunda nce 
and rea cti\'ity o f a\'a il a bic mine ra ls \\ 'ithin a ca tc hm e nt 
,,-ill a fTcc t th e d eg ree a nd na ture o f c hemi ca l erosio n. 

Us ing HC03 as a n indi ca tor o f th e rela tiye pro po rti o ns 

of so lute contribu ted by Iithogcni c (coupled SOICD 
erosio n , di ssoluti o n o f' ca rbo na tes b y ac id ity dcri\ 'Cd (i'o m 
th e snowpac k (SP/C D ) a nd carbo na ti o n of ca rbo na tes 
(C /CD )) a nd a tm os ph eri c (ca rbo na ti o n of a lumin os ili
ca tes a nd ca rbonates ) sources (Fig . +). th e calcul a ti o ns 

d e ta il ed a bo\ 'e sugges t that th e wea th erin g of carbo nates 

suppli es th e \ 'ast ly g rea ter pa rt o f' th e HCOo in so luti o n. 

This is in direc t contrast to th e aclual percentage o f 
carbo na te \\'ithin th e bedroc k, w hi c h fro m sa mpl es of fin es 
« 5 mm diam e te r ) fro m suprag lac ia l m o rain es is < 12% . 
a nd ge nera ll y <5% (T a ble I ; Bro wn , (99 1) . \\' hil e the 

lolal contribution from ca rbonate min era ls is in excess o f 

85%, th e /Jro jJorlioll of so lute acquired from ca rbo n a ti o n o f 

ca rbo na tes a nd SO /CD reac ti o ns. a nd th e zcw/II/nillg 
mechal/isms producing th e so lute . c ha nge as th e a bl a ti o n 
seaso n prog resses . This is clea rl y illustrated in Fi g ure 4. 
a nd will be discussed in 111 0 re d etail in th e fo ll o \\'ing 

p a ragra phs, w here wc di sc uss solute pro\'e na nce fro m th e 

m aj o r lith ogeni c so urces . 

( i ) Carbol/alio l/ oJ (({rbo l/ales 
The sto ichi o m e try o f' E.quati o n ( I ) sugges ts th a t th e 

pro po rti o n o f th e H C 0 3 load d e ri\ 'ed Crom lilhogeni r 

a nd a tm os ph eric sources is equa l in equi\ 'a lence units. ICit 

is ass um ed that ac idit y d eri\ 'Cd fr o m th e seaso na l 
sno ll'pac k (Fig . 3 ) is pred o min a ntl y neutra li sed by th e 
wt'ath e ring of ca rbo na tes during th e earl\' m elt seaso n 
(based o n th e id ea th a t mos t so lute a ppears to co m e 1" 0 111 
th e wea th erin g o f lith ogenic ca rbo na tes; Sh a rp a nd 

o th e rs, 1995). thi s a ug ments th e Je\'els of ea rl y-season 

HCO:1 d erived fro m th e ca rbo na ti o n of ca rbo na tes, 
res ultin g in a re la tively co nstant contributio n o r lith o-
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Fig. -t. l-ICO:; /JlOVl'llaIlCl' ill bulk rUllq!J durillg /lte /989 
ab/a/ioll ,1I'([ SO Il , CmJlal 11CO:; (a) is deriz'ffl Ji-olll cOII/Jled 
slll/J/iide olid([lioll ({lid ml'boll([le di.lSollllioll ( SO /CD ) . 
di.lsolll/ioll ojmrboll([/es ~) ' SlIolliJack acidi!)' (SP ICI) ) alld 

[([rhol/a/ioll q! carhol/a/e lIIil/erals (C; CD). .-limospheric 
!-fCO.'! (h) is derim / ]rOIll /he disso/utiol/ alld dissociation 
qf a/lIlo,ljJ/teric CO:? associaled /.(:illt lite /~J'dl'o~)' /ic ll'ea/h
erillg q/ alulIlillosilicale alld carbonale millerals. 

geni c HC03 throughout th e entire a bl at ion seaso n (fi g , 

5a ). This is in direc t contrast to th e proportion o f'HCO :l 
deriH'd Il'om th e di sso lution and di ssoc ia ti on of a tm o
spheri c C:O~ (Fig , .3b ), whi ch shol\'s a steach' tn crease as 
th e a bl a li o n seaso n proceeds, refl ec ling th e hea dwa rcl s 
ex p ans ion or th e ch anncl isecl sys tem. th e increas ing 

proportio n o f' qui ck-no\l' \I 'a ters in runoff. a nd in creasing 

suspended -sedi m en t co nce n t ra tions, 

( ii ) COli/lIed slIlpltide ol idalioll alld {{{I'bollale dis .lollllioll 
R ecen l mod els or so l ul e a cq uisi ti o n benea th AI pine 
g lac ie rs sugges t th at chemi ca l e ros ion in th e di stributed 

s\'s tem is dominated by cou pled sulphide oxida ti o n and 

carbona te di sso luti on ( franter and others, 1993 , in press ; 

Brown and o th ers, 199+; Eq ua ti on (+ )) . Th is is co nfIrm ed 
in the prol'ena nce ca lculations, \\' hi ch illustrate a peak in 
H C03 (SO/CD ), SOI ~ (crusta l) a nd Ca~ + + :\IgH 

(SO ICD ) during th e ea rl y pan of th e ab latio n seaso n 

(julian davs 152- 165 ), \I'hen d e layed n ow \I'aters 

domina te run off (Fig. 6 ), Th e role o r so ICD react io ns 

in th e di stributed sys tem is also el'id ent to a lesse r ex tent 
during the recession /lo w el'(' nl a l th e end orJul y (julian 
days 2 12 220 ), 

Broll'lI al/d others: Subg/a(ia/ (/t ellliea/ NO,liulI 
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Fig. 5. J-fCO.'j deril'ed ]rom (a) Ihe rarhollatioll oJ 
wrbOlla/fS ( CICD + .)·PICD ) alld ( b) l/te di,I.l oLII/iol/ 
al/d dissocia lioll (if alll/ospheric (.'02 dlll'il/g Ih e 1989 
ablalioll SeaJOlI , 

(iii) Carbonatioll q/ a/ulllinosilirates 
R ela til 'C' to th e ca rbonation of carbonate min era ls, the 
\I 'C'Ll th e ri ng o f a l umin os i li ca les by ca rb on a tion reanions 
rem a ins re la ril 'C h ' co nstant durin g th e ab la ti on season 
IFig , +b l. ex hibiting onl y a sli g ht increase as the Illelt 

sea son prog re sses . Thi s is illu st rated ( Fi g , 7a ) \)" 

, 'a ri a ti ons in a tm osp herica ll y deri, 'ed H CO:l associated 

\I'ith th e ca rbo nation or a lulllinosili cates, *" a + sho\l's a 
Illonotonic inc rease as th e a blation seaso n progresses, 
assoc ia led \I'ith increased \I'ea th c ring or plag ioc1ase- an cl 
sodic-feldspars (Fig , 7b ). Fo llo\l'ing an ea rl y-seaso n pea k. 

* l\, + a lso increases, es pecia lly during .-\ugust, associa ted 

\I'i t h in creased \I 'Ca t h cri ng of hioti re , m usco,'i te an d 
potash-feldspa r (Fig. 7c ) . This suggests th a l pa rt of the 
increasing proportion or so lul e cl eril'C'd rrom ca rbonali on 
rea c tion s bet\l'C'en dilul e qu ick-fl o\l' \I 'aters and suspended 
sediment is dcril'C'd li 'om a lumin osili ca te min e ra ls 111 

suspension as the ab lat ion seaso n progTesses Fig . +: 
Bro\\'n a nd ot hers, 199+). 

CONCLUSIONS 

T o date , fe\\' studi es ha\'(' attemp ted to di sagg rega tc the 

so lut e load or g lac ia l runoff in to crusta], a tm osp heri c ancl 

snOl\,[)ack sources, and to identif)' , 'a ri at ions in so lute 
sources and weathering mechanisms 0 11 a seasona l time
sca le. Th erdc)J'C, sno \l'paek -d e ri,'ecl so lute is usua ll y 
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+ + 
.Ilg2+ associated with cO/lpled SO ICD reactiolls durillg 
the 1989 ablatioll seasoll. 

inco rpo ra ted in estimates of c hemi cal denud a tion ra tes in 

g lac ia l catc h ments (S ha rp a nd o th ers, 1995 ) . W hen 
d isso h 'Cd spec ies a re parr i [ioned in to co m po nen ts d er i \'ed 
from sea sa lt , ac id ae roso l, d isso lution o r a tm osp heric CO~ 

a nci lith ogcn ic sources, sea so nal c h a nges in so lute 

prO\'enan ce a nd in the d omin a nt c hemi ca l weathering 

process a re o bse rwd. 

Trace gcoc hem ica ll y reac ti\ 'C minera ls in th e bedroc k 
(e.g . ca rb o nate and sulphid e min e ral s) appea r to 
contribute th e major proport io n o r so lute fou nd in bu lk 
run o ff. Th e majo r a ni o ns a re b ica rbonat e a nd sulph a te, 

sugges tin g that two prim a ry so urces o f pro to ns a re utili sed 

to fu el the c hemica l e rosio n of g lac ia l sedim ents: (i) 
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Fig. 7. Bulk mel/wa/er {o ll {en /ra/loll s qf (a) !-fCG] 
( atmosjJ/zeric ) . ( b) ~ \ 'a + alld (c) *K + associated with 
the carbollation of al/llllil/osiliwte millerals durillg the 1989 
ablatio/1 seasoll. 

sulph ide ox ida t ion, a nd (ii ) th e di sso lution a nd di ssoc ia 

ti o n of' a tJ11 0s ph eri c CO~ . Solute contributio ns fi'o J11 th e 
seasonal sno\\'p ac k arc limited to th e ea rl \' J11 e lt season , 
acco mpa ni ed b y a tra n sient \\'ea rh e rin g o f' cr us tal 
materi a l assoc ia ted with snow pac k ac id it y . 

Wh e reas th e c hemica l wea th ering o f' a luminosilicaLe 

minera ls b~' carbona tio n reac tions supp li es a relatil'eU' 
co nsta nt proport io n o f bulk m e ltwate r so lutes during th e 
a b la ti o n seaso n , th e c hemica l e ros io n o r carbonates sho\\'s 
di s tincr seaso nal \'ar ia tions in th e proport ion suppli ed , 
reOec tin g c ha nges in th e n a ture or th e subg lac ia l dra in age 

sys tem . There a re two subg lacia l ell\ ' iro nm en ts in which 

ca rbonates a re chemi call y e roded. th e dis tributed a nd 
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channcli scd dra inage sys tems. Chemical wcathering or 
ca rbona tes in th e distributed sys tcm is dri\-cn by protons 
deri\'ed from th e oxidation oC sulphid e minera ls. This 

peaks ea rly in th e ablation season and is relat i\ 'e ly 

consta nt th ereafter, reOecting the reduction in a rea l 
ex tent o f th c distributed system , a nd hence th e propor
tion of d elayed Oow waters in th e bu lk di scharge . In 
co ntrast, ca rbonation of ca rbon atcs is the dominant 
\\'ea th eri ng process in q uick-OOl'" wa tcrs where there is 

usua ll y free access to a tmosph eric CO2, The magni tude of 

ca rbonation increases as th e cha nn elised drainage S\'s tem 
g rows throug hout the ablation season, accompanicd by 
an increase in the proportion of q ui ck-OOlI' waters a nd 
suspe nd ed -scdiment co ncentrations in bu lk runonr. In 
addition, ca rbon a tion oC the aluminos ili ca te fraction oC 

th e suspend ed-sedim ent load also increases, reOec ted in 

th e proportion of a tmospheric H C03 d eri\'ed from th e 
ca rbonatio n o f a lu minosi li ca tcs, *Na + and *K + . There
[orc , th e seasona l e\'o lution of th e subg lac ia l drainage 
sys tem p lays a n important rol e in d e termining both the 
source of so lute and th e weathering mec hani sm dri\'ing 

chcmica l eros ion. 

The chcmi ca l weathering of ca rbonates is en hanced 
during th e ea rl y melt season by ac idic snoll'mell. The 
d ecreasc in this mechanism of chcmi ca l weathering 
through th c ab lation season is orEe t by the increase in 
chem ical weathering in th e channeli sed drainagc sys tem 

driven by ca rbonation reac tions. W e conclud e that 

subglacia l drainage structure and th e relati ve a bundance 
a nd react i\'ity ofa\'a il a ble min era ls within th e ca tchm ent 
a re key controls on the extent of subg lac ia l chemical 
wcathcring. 
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