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ABSTRACT, A 2 ,2 111 d ee p p it a nd th c to p .J.2 ,5 III of' an ice co rc recO\'CI'ed a t 
Sno fj e ll a fo n.na. no rthwes te rn Spitsbe rgc n , lI'erc continuo usI\' a na h-zed fo r :\ a + , Cl . 
:'\03 ' SO il a nd pH, Scaso na l I'ariati o ns in io ni c co ncenu'a ti o llS sce lll to ha lT 
rcm a ined in th e pit a nd th c CO lT, in spitC' o f' th c re la t il'C l\' sC\'l'\' C' summ er Ill elting , \\ 'c 
d a ted th e co re by cO Llllting a nnll a l pea ks o f Na + alld ll1adc a n adjustJ11 c llt \\ 'ith th e use 
o f' a tritium peak in 1963 as a re{C re nce ho ri zo n, It turn ed o ut th a t th e d e pth 0 [' 42 .5 111 
\\ 'cnt bac k to th e ea r'" 1930s o r la te 1920s. Th e 60- 70 \'l'a r reco rd o f' snoll' chemistl'\ ' 
sho ll'('d th a t th e co ncentrati o ns o r bo th :\O'l a nd SO ? had in creased in th e 1950's 
a nd had d e('l'cased ill th e la tc 1970s a nd th e 1980s , Th l' increase l\'Q uld be ex pl a ined in 
te rms of a nthro pogc ni c inputs fro m th e industri a l a rcas , Th e la te r d ecrease o r th e sa m e 
io ns m a l' ha lT bee n ca used b y a combinatio n of'th e reduClio n o f' th e a tm os pheri c 
prec ursors du e to po lluti o n cont ro ls and th e m e ltll'Cltc r- assoc ia tcd processes , 

INTRODUCTION 

Kn o,,'led ge o f' th e clim a tic a nd e nl' ironme nt a l hi sto l'\' o r 
Sl'a lba rd is ex pec ted to be 1'(' 1'\ ' he lprul in und ersLa ndin g 

th e cha nges o r clim a te a nd ell\ 'iro nm ent in th e .-\rc ti c. 

H O\\'enT , I'e ry reil' d e ta iled ice-co re studi es ha \'(' bee n 
carri ed OLlt in Sl'a lba rd, Alth o ug h wo rkers fi 'o m th e 
U .S,S ,R, ex u l\ 'a ted se l'e ra l ice co res fro m Spitsbl'l'gc n 
Go rdi yenk o a nd o th e rs, 1980; Zagorod nO\' . 1988 1 a nd 

\\ 'c drilled a n 8.J.m d ee p ice co re a t o nc o f' th e hi g hes t 
icc field s in no rthwes te rn Spitsberge n to reco nstruct the 
pas t clim a te a nd e ll\ 'iro nm clll. Pre lilllin a r \' res ults f'ro m 

bo reho le- te m pe ra t LIre. d ens i t y a nd electrica l cond uctil'i ty 

m eas urem e nts as \l'ell as stra ti g ra phi c o bse r\'a ti ons Il'e re 

re po rted in a n ea rli er pa per (K a m ed a a nd o thers, 1993 ), 
This pa pe r repo rts th e res ults from c he mi ca l a na lyses o f' 
th e to p -1- 2 ,5 m o f' th e co re, 

rro m :\o rd a usla nd et ( \ 'a ikm ae a nd o th e rs. 198+ Yel '

seye \' a nd K orzun , 1985; . \ rkhipO\' a nd o th ers, 1986 ) , 

I'(' r y re \I' d eta iled chemistry d a ta h a \'e bee l1 published. 

Studi es o f' chemistry ha l 'e co nce ntra tecl o n ice co res fi'o m 
Gree nland a nd An ta rc ti c-a. I cc-co re ill\'es ti ga to rs h<l\'e 
pa id muc h less a tte nti o n to g lac iers in Spitsi>erge n. since 
mos t 0 [' th fse sufle r ra th er S(, IT IT m elting c\-e n in th e ir 

hi g hes t pa rts (e ,g , H age n a nd Li es tol. 1990 ) , R ecent 

stud ies (e ,g , Th o l11 pson a nd o th crs . 1984; N ak a \1'0 a nd 
o th ers , 1990; A ri s ta ra in a nd D e lmas , 1993 ), hO\IT I'(' r , 
sugges t th a t ice-co re d a ta fro m ice caps Il'ith rel a til,(,ly 
hea I'~ ' mel t i ng co uld s ti 11 prO\' id e LI S Il' i th i m po rta nt 

c lim a ti c a nd ell\'iro nm enral info rm a ti o n, 

FIELD-WORK 

,\ n 8+ m icc co re was re tri el,(, c1 a t sit l' ,\ , Sn o fj e ll a fo nn <1 
(79 08' I 0" :\ . 13 17'30" E, 1 190 m a ,s, l. : sec I-'i g ,l ). f'i 'o m + 
to I.J. Aug ust 1992 \I'ith a n clectro-m ec ha nica l drill 

K a m ed a a nd o th ers, 1993; T a ka has hi a nd o th ers, 

1993 ; \\ 'a ta na be a nd o th e rs, 1993 , Site A , th e saddle 

po int or Sn o fj e ll a [c)l1n a , was selected as th e co ring site, 
since liT had hit a Il'a te r ta ble a t a d epth 0 1' 22 111 Idll' n liT 
firs t drill ed at site B 7908' 10" :\ . 13 19'00" E. 11 60 111 
a.s. 1. , Il'hi ch is loca ted o n a fl a t a rea 530 m d O\\'llsio pe 

[i'o m site A K a m eda a nd o th ers. 1993 ), pri o r to th e 

2 13 
https://doi.org/10.3189/S0260305500015846 Published online by Cambridge University Press

https://doi.org/10.3189/S0260305500015846


GOlo-A::,ullla and olhers: Ice-core chemistl) ' record Jrom SlIoJJellaJollna 

14°E 

79' N 

Fig. !. Sludjl siles ( A and B ) on SlloJjelLaJolllla . 

co rin g a t site A. N o wa ter ta ble existed down to 8-!- m 
depth a t site A. Morco\'e r, borehole temperatures there 

were belo\\' O°C throug hout th e bo reho le, a nd th e 
minimum borehole tempera ture was a bout 2°C 10\\'er 
th a n a t site B (K a med a a nd o th ers, 1993 ) . Th ese facts 
sugges t th a t site A was less a rrec ted by melt\l"a ter 
perco la tion. 

~I e teo rologi c al o bse rvations were mad e a t site B 

between 28 Jul y a nd 15 Aug ust 1992 . D a il y m ax imum 
a ir tempera tures \I'e re a bo\'e ODC on eight d ays, a nd 
sur face snow melting \\'as o bsen 'ed a t bo th sires during 
th e observation peri od. R es ults of th e meteo rologica l 
obsen 'atioll s will be pu blished elsewhere. 

T oge th er with ice-coring, a 2.2 m d eep pit \\'as dug a t 

site A on 10 Aug ust 1992. After stra ti g ra phic obsen 'a ti ons 
a nd density meas ure ments we re made, 4 1 sa mples we re 
ta ken [ro m a pit \I·a ll. Th e samples were care full y 
co ll ec ted with a sta inl ess-sreel knife a nd pur in to pre
clean ed pl as ti c bo ttles. 

Th e ice-co re a nd th e pit-wa ll samples (,'om site A were 

tra nsported frozen to N y-Alesund , a bo ut 40 km so uthwes t 
of site A, by heli copter . The LO p 42 .5 m orth e co re was cut 
in a co ld room in N y-Alesund using a Ixe-cl ea ned 
microtome a nd disposable plas ti c gIO\·es . Th e average 
ve rti ca l leng th of th c co re sa mpl es was 15 cm . The co re 

samples were put into clean plasti c bags . 

Th e pit a nd co re samples were m elted a t room 
tempera ture in N y-Alesund. Whil e th e pit sampl es were 
kept in the origin a l bo ttles, rh e co re samples melted in 
plas ri c bags were d eca nted in to pre-cleaned pl as ti c bottl es 
for tra nsporta ti on toJ a pa n. All th e sa mples were shipped 

to Japa n in the liquid ph ase . Immedi a tely after they 
a rri\ 'ed a t N agaoka Institute of SnOV\' a nd I ce Studi es in 
mid-December 1992, they were refroze n in a co ld room 
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a nd kept frozen until the chemica l a na lyses were mad e. 

CHEMICAL ANALYSES OF SAMPLES 

The pit a nd co re samples from sire A were a na lyzed a t 
Nagao ka Institut e of Sno\'\ a nd Ice Studi es: for .'\T03 , 

SO / a nd Cl Wilh a Dionex Dx-IOO io n chroma tograph ; 
for N a + with a Seiko SAS 7500 a tomi c a bsorpti o n 
spec tropho tometer equipped with a na me a tomizer; a nd 
fo r pH \\'ith a TOA H:\I-40\ ' pH mt' ter. 

Th e pit a nd co re sampl es ri'om the depth interva ls 1. 5 
7.5 m a nd 35 .34 1.1 m were a nal yzed for 81BO with a 

Finigan :\IAT 8 E mass spec trometer a t the N a ti ona l 

Instilute o f Polar R esearch, T okyo. 

RESUL TS AND DISCUSSION 

Seasonal trends in snow chemistry of the pit 

The stra ti gra ph y, 81HO a nd concentra ti ons of ions fo r th e 
pit a re illustrated in Figure 2. The stra tig raph y of the pit, 
with m a inl y g ra nular sno w laye rs a nd ice laye rs 
sa ndwiched in between them , implied that meltwa ter 

had perco la ted thro ugh th e pit. Th e season a lit y of 6180 , 
however, seems to have been prese rved . ,,ve da ted the pit 
according to th e 8180 pro fil e. Besid es th e summ er layer 0 (" 

1992 just below th e surface of th e pit, another summ cr 
la yeI' was icl en tifi ed just a bove th e bOllom 0 [" th e pi t. \V c 
did no t co unt a sma ll should er a t a bo ut 1. 2 m depth as an 

indi vidu a l summer laye r, since d epth-hoar laye rs, whi ch 

a re ge nera ll y form ed in fall in tbi s regio n (Go to-Azum a 
a nd o thers, 1993a ), \I' ere obse rved a t a bour thi s d epth. 
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Fig, 2, SlraligrajJi£J', 6/80 and iOIl cOllceniratiollS 0/ the 
/)il, The horiz oll /a! ([ris shall 's rea! de/)I/z , De/)Ih 0 III 
re/Heselll,1 l/ze sill/ace of lO , II/gus/ J992, The hem:)' solid 
al'l'Oll' .)ho1('s 111 1' sill/ate SIlO ll' LereL of 4 Augusl 1992 1('hfll 
ice corillg was slarted, 

Th e co ncentra ti o n of sno \\' a lgae in th e sa m e pit al so 
showed t\l'O pea ks a t d epth s o f 0, 36 a nd 1,9 m (pe rso nal 
communi ca ti o n fi 'o m S, K o hshim a and o thers, 1994-). 

This co nfirms o ur d a ting, since th e number o f sno\l' a lgae 

is co nsid ered to be hig h in summer layers , 

R egress ion an a lysis ga \'e a n N a + ICI ra tio o f' 0,8 7, 
\l'hi ch is closc to th e m a rin c ra ti o 0, 86, Accordin g ly, N a + 

a nd C l we re m a inl y o f sea-sa lt o ri g in, :\a + a nd Cl 
sho \l-ed hi g h ",du es be twcc n d epths o f' O,6 a nd 1,3 m ( Fig , 

2 ) , This d epth inte l'\ 'al corres ponds to th e winte r hall' o f' 

th e yea r. This agrees \\'ith th e fac t th a t :\a + a nd C l 

gene ra lly pea k durin g fall to earl y spring in Greenland 
(c ,g , Finkel a nd o th ers, 1986; D a \'id so n a nd o th ers, 1987 ) 
a nd in th e C ana di a n Arc ti c , 

:'(0:; s h o \l'ed hi g h co n ce ntra ti o ns in th e ea r'" 

summ er to mid-summ er o f' 199 1, la tc summ er o f' 199 I , 

\\'in te r o f 1991 /92 a nd 111 id-summ er o f' 1992 , This m a \' 

suggest that r,;0:; in recent sno\l o n SnoOell a fo nna shOll's 

a nthro pogeni c \I'inter to ea rl y-spring pea ks in additi o n to 

natural summer peaks, a s was sugges ted Ic)!' centra l 
Greenl a nd (Whitl o\l' a nd o th e rs, 1992 ). 

(;OIO-J ;:IIIII{/ alld olhers: Ice-co re chemisll)' record FOil! SlIojjel/cuolIll{/ 

, ) so 1- has bo th sca-sa lt a nd no n-sea -sa lt compo nents, 
\\'c ca lcula ted so-ca ll ed IlSS I no n-sea-salt SO 12 in 
W'q kg I) using th e eq ua ti o n ln ss SO l2 1 = [S OI ~ J 

0 ,1 2 x [Na + J to es tim a te th e no n-sea-salt compo ne nt. 

The res ults of' thi s ca lcula ti o n indica ted th a t (he m aj o r 

pa rt or so 12 had o ri g in a ted rro m nss SO 12 , Concentra 

ti o llS o f'n ss SO ,2 in th e pit were hi g h in th e ea rl y summer 
to mid-summe r o f 199 1. fidl o f' 199 1, \I'intcr o f' 199 1/92, 
a nd la te summ e r o f 1992 , Thi s m a\' suggest th a t 

nss SO 12 , as \\'e ll as .\10:;, in recent Sno Oell afo nn a 

sno\l' sho\\'s t\l 'O pea ks each yea r. W e h a\'(~ to ta ke into 

acco unt. hOII'C \ 'C r. (hat th e seaso na lit \, o r nss SO 12 co uld 

h a \'e bee n di sturbed by th e erupti o n o f .\Jt Pin a tubo in 
Jun e 199 1, ~f () re e\'id encc is needed to cl a riCy th e 
seaso na liti es or NO :; a nd SO , 2 , since :'\03 a nd SO , 2 

conccnt ra ti o n proii les a re m o rc casi '" 
\I'ate r pe rco la ti on th a n N a + a nd C l 

o th e rs, 1982: Goro-Azum a a nd o th ers, 

Dating of the ice core 

a ltered by m elt

(e ,g , D a \'ies and 

1993 b) , 

K a m ecJ a a nd o th e rs ( 1994) d etc rmined th e 1963 summe r 

laye r o f' th e ice co re by a tritium co ncentra ti o n pea k a t 

20 ,49 20, 635 m d epth , Th ey ass ig ned thi s peak to th e f'a ll

o ut from th e 196 1 6 2 a tm os phe ri c nuclea r bomb tes ts, In 
th e sam e core , Ping lo l a nd o th ers 1199+ fo und th c 
m ax imum co nce nt ra ti o n o f 1:l7 CS a t a bo ut th e sa m e d e pth 

as th e tritium peak, a nd th ey d e te rmined thi s a s th e 1962 

63 I S' "'I' I' 1'17( , I I aye r. II1 ce rec 1stl'l ) utI o n 0 ' ,s )' m e t\I'a te r 

pe rco la tio n Il'as minima l Ping lo t a nd o th ers, 1994 ) , II'C 
used thi s laye r o f' 1:l 7CS and tritium peaks as a rclc re nce 
ho ri zo n in d a tin g th e co re , 

Io n cOll ccntra ti o ns a nd pH of'th e co re are present ed in 

Fig ure 3 , Eased on th e stra tig ra ph y a nd (h e d e pth 

d ensit y c UJ'\ 'C , K a m ed a a nd o th e rs ( 1993 ) co nside red th a t 

m e ltll'a ter had played a n impo rta nt role in th e d e nsifi ca 
ti o n processes , Lnd er su c h c irc ulll s ta nces, seaso na l 
\ 'a riati o ll s o f so me io ns and £SIHO tc nd to be d es trovcd , 
But lIT consid ered th a t seaso na l \ 'a ri a ti o ns o f :\ a + '<] nd 

Cl co ncc lllra ti o l1s as o bse l'\ 'CcJ in th e pit (Fig , 2 ) still 

rem a ined in th e co re, fo r the fo ll o \\'in g rcaso ns, There 

\\'e re 29 ± + m aj o r p ea ks in th e Na + pro fil c be (\I'ee n 1, 5 
a nd 20 ,5 m d c pth ; thi s ag rees \I'ith rh e number o f' yea rs 
d Clermin ed by the 1963 laye r , Also, th e .\Ia+ pro fil e fo r 
th e d epth int e rva l oC 1,5 7,5 m see m s to show a nti-ph ase 

\ 'a ri a ti o ns Il'ith respec t to 6180 pro fil e (Fig, 4 ), as see n in 

th e p it. Altho ug h a mplitud es o f' 61HO \ a ri a ti o ns in Fig ure 

4 \\'e re no t large enou g h to icl e ntil ) ' a nnua l laye rs, thi s \\'as 
pa rtl y du e to lOll' reso luti o n o f th e sa mpling in re n 'a l o f' 3-
,3 sa mples : 'Ca r I, \\'c therefo re assig ned :'\a + pea ks to 

\I'inte rs a nd £SI UO pea ks to summ e rs, The co nccntra ti o n 

pro lil e o rC! is simila r to th a t o f .\l a + , \I 'hil c seaso na lin' is 

a littl c less clea r compa red to N a + , A rela ti\'c! y hig h 

a nnu a l acc umul a ti o n ra Le o f 0.+8 m \I',e , yea r I (K a m cda 

a nd o thers, 1994; Pin g- lo t a nd o thers, 1994 ) was a 
f'a \ 'o ra ble fac tor in prcsel'\' ing th e seaso na l \'a riati o ns, 

\\' e d a ted th e co re o n th e bas is o f th e seaso na l 

\ 'a ri a ti o l1 in I\ a + co nce lllra ti o n pro fil e , \\'ith th e use o rthe 

1963 la ye I' as a refe re nce ho ri zo n, Th e res ul (S o r o ur 

el a ting a re g i\'en in Fig ure 3 , Th e d epth o f' 42 ,5 m 
co rrespo nd ed to th e ea rl y 19305, Th c d a tin g e rror is ± 2 
3 : 'ca rs cl o \l'n to a d epth o r 20 ,5 111 , a nd ma y 1)(' g rea te r 
belO\l' this d cp th , \I-he re th ere \\'e re no refc re nce ho ri zo ns, 
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ILOri:::,olltal aris rejmsell ts real de/lth. De/l th 0 111 shows the 
sll1face of 4 August 1992. The u/ljJer )lear a.l is shows 
results oj dating based 011 a (Ollstallt lIet arwlI1ulatioll mle, 
The lower )'ear a\is s lLOlm results oj dating based 011 

seasollal l'ariatioll oJ. \ 'a + ,adjusted kJ' t/ie 1.963 L(I)'er (I S ({ 

rejerellce horizoll. T he solid arrolt' shall's the 1.963 slimmer 
determined bj' the tritiulII concel/iratioll /Hojile . Dolled lilies 
show Ihe annllal La,,)lN bOllndaries ( i.e . summer La)lers ) 
estimated bJ' seasonal variatioll of . \ 'a + . 

According to this d a tin g , mean net a nnua l acc umula ti on 

ra tes (w .e .) for th e 1980s, 1970s, 1960s, 1950s, 19405 a nd 
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assigned to sli mmer layers. T riangles dfllO te winter Ir~)'ers . 

2 16 

1930s a re 0.44, 0.52, 0. 49 , 0 .50, 0 .63 a nd 0.72 m , 
respcc ti vel y, R ela tivel y la rge \'a riati on could be pa rtl y 
du e to th e dating erro r. I f wc use a consta nt net 

acc umula ti on ra te of 0.48 m \I' ,e, (i, e, th e a \'erage for th e 
peri od 1992- 63), th e d epth 42.5 m co rresponds to the ycar 
1925 . R esults of d a ting by thi s meth od a rc a lso shown in 
Fig ure 3, Wc pl a n to a nal yze the d eeper pa rt of th e co re 
(42 .5 84 m) to find more refe rence hori zo ns such as 
\'o lca ni c signa ls so th a t \ 1'(" ca n d a te the co re more 

acc ura tel y for the dep th belO\l' 20 ,S m . 

TelTIporal trends in ice-core che lTIis try 

As seen in Fig ure 3, NO, and SO 12 concentra ti on lc \'e ls 

sta rred to increase a bout 1950 . This was accompa ni ed by 
pH d ec rease. Both KO:; a nd SO 12 had increased by a 
[ac to r o f' 3--4 1w th e la te 1960s, 1n the la te 1970s, hO\I'C\'C r, . ' ) 

N03 a nd SO 1- sta rted to d ec rease a nd pH started to 
increase. In th e 1980s N03 a nd SO/ concentra ti o ns 
dro pped to \'a lues 100IT r th a n th ose bclo re 1950 . 1 n 

contras t to N 0 3 a nd SO'12 
, Na + a nd Cl cl o no t show 

dras ti c cha nges in co ncentra ti o n levels througho ut th e 
las t 60 70 vears excep t th a r th e concen tration o f C l seem 
to ha \'C been somewha t lo\\'e r in th e 1980s com pared to 

th e res t of th e peri od . Amplitud es of seasona l \'a ri a ti o ns of 

:'\ a + a nd C l we re g rea ter before 1950 th a n for th e res t of 

th e pe ri od . 

Th e ri se in N03 a nd SO/ co ncentra ti ons a bo ut 
1950 p ro ba bl y renec ts th e recent in crease of th ese ions by 
a nth ro poge ni c inputs, as was fo und in G reenl a nd (Ne f't el 
a nd o thers, 1985; Finkel a nd o th ers, 1986 ; ~laye \\'s ki a nd 
o th ers, 1986) a nd in th e Canadi a n hig h Arc ti c (K oe rn er 

a nd Fisher, 1982; Ba lTic a nd o th ers, 1985 ). Wh ereas 

KO, elearl y began to increase la te r th a n SO l2 at D ye 3. 
G reenl a nd (Finkel a nd o thers, 1986; ~Iaye\I's ki a nd 
o th ers, 1986; C la us(' n a nd L a ng \\'ay , 1989 ). i'\0:{ a nd 
SO / began to increase a t th e sa me time a t Snorj e lla 

[on net. 

Th e decrease of N 0 3 a nd SO f2 in th e la le 1970s to 

1980s co uld be due to stri ct pollution cont ro ls on ;\O,r 

a ncl S0 2 se t in th (' la te 1970s ( french , 1990 ). 1 n ('act. 
:\03 a nd SO 12 concen tra ti ons in sno\\' in th e S \\'iss Al ps 
(\\ 'agenbac h a nd o th ers, 1988) seem to ha\'e d ro pped 

sin ce a bo ut 1980 . HO\\'e\'er, in th e Swiss Alps bOlh NO] 

a nd SO 12 b 'els in th e 1980. were higher th a n th ose 
befo re 1950, Th e 1980s :'\03 a nd SO 12 le\'l' ls at 
Sno Oell a fo nna , whi c h \\'ere lo\\'e r th a n th ose befo re 
1950, a re pro ba bl y too low to be full y ex pl a in ed by th e 
d ec rease in so urce inpu ts . Th e rema rk a bl e cl ecrease of 

:\03 a nd SO/ a t SnoGella fonna could be a ttributed to 

increa. ed leaching o f ions by increased summer melting , 
\\' e pl o tt ed N a + ICI ra ti os [or th e co re in Fig ure 5 to 
e\ 'a lu a te th e io ns was hed out from site A, Sin ce c.: 1 is 
preferenti a ll y e luted li 'om melting snow compa red to Na r 
(D m 'ies a nd o th ers, 1982 ), the Na + ICI rati o ca n be used 

as a n indicator o[th e ex tent of leaching of ions (Arista ra in 

a nd Dc!m as, 1993) . Duri ng th e peri od from th e 19505 to 
th e 1980s, N a + ICI n tlu es were ge nera ll y mu ch higher 
th a n th e ma rin e re fere nce \'alue 0.86 a nd ex hib ited mo re 
ma rked \'a ri a ti ons compa red to ea rli er yea rs, In th e 
1980s, d e pa rture o f th e l\a + ICI rati o was m ost 

rem a rk a ble a nd C l le\ 'c!s \\'ere somewhat lower th a n in 

th e o th er peri ods. Befo re th e 1950s, N a + ICI ra ti os were 
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Fig, 5, Ratios OJ, ra + le ! ill the core , T he hari:::,oll ta! 
(lIi,1 re/msel/Is real de/)I/i , T he /zori;:,olllal broken Lille 
,,/ioU's the marille ratio 0,86, Abolle the lille, dejJarture 0./ 
the ratio Ji-om the lIIarille ra tio il7dicates illrreased remond 
0./ Cl dill' to ill('l'eased melt, 

close to th e m a rin e I'a lue a nd we re rel a til'e ly co nsta nt. 

Th ese facts sugges t th a t so m e o f' th e C l io ns II'C re washed 
o ut a f't e r a bo ut 1950, \I'ith m o re was h-o ut ha l 'ing ta ke n 
pla ce in th e 1980s, H e nce , N03 a nd SO/ , \I 'hi ch a rc 

much m o re ea s il ~ ' eluted th a n :\a + a nd C l (D a l 'ies a nd 

o th ers, 1982 : G oto-Azum a a nd o th e rs, 1993 b ), \I'o uld a lso 

ha l'C bee n re m ol 'Cd fi'om th e snOI'" d ep os ited a ft e r abo ut 
1950 , Leac hing o f' ~03 a nd SO ,2 m ig h t ha I'e bee n m os t 
pro no un ced during th e 1980s , Incrcascd leac hin g , as \I 'C ll 

as th e d ecreased so urce s tre ng ths du e to po lluti o n 

co n tro is, co uld h a I'C red uced th e N03 a nd SO ,2 

concentra ti o n In'els m a rk edl y in the la te 1970s a nd 
, ' ~ 

1980s, On th e o th e r ha nd, h 'g h lew ls o f i\'0 3 a nd SO ,-

co ncentra ti o ns durin g th e 19505 to ea rll' 1970s sugges t 
th a t th e increase in so urce streng th s has compensa ted th e 
in c rease in was h-o Llt. \\'e exc lud ed th c poss ibili ty tha t 

both inc rease a nd decrease mi g ht ha l'e bee n produ ced 

simpl y b y th e m o ve m ent o r io ns fro m th e uppe r to th e 

10 \l'e r laye rs thro ug h m e lt\l'a te r pe rco la ti o n , Sin ce 
te mpe ra tures II"(:" T belo \l' 0 C thro ug ho ut th e ho reho le, 
melt\l'a tc r crea ted nea r th e surface co uld no t ha l'(' 

perco la ted thro ug h as lo ng a \ 'e rti ca l di sta nce as 10 

20 m , \\' e bel ie\'e th a t m el t\l'a te r pe rco la ted ho ri zo n tal I y 

a nd a \l'a y fro m site A wh e n hem 'y m e lting occ urred, 

beca use site A is loca ted a t th e saddle po int, E\' id ence o f 

thi s poss ibilit, is th e prese nce of th e wa te r ta b le a t site B, 
as m e nti o ned in a n earli e r sect io n, 

N o c lea r I-o ica ni c SO, ~ sig nal s were fo und in thi s 
, ~ 

wo rk , pro ba bl y beca use o f IIl c reased bac kg ro und SO f-

co ncentra ti o n a ft e r 1950 , It is m o re diffi c ult to d e tect no n

m ajor I'o ica ni e SO ,2 signal s a rte r 1950, AI th o ug h SO ,2 

co ncentra ti o ns \I 'e re extremel y hi g h a ro und th e 34 m 
d epth , co ncentra ti o ns of a ll th e o th er io ns were hi g h as 

\I'e ll. Thi s is a ty pica l rea ture of io n co ncent ra ti o n due to 

hea l 'Y m elting a nd re freez in g processes (G o to -Azum a a nd 

o th ers, 1993a ) , High io n co ncentrat io ns in mul tipl e 

sa mpl es cut from abo ut 34 m d epth d en y th e poss ibili t\, 

o f conta mina ti o n , beca use it is unlike ly th a t mu ltiple 
sa mples o nl y I'ro m thi s d e pth int e r n ti \I'o uld b e 
co nt a mina ted thro ug h th e same cuttin g procedures as 

fo r a ll th e o th er samples, Broad pea ks of Cl ,NO :1 a nd 

SO 12 co nce n tra ti o ns a t 17 18 m d epth m a)' a lso ha I'C' 

b ee n c rea ted b y m elt fr eeze processes, \ ' Cl'\' 10 \1' 
co ncen tra ti o ns 01' th ese ions a t 15- 16 m d epth sugges t 
th a t th ese io ns wo uld hal,(, mi g ra ted fi'om th e uppe r 15 

16 m la )'e r to th e lowe r 17- 18 m laye r, 

C;olo-J :::,ulIla alld alhers: ire-rare rllfIllisll} rerord ]rOIll SlIoj)ellalolllla 

CONCLUSIONS 

Seaso na l trends in sno\l' c hemistry still r em a ined in th e 

uppe r 42 ,5 m o f'th e ice co re re triC\'ed a t Sno fj c ll a ro nn a, in 

sp ite o f' th e re la til 'C ly hea l':' summe r melting , This, a lo ng 

\I 'ith th e refe re nce laye r of a tm os ph eri c nu c lea r bo mb 
tes ts in 196 1 62 en a bled us to d a te th e co re , Th e 4 2 ,5 m 
turn ed o ut to cOl-e r th e las t 60 70 yea rs, T empo ra l t re nds 
in sno \l' chemistry, howel 'C r. see m to ha\-e bee n so m e\l'ha t 

a lt e red b y m e lt\l'a te r pe rco la ti o n, P ost -d e p os iti o n a l 

c ha nges assoc ia ted Il'ith mel tw a te r see m to ha l 'e bee n 

less pro no un ced befo re th e 1950s , 
C o nce n tl'a ti on le l 'els o f' :\03 a nd SO ,2 inc reased 

[i-o m th e 1950s o nwa rd s a nd d ec reased in th e la te 19 70s to 

1980s, while th ose of:\ a + a nd C l sho\l 'C'dlittic cha nge , 

The increase of :\03 a nd SO l2 may be du e to th e 

a lllhropoge nic inputs, The d ecrease o r rh e sa m e ions co uld 

be du e to bo th polluti on contro ls a nd m o re leac hin g by 

he<ll' ie r m elting , Th e ca uses, hO\lTI'C' 1'. co uld no t be cla rill ed 
in thi s stud y, :\ co ntinu o us 6'80 a na lys is a nd d eta iled 
chcmi ca l a nal yses 0 [' th e res t o f th e corc will be necessa l'\' to 

interpre t th e tempora l t rends fo un d in thi s Il'o rk , 
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