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ABSTRACT. Th e stra tilied- rac ies ice o f th e basa l zo ne o f ]\I a ta nuska Glac ie r , 
Al as ka . U .S .A .. co n ta ins sig nili ca n t co nce n tra ti o ns o r a n thmpogeni c tri ti um , \\'hereas 
u na l tered e ng l ac i a I-zo ne ice is d e\'oid o r t ri t i um. S u pe rcoo led \\'a te r fl owi ng th ro ug h 
subg lacia l condu its during th e melt seaso n likewise cont a ins tritiu m, as d oes fraz il a nd 
o th e r p la ty ice th a t nuclea tes a nd grows within thi s subg lacia ll y fl o \\' ing wa ter. These 
initi a l res ults d em o nstra te ne t acc re ti o n o r mo re th a n 1.4 m o f stra tifi ed basal-zo ne ice 
sin ce initi a ti o n o f a bOl·e-g roul1d. th e rm o nu c lea r bomb tes tin g i n 1952. Furth e rm o re, 
th ese r cs ults suppo rt a th eo ry o f basa l icc fCJrm a ti o n bv ice acc re ti o n a nd d e bri s 
entr ainm c nt {i'o m supercoo led wa tcr within a di s tributed subg lacial dra inage sys tem. 

INTRODUCTION 

N ume ro us m ec ha nisms ha \ 'C bce n pro posed to ex pl a in th e 
fo rm a ti o n o f de bris-ri c h basa l ice in tempera te a nd 
sub po la r g laciers (e.g. \\'ccrtm a n . 196 1, 196+; Bo ulLOn , 
1972; I\'e rso n, 1993 ). [n ge ne ra l, th e p ro posed m ec ha n­

isms o r ne t basa l rreeze-o n rcly upo n cold ice coming in to 

contac t w ith a \I 'C t bcd. Icc a nd sedim c nt may [i' cczc to 

th e so le o f a \\'e t-based g lac ier w here it 1110 \ 'e5 0\'('1' 

iso la ted cold patches (R o bin , 1976) o r \\'ithin a na ITO\\' 
zo ne a lo ng th e glacier te rminus \\'he re ice is thin ( < 30 m ) 
a nd th e \\·int c r co ld \\'a \ 'e p e ne tra tes to th e bed 

(\\ 'ee rtm a n , 196 1; C la rke a nd o th e rs, 1984). A simil a r 

situ a ti o n m ay a ri se if ice is thinn cd ra pidl y during a 
m assi\'C surge (A ll eY a nd ~ [ acA yca l , 199+). Thicker basa l 
zO ll es ( > 1 Ill ) ha \'e bec n acco untcd fix b\' mec ha ni sms of 
ne t fr eeze-o n or tecLO ni c thi c ke nin g (G O\\' and o th ers. 

Now a t: U. S . Arm y Co ld R egio ns R esearc h a nd 
Eng inee ring L a bo rato l'Y, 72 L)' m e Road , H a no\'C r , 
N H 03755, U .s.A . 
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1979; L a wso n , 1979; Sugd e n a nd o th e rs, 1987: Sh a rp a nd 

o th ers, 1994). 
Fie ld o bserya ti o ns initi a ted by D. E. La wso n (un­

publi shed d a ta ) a nd th eo ret ical co m puta ti o ns by R. B. 
A lley (ullpubli shed d ata ) based o n th ose o bscl'Ya ti o ns 
indi ca te th a t a n additi o na l m ec ha ni sm fo r subg lac ia l 

frccz ing is p oss ible , \I 'hc rc by wa tcr beco m cs supc rcoo led 

in conduits a s it fl ows uphill from a subg lac ia l OI'c r­

d ee pe nin g . \\' here th e g lac ie r bed slopes stee pl y in th e 
direct io n o ppos it e to th e ice s urf~lce slo pe. th e press ure­
m e lting point o r th e OO\\' ing \\'a ter m ay ri se Cas te r th a n th e 

tc mperature ca n in c reasc du e to wa rming by th e 

a\'ail a ble hea t sources . Th cse sources includ e geo th erm a l 

flu x, th c hea t o f wo rk d o nc to 111 0 \ 'e th e \I·a te r. a nd th e 

hea t or sliding (R o thli sbe rge r, 1972; R o thli sbe rge r a nd 
La ng, 1987 ). I ce g rO\l'lh can e \'C nwall y close cond uits, 
howc \'e r , fo rcing wa te r into o th er e ng lae ial o r subg lae ia l 
ro ut es whi ch d o n o t have geom e tries conduci\'c to 

fi'eez ing ( H ooke a nd Po hj o la, 1994) . 
It has bee n shown , ho \\'e\'e r , th a t during pcri ods o r 

excess i\ 'C suhglac ia l di sc ha rge . hi g h wa te r press ures ca n 
fo rcc wa ter into a di s tribut cd subg lac ia l dra inage sys tcm 
( Iken a nd o th e rs. 1983 ). In this situa ti o n , hi g h \\'a tc r 
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pressures pa rti a ll y fl oa t th e g lac ie r a nd m ay ra ise it by 
se \'e ra l centime te rs or more, th e re b y mainta ining sufTi­

ciel1l space fo r \I'a ter to continue fl o \\'ing in spite o f ice 

g rowth (Iken a nd o th ers, 1983: Tk en a nd Bindsc hadl er , 

1986: All ey, in press ) , Water m ay fl ow throug h a 
distributed subglacial sys tem fo r a sig nifi ca nt fr ac tion of 
th e m elt season , a nd given a ppro pri a te bed a nd ice 
surrace confi g ura ti ons, subg lac ia l wa ter w ill supercoo l, 

leadin g to ice nucleati on and g row th, Ice g ro'l'th in lo ll' , 

wide cav iti es o r can a ls (W ald er a nd Fowl er, 1994) ma y 

acc re te di scontinu ous lavers o r lenses o r ice to th e so le o f' 
th e g lac ie r ( La ll'so n a nd o th ers, in press ) , In thi s pa per. 
we present e\'id ence fi-om initi a l a na lyses o f tritium 

co n ce ntra ti o ns lI' ithin ice a nd sub g lac ia l di sc ha rge 

wa ters o f l\Ia tanuska Glacie r , Alas ka, U ,S ,A, Th ese 

res ults d em onstra te ice acc re ti on in res po nse to super­

coo ling in th e subg lac ia l drain age sys tem , 

SITE DESCRIPTION 

l\I a ta nuska Glac ier fl Oll's no rth-northll'Cs t o ut o r th e 

C hugach :\Ioul1la ins rrom a dra in age bas in o r a pproxi­
m a te ly 665 km 2

, or w hi ch a pprox im a te ly 57% is cm'ered 
by ice (Fig , I ) , A m a jo r tributa ry of th e ]\[ a tanuska Rive r 

orig in a tes a long th e wes tern m a rg in o f' th e g lac ie r in th e 

stud y a rea (Fig , 2 ) , Within thi s a rea, ice fl o \\'s through a 

prominent OI' C1-d eepening, evid enced by th e ice surfa ce 

pro fil e, C1'C \'asse p a ttern s a nd g ro und-penetra tin g rad a r 
studi es (A rco ne a nd o th ers, 1995 ) , The current ice m a rgin 
is a pproxima tely coincid ent with th e d own-g lac ier ex tent 
o r thi s o\'e rd ee penin g, 

BASAL ICE CHARACTER 

D e bri s-ri c h b asa l ice ex posed a t th e te rminu s o f 
l\1ata nuska Glac ier ra nges in thi ckn ess rro m se\ 'C ra l 

Tal k eetna 

-== o 4 km 

Fig, I. Sile localioll malJS of .1 [alalluJka Glacier , 

Slra.lJer alld olher.s: T riliulII alla/)'.les ill ba.la/ ia 

~ 
N 

I 

\: Ice margin, hatches on up-glacier side 

). Up-glacier edge of overdeepening 

t· ..... :· ..... 1 Debris-covered ice 

-+- Subglacially fed discharge vent 

Fig, 2. Slll~) ' area al the lerll/illus ~/ .I/alallloka Glacier, 

m e le rs to > 10 m ill mos t loca ti o ll s, Th e basa l ice of thi s 
g lac ier has bee n d escrihed b y LI\I'SO Il ( 1979 ), \I 'ho 

di stin g ui shed t\1'O facies acco rdin g to th e cha ra cteristi cs 

o f th e d e bri s a nd ice. ]\ [os t o f th e d e bri s \\' ithin th e basa l 

zo ne is tra nsported within th e stra tifi ed I ~t c i es I Fig. 3), 
\I' hi ch is typi ca lh- bubbl e -f"rec \I' i th bulk sedim ent 
co nce ntrati o ns of up to 74,% b y \'o lum e La ll'so n . 
1979 ) , S tra tifi ca ti ons are ex pressed as thin < 2 cm 

ge nera ll ,, ) laye rs o r lenses of'so lid o r clo tted silt Figs 3 

a nd + ). lI'ith occasion a l lenses a nd laye rs of round ed to 

su b- ro u nd ed g ra \'e ls, Be t\l'Ce n sue h St ra ta, le nses o r 
bubbl e-rree ice ofte n co nt a in iso la ted co bbl es a nd 
pebbl es a nd agg rega tes o f" silt. A seco nel basa l ice l~lc i es, 

te rm ed th e di spersed fac ies by La \l'so n 11979 ), Orten exi sts 

direc tl y a bOl'e th e stra tifi ed fac ies , Th e di spe rsed fac ies 

conta ins less d ebri s < S% by I'o lum e). \lhi ch is dispersed 

unifo rml y thro ug hout a 0 ,2 8 ,0 m thi ck law'!' o r bubble­
poo r to bu bble- rree ice La \I'SO Il , 1979 ), " ' here th e 
d ispe rsed 1 ~ l e i es is a bsent. a layer of clea r. bubble-liTe. 
blu e ice o r \'a ri a ble thi ckn ess Q\'C' rii es th e stra tifi ed-i ce 

fac ies , Based on th e ph ys ica l a nd chemi ca l cha racte risti cs . 

L a \l'so n a nd Kull a (1978) co nclud ed th a t th e stra tifi ed 

rac ies ro rm ed by basa l freeze-on, but th e \\'<Her so urce a nd 
freeze-on m echanism \I 'C re no t id entifi ed, Th e ph ys ica l 
a nd iso to pi c characte ri s ti cs of th e di spersed I~\c i es . 

hO\l'C \'e r , th ey a ttributed to regel a ti o n lI'ith out \I',H er loss. 

ICE GROWTH IN SUBGLACIAL DISCHARGE 

Pl a t\ ' ice g ro\l's lI'ithin supercoo kd \I'a ter \I 'hi ch di s­
cha rges d uring th e melt season li-o m suhg lac ia lh red \'Cn ts 

and fo unt a ins a t th e te rminus of\I a ta nuska G lac ier (Fig , 

5; T.a ll'so n, 1986; Strasse r a nd o th ers, 1992 , \\' c use the 
te rm "pl a t\'" to d escribe Illultiple crys ta ls in th e fo rm of" 
pl a tes a nd d enclrites lI'hi ch g row ill an open fr a m ework 
stru cture. Orten in hi g h- \T loc it y, turbul en t \ \'a lerS, I ce 

g ro\l's thro ug hout th e m elt season , II' hen a ir temperatures 

rem a lll co nsistenth' a bo\"C fr eez in g. a nd indi \ idu a l 
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Slra.uer ({lid olhers: T riliulII alla{l'us ill basal ice 

Fig , 3. Stratijied basal ice jacies, illlls/rating comjJ/eI illteljillgering oj debris-rich and debris-poor lenses, discontinllolls 
lr~)'ers alld isolaled dasls alld dOls 0/ sedimml , 

crys ta ls ra nge from se\'(" ra l millim e te rs to more th a n 

10 cm in maximum dimensi o ns, Fraz il ice is tra nsported 

within wa ter di scharging from \'(' nt s, a nd \I'he re it adh eres 

to a sla bl e substra le. such as bed ma te ri a ls o r ice, il 
continu es to g row as a ncho r ice, fo rmin g rims a nd 
te rraces \\'hi ch surro und th e \T nts (Fig , 5 ) , Pla t\' ice 
a lso g ro\l's inwa rd from the wa ll s of conduits exposed a t 

lh e termin us. 

Pl at \' ice g ro\\'s pro lifi ca ll y during pe ri od s 0[' hig h 

subg lac ia l disch a rge in Jul :' a nd Aug ust. I ce g rowth 
aro und o nc of th e mos t an i\ '(' \'(' n (s a t th e te rminus 
produ ced a 2 m hig h te rrace ill 2 mo nths, indi ca ting net 
\'e rti cal acc reti o n of mo re tha n 3 cm d I , Sediment in 

tra nspo rt as bo th suspend ed a nd bed load is commonh' 

d epos ited within th e open fra mework structure of th e 

p ia l)' ice w hi ch lin es th e w nts a nd fo rms th e te rraces , 
Field o bse l'l'a li o ns initi a ted by D . E, La \\'son led to th e 

hypo th es is th a t th e st ra tifi ed lac i('s of :'Ii a la nuska Glac ier 
o n glll a tes by accre ti on of ice from supercoo led \I'a ter 

fl o\\' ing uphill \\'ithin a subg lac ia l O\'e rd ee penin g imm e­

di a tely up-glacier o f th e prese lll te rminus. According to 

thi s h\'po th es is, fraz il ice nuclea tes a nd g rows within a 

di stributed subglac ia l dra inage sys tem of bra ided ('o n­
ciuil s o r ('a na ls, D ebri s may be entra pped within th e 
o penin gs of pl a ty ice as described a bove, or simpl y froze n 
to th e g lacier base by grO\~, t h o f a nchor ice into th e 

substra re. Subsequ ent stages of ice g rowth a nd d ebris 

en tra pm en t 0 \ 'C 1' m a n y yea I'S m ay acc r e te benea th 

pre\'iously fo rm ed ice , res ulting in sec ti o ns of stra tifi ed­
fa(' i('s ice \\' ith o lder ice a t lhe to p a nd youn ge r ice a t th e 
bo tt om (La \\'son and o th e rs, in press ) , 

METHODS 

:\ s a tes t of \\'he th er th (' d ebri s-ri ch , stra tifi ed-facies ice is 
th e prod uct of ne t freeze-on. sam pi es oC \'a rious ice Cac ies 
a nd \\'a le r ty pes \\'e re o bta in ed a nd a na lyzed fo r 

18 20 
Fig , 4, Close-Ill) jJhologralJh q/ a ClII sllIjace of slralified-/acies ice wilhin a (Old roolll . illmlraling lite Inlllre 0/ 
illcorl)oraled debri; alld l/ie ab,lel/ce of air bubble; , The scale i,l ill (el/lill7elers. 
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Slros.lfl ({lid ollter,l : Trilium (IIW~)'SfS ill basal ice 

Fig , 5, ')'llbglaClal[J'ji'd . iCf-IIl([I~!5ill([1 i'fIlls lc illt delnis-rirlt accreliullolJ' lermces l!f/Jla{J' ice , Tll is /JllOlogra/JIt /('as lakell ill 
lite ear(J' IlIomillgjullUlcillg a rapid droji III disc/({( rge alld waler In'e! , njJosillg ice l('liirlt Iwd Jurmed secemlllUurs earlier 
bfllealh II,e waler slll/aCl', Tlte Slake nlelld,l ajijiro I llIlale(J' 35 Oil ahul'e lite ll'a ll'l" lez'el. 

concentrations of tritium ( l H ), Prior to 1952. tritium 
lel'e ls in precipitation were generalh- less than 25 Te. 
" ,here I TU = 1 :lH atom per 10 1:! IH atollls (Libby. 

1955; Gat. 1980 ) , Thermonuc lea r bomb test ing during 

th e 1950s a nd 1960s rel eased anthropogenic tritium in to 

th e atmosphere at le\'cls far eweedin g natura l back­

grou nd lel 'e ls, By 1963 , tritium lel 'e ls in precipitation 
fi 'o m se l 'era l locations in coas tal and inte rior Al as ka 
exceed ed 3000TU (Lel 'enthal and Libby. 1970 ), Atmo­
spheric lel,t' ls ha 1'(' su bseq uently (kcreased to nea 1'­

bac kground lel,et s d LI e to r~tll-ou t a nd rad ioacti\'e d eca y 

( tl 2 = 12,26 years ) , 

Th e prese nt equilibrium line of' .\Iata nuska Glacier 
li es> 30 km fi'om th e terminus; reasonable assumptions or 
floll' l'('loci tics of 100- 200 m year I indi ca te that the age of 
the e nglac ial ice a t th e termin us is > 150 I'('a rs, a nd it is 

probably much o lder than that. C lea n , englaeia l-zone ice 

is there fo re expected to be del'()id of' m easurable tritium, 

lI'hile the stratifi ed-Iacies ice is expected to conta in 
measura ble amounts of tritium if it [armed since 1952 
fi'om fi'(' eze-on li'om " , 'oung" tritiull1-rich 1I',Hers, 

I ce sa mpl es I,'e re obta in ed in "larch 1993 from t\l 'O 

se pa rate sites at th e terminus a long the do\\'n-g lac ier edge 

of the OITrdeepenin g (Fig, 2 ) , At site A . samples lIT re 

laken (i'om tll'O cores (93 -1 and 93 -2 ) obtain ed throug h a 
thin , OI'e rh anging ledge of th e g; lac ier, using a SIPRE 
core barrel. Each core In15 approximately 1,2m long. 

exte ndin g from the bubb ly englac ia l ice (difl-used fac ies ). 

through a layer of the basa l di spersed faeies. and a 15 cm 

thick laver of s trati[ied-facies ice a t the base, Additional 

samples of' stratilied-f'acies ice \\'ere obtain ed by sa mpling 
beneath the ol'erhang a lo ng a horizontal transec t, Th e 
exposed sec lion or stratilied-fac ies ice benea th th e o, 'er­
h a ng at sil e A \I'as less than 0 .. 5 m thick. and therefore all 

samples of stratilied faci e, liTre obtained fi'om app roxi­

mately th e sa me stratigraphic horizon, 
At site B, the basal zone lI'as OIT r 2 m thick, and a 

I't'rtical pro[ile \\'as sampled, starting from an a rbitra rily 
loca ted point in th e O\'e rl ying eng la cia l-zone ice a nd 
extend ing downward through a ITry thin layer of the 

basa l-zone di spersed r~lcies and in tO the stratified-facies 
ice, :\ dditional ice and \I 'ater samples obt;lined in 1993 
and 1991 in cluded stra tifi ed-Ca cies ice, li 'az il and anc hor 
ice , subglacia l \I 'a ter. g round-lI'ater and precipitation, 

S a mples lI'('re ana lyzed in th e lo\\, -I el'e l tritium 

laboratory at :-'Ii c hi ga n State Lni\'('rsitl . using sc inrilla­

ti o n counting tt'chniques (K esslcr. 1988 ) , In order to 

I'e rifl' anall't ical techniques, tll'O split sampl es II -e re a lso 
anah-zed at th e El1\,ironll1cntal I so tope Laboraton' a l the 
Unil'e rsit y oC \\ 'a ter loo , Ontario , and the re sult s 

compared f'al'()rably (T a ble I ), Lt Il'as anti c ipated that 

tritium concentrations lI'ou ld be 10\" (e,g, < 20 TU ) a nd 

Il'ou lcl thus necess itate e lectro lyt ic enrichment (O stlund 
and \\' e rner. 1962 ) , Th e enrichm ent process requires 
250 III I of' origina l sample water. Each ice sa mple is 
th erefo re a n homoge nization o r a 5- IO c m thi c k strati­

gr a phic hori zo n, The analytical detec tion limit is I TU, 

and th e prec ision is ± 1 TU, Selected split sa mples Il'e re 

a lso ana lyzcd f'or tSlHO at the BYI'd Polar Resea rch Center , 
C:OIUlllbus, Ohio , These lalter dala prOl'icle co rrelat ion 
\I,ith prn'io us basa l- anci englac ial-zo nr ana lyses o f 
La\\'so ll and Kull a ( 1978 ), 

RESUL TS AND DISCUSSION 

I n o rd er to compensate 101' thl' cieca:' or tritium in th e 
time betllTen sa mpling and analysis, res ult s a rc normal­

ized to reft' rence dat es of' 3 1 December 1993 and 3 1 

December 199+ far sa mples anah'zed in 1993 and 199+, 

rcs pec til -e ly, ,-\ t s it e A . both co res conta ined minor 
conccntrations of' tritium in lh t' uppermost 5 cm (Fig, 
6 ) , These samples II-ere obta ined f'rolll the glac ie r surfa ce, 
and each lI'as I)ubb le-poor and conta in ed intcrcrysla lii ne 

clo ts o f' ash li'o m th e 1992 e rupti on of' :\lou llt Spurr in 

so uth -ce ntral Alaska, I t is th eref'o re like ly that the 

uppermost sa mple fi'om each co re \l'a s composed of 
superimposed ice, Lt co mpon e nt or lI,hi c h was mociern 
precipitation, \\ 'ith d epth . samples oChubb ly e nglacia l ice 
and di spersed-f'ac ies ice contained linle to no tritium 
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Slrasser and others: T riLium analyses in basal iee 

T able 1. TriLium cOllcentraLiolls in addiLional samples of ice and water 

Deseri/Jtion SamjJle locaLion T U Sample No . 

D ebris-rich 
stra tified facies Basa l zo ne 18.0 94-0 7 -0 I 

Bubbly, clean 

diffused facies Englacia l zo ne 0 .0 94-08-0 I 
C lear, clean 

d iffused fac ies E nglacia l zo ne 7. 1 93-52-02 
Pla ty ice Subg lacia l conduit 13.2,* 16.5 93-53 -0 I 
Subglacia l wa ter Subglacia lly fed 6.0 93DL-201 9-0 1 

25 Aug ust 1993, 1730 h discha rge ve n t 

Subglacia l wa ter Subglacia lly fed 5.6 94-105-0 I 
18 M ay 1994, 1500h di scha rge ven t 

Subglacia l wa te r Subglacia ll y fed 4 .3 94-1 50-0 1 
12 Jun e 1994, 11 30 h di scha rge vent 

R ain 

24 Au g ust 1993 Glacier terminus 8 .0 93 -205-0 I 

Snow 
29 Sep tember 1993 G lacie r terminu s 7. 6 93 -227 -0 1 

G round-wa ter 
14 M a rch 1993 , 1239 h G lac ie r te rminus 26 .0 93-27-0 1 

* Sample a na lyzed a t U ni versity of VV aterl oo . 

« 2 TU ) , w hil e the stra tifi ed-facies ice a t th e base of each 
core con tained grea ter th a n app roxima tely 9 TU . R es ul ts 

from eig ht additi ona l samples of stra tifi ed-facies ice, 
obta ined from the sam e stra tigraphic hori zo n as th e 

lowermos t sample in both cores, a re plo tted with the da ta 

of core 93-1 (Fig. 6 ) . T hese additi ona l samples a lso 
co nta in sig nifi cant t ritium , w it h co ncen tra tions of 
a pproximately 6 .5- 17.5 T U . Th e 5 18 0 d ata m imicked 
th e tritium d a ta in bo th cores , with h eavier 5180 
co rresponding to greater concen tra tions of tritium. At 

site B (Fig. 6 ) , clean ice of the eng lacia l-zo ne a nd basal­

dispersed fac ies con tained neg ligibl e am ounts of tritium. 
In con tras t, tri tium concentrations increased dra m ati ­
call y with d epth in th e strat ifi ed fac ies . A t site B, th e 5 130 
was consistently heavy com pared to th e diffused -fac ies 
samples from co res 93 -1 a nd 93 -2. 
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Fig. 6. Tritium concenLraLions and t/80 .from three 
different profiles. For core 93-1, eight basal ice samples 
obtailled from the same stratigrajJhic horiz on at site A are 
plo lied in addition to Lhe samples from the core . T ritium 

concentrations are adjusted to a reference dale of 31 
December, 1993. 
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The eleva ted concentrations of tr itium in th e stra tifi ed 

facies indicate th a t this ice is composed in pa rt of water 
from post- 1952 a tmospheric so urces . T n con trast , clean ice 
of the englacia l zo ne con ta ined neg li g ib le tritium , w hil e 
ice of the di spe rsed facies con tain ed li ttl e to no tritium . 
T ritium w ithin th e stra tifi ed fac ies can be acco unted for 

ei ther by inco rp ora ti o n of yo ung wate r within pre­

existing ice, or by the creation of new ice from yo u ng 
water. vVater migration a long ice grain boundaries from 
subglac ia l sources (co nduits o r films) co uld theor eti ca lly 
in trodu ce sm a ll a m ounts of triLium-en riched wa ter in to 

the stra tifi ed -fac ies ice, a l th ough such a process wo uld 

con tribute onl y t race a m o un ts of tri tium to the basal 

zo ne, res ul ting in signifi cant diluti on com pared to th e 
subglacia l wa ter. Tritium concentra tions in th e stra tifi ed­
facies ice exceed th ose oC m od ern subglacia l wate r, 
howeve r, sugges tin g tha t thi s ice fo rm ed several years to 

decad es ago. M o reove r, visua l a nd petrogra phic ana lyses 

of the stra tified -facies ice indi ca te th a t th ere a re no 

inte rc rys ta lline vo ids a long w hi ch water co uld migra te, 
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no r is th e re e\·id ence o f" seconda ry inte rc rys ta lline ice 

g rOll"l h. Furtherm o re, th e a bsence of a ir bubbles (Fig . 4 ) 

a nd the hcc\\· ier 8 1RO th a n eng lac ia l ice indi ca te a n 
aCCTCl io na ry o rig i n (G o,,· a nd o th ers, 1979 ). \\' e th e refo re 
ma inta in th a t th e stra tifi ed ice has fo rm ed since 1952 b y 
ice g rowth ri ·om subg lacia l wa ters enri ched in tritium. 

Frecz ing was accompa ni ed by open-sys tem frac ti ona ti o n 

o f IRO. res ultin g in consistent\\- hea\·y strat ifi ed- fac ies ice 

in compa ri so n to c lea n ice of th e eng lac ia l zo ne. 
Th e input of tritium to ,nlt e r in th e subglac ia l 

d ra in age sys tem a nd , th e ref() I"C , to th e ice ,,·hi ch fo rms 
fro m thi s ,,·a ter , is a functi o n of th e long- te rm a nd 

seasona l \·a ri at ions in tritium \,· ithin prec ipi ta ti o n . The 

reco rd o r tritium concentra ti ons in regio na l prec ipita ti o n 
is present ed in Fig ure 7 (unpub lished d a ta ri-om R. L. 
Sn yd er, U.S . Geo login tl Sun"C)" (USeS )) , with the 
a \·e rage a nnu a l tritium co ncentra ti ons co rrec ted for 
d ecay to a reference date of 3 1 D ece mber 1993 (Fig. 7) . 

Th ese data ,,·ere o bt a ined by th e uses in P a lmer ( 1958-

65 ) a nd Anchorage ( 1966- 93 ), Al as ka . Bot h citi es a re 
loca ted w ithin 150 km of th e stud y a rea a nd a rc ge nera ll y 
a ffected by th e same ,,·ea th e r sys tems as th e ~la tanus k a 

Gl ac ier region. 
During th e 1960s. tritium concentra ti ons in precipita ­

ti on Ouc tu a ted b y ,e\·e ra l o rd ers of mag nitud e as a result 

of sporad ic, a bo\·e-g rouncl th erm on ucl ea r tes ti ng . Th e 
pea k in mea n a nnua l tritium concentra ti o n in 1963 (Fig . 
7) co rres po nds to intense tes tin g d uri ng 1962 and L 963 
(Len' nth a l a nd Libb y, 1970 ) . . \ft e r 1963, tritium 
co nce n t ra ti o ns in prec ipita ti o n d ec lin ed g r a du a ll y, 

a lth oug h seasona l flu c tu a ti ons rem a in ed e\·id ent , \\·ith 

th e hi g hes t concentra tions usua ll y occurring in late spring 
er ea rl y summer. T ,,·o precipi ta ti on sa mpl es o btained in 
th e la tC' summer a nd ea rly a utumn of 1993 con ta ined 8. 0 
a nd 7.6 T u, respect i\·eh- (T a bl e I ) ; th ese \·a l ues a rc 
consistent with th e regio na l reco rd (Fig. 7) . 

Th e wid e ra nge of tr itium concentra ti ons in th e 

s tra tiri ed-f~\ c i es ice presuma bl y reOec ts th e combined 
effects of tritium \·a ri a tions in prec ipit a ti on a nd \ ·a ri a ble 
so urces o f ,,·a ter to th e subg lae ia l hyd ro logic s>·s tem. 
" ·ater so urces to th e subglac ia l hyd ro logic sys tem inc lud e 
prec i pi ta ti on. tri bu ta ry streams, sll owmel t, g lac ia l melt-

10 
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wa te r a nd g ro und-wa te r. During th e summ er , th e 

d omin a nt sources o f subg lac ia l wa te r a re tributa ry 

s trea m s, prec ipita ti o n a nd g lac ia l m eltwa te r , w ith 
sno,,·m elt Cl m ajo r componelll in th e spring . During th e 
,,·in te r , howe\"(' r , the subg lac ia l di scha rge is o nl y· a minor 
fr act ion of th e typical summer di scha rge, a nd ,,·a ter 

so urces a re limited p rim a ril y to ba a l melting a nd 

gro un d -,,·ater (L awso n , 1986 ). During th e melt season, 

tributa ry streams a re pro ba bl y d o min a ted by runoff fro m 
ra in a nd sno \,·mc!t , a nd m od era te co nce ntra ti ons of 
tritium a re thus expec ted (e .g . 7- 8 TC ). ~lellwa te r from 
pre-1 952 g lac ier ice presuma bl y conta ins no tritium a nd 

th e re fo re dilutes th e subg lac ia l wa te r. [ n co ntras t , 

g round-,,·a te r m ay conta in hi g her co nce ntra ti o ns of 
tri ri u m. A si ng le sa m pl c (93 -27 -0 I , T a bl e I ) was 
obta ined fl'om a nea rb y strea m in l\ la rch 1993 , a nd 
sin ce snowm eit was negli g ib le a t thi s tim e of year, we 
ass ume th a t th e stream was fed a lm os t entirel y by ground­

\,·a te r. Th e tritium concentra ti on in thi s ground-wa te r 

sa mpl e was OI·e r three times g rea ter th a n th a t of m od ern 
prec ipitat ion sampl es (T a ble I ) . sugges ting a pre-1 973 
a tm os ph eri c wa te r source fQr th e aquife r (Fig . 7) . 
Th erefo re, if ice acc retes subg lac ia ll y during th e ,,·inter , 
" 'hen th e g round-,,·ater component in subg lacia l di s­

cha rge is hi gh , its tritium content sho uld be g rea ter th a n 

th a t o f' ice which forms during th e melt season. 
Sa mples o f th e subg la ei a l wa ter d ischa rging ri'om ice­

ma rg in a l \·e lllS during summ er conta ined tritium a t 
concentratio ns of 4-6 TU (Table I ), indi ca tin g that thi s 

wa ter is composed in pa rr o f' pos t-1 952 meteori c wa ter . 

U nder th e ass umption th a t th e vent-discha rge sample of 

6 T U obta in ed in la te Aug ust 1993 ,,·as composed of onl y 
modern prec ipita ti on a nd glacia l melt,,·a ter , a nd th a t th e 
prec ipi ta ti on sa mple from th e pre\·io us d ay (8 TU ) was 
represent a ti ve, a pproximately 25% o f th e , ·ent di scha rge 
was composed o f glacial meltwa ter. If g round-wate r with 

hi g her tritium concentra tion s (e .g . 26 T U ) also contrib­

uted to th e subglacial di scha rge, th en grea ter diluti o n 
[i'om g lac ia l meit is implied. Th e \T nt-dise ha rge sa mpl e 
cont a ining onl y 4 .3 TU , obtained during wa rm , sunn y 
,,"('ather in ea rl y June, proba bl y renee ts e\T n grea ter 
diluti o n Iw g lac ia l melt\\·ater. 

Mean annual, corrected to 31 Dec. 1993 

1975 1980 

xx 
x 

1985 1900 1995 

Fig. 7. T ritiulIl concentrations ill pmipitatioll sal71jJLed ill Palmer ( /958- 65) and Anchorage ( /966- 93) , ALaska . T he 
(fosses (Ire tritillm m/lies (/j all(l(J';:ed. alld the he({l~l' circles are meall anlllla/tritium values roneetedJor dew)' to a referellce 
date I!! 31 December . 1993. ( CII/Jllblished data from R. L S/~) 'der . CSCS . . ,Jllc/torage) . 
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Fres h platy ice sampled fro m ,,·ithin a large subg lac ia l 
conduit contained tritium in excess o r 13.2 T U (93-53-0 I , 
T a ble I ) , indica ting th a t th e tritium concentration in 
subg lac ia l water \·a ri es mo re than is represented by our 

limited d a ta se t. I t sho u ld be noted th at tritium 

fract iona ti on during ice growth is neg li gible compared 
to background \·ariations in tritium. I SO lOp ic fr act iona­
li on occ urs during a change or sta te beca use o[ differences 
in the spac ing o[ \·ibra ti o na l Ie\T ls o f th e bond s be twee n 
atoms (l\·picall y Van d el' \\' aa ls, but in th e case o[\I·are r 

mostl y hyd rogen bonding) . This spacing is proportiona l 

to th e square root of th e ra ti o of masses of th e a toms 
ill\·oh ·ed in th e bonds. Us ing thi s mod el, th e relati\T 
fi ·ac tion a ti ons or wa te r m olec ules during a cha ngc orsta te 
a rc ex pec ted to be in th e [o llowing ratios: rrac tionation or 
T /H is expected to be ~ 1.4 tim es that or D /H ; a nd 

fr act iona li o n o f D /H ",8 tim es larger th an that o f" 
180 / 160 TI . . . >: 180 d . r . . le maximum IIlc rease In U urln g reezlllg 
is approx im a te ly + 3%0 (O ' Nei[ , 1968; L ehm ann a nd 
Siegentha le r, 199 1). Therefore, th e ma ximum enri chm ent 
of tritium in ice is less th a n +%, which is insign ifi ca nt 

compared to th e \·a riati o ns in tritium concentrat ions 

\\"ithin precipitation (Fig. 7) or within subg lac ia l 

di scharge (Table I ). 
El e\·a ted leycls or tritium in th e basa l strat ifi ed fa c ies 

arc therefore ev id ence for subglac ia l icc accre tion since 
1952 . I I' subg lac ia l accret io n occurs in a top-down 

fashi on , th en a downwa rd d ecreasing trend in tritium 

concentrations wou ld be evident in basa l sec tions formed 
since 1963 (Fig . 7) . At site B, th e trend is in the oppos ite 
d i reCl ion, w i lh higher rri t i u m concen trations towards the 
base ( Fig . 6 ), possibl y renec tin g ice g rowth be t\l·een 1952 
a nd 1963. A ltern a tiv e ly, the s trati g rap h y m ay be 

complica ted by non-uniform ice-g rowth patterns, ice 

tec toni cs near the terminus, o r \·a ri a ble so urces of \I·a ter 

to the subglacia l hydro logic sys tem . The s tratified-r~lc i es 

ice a t site B \I·as a t leas t 140cm thi ck, yield ing a minimum 
[i-ceze-on rate of" more than 3 cm year I, ass um.in g no 
tec toni c thickening occurred. A c lea rer understanding or 

the spec i fi e freeze-on patte rn s and processes a wa i ls 

d etailed strati graphic analyses of tritium concentrations 
a nd stabl e-iso tope \·aria ti ons . :\"e\Trtheless, th e tritiulll 
data presented here d emonstrate that thi ck. d ebri s-ri ch 
sec ti ons o r stratifi ed-fa cies ice ca n be accreted rapidh· 
within subg lacia l O\-crdeepenings. 

CONCLUSIONS 

Samples of debri s-rich basal ice [i ·om i\[atanuska Glac ie r 
contained tr itium in concentrat ions ra ng ing from 5 ro 

40TU, indi cating that thi s ice is in part composed of 

water that has resided in th e atmosphere since 1952. I n 
contras t, englacial-zone ice a nd di spersed-facies basa l ice 
contain negli gible amoun ts of trilium. These results arc 
consisten t \V i t h th e iso topic and ph ys ica l data of Lawson 
and Kull a ( 1978 ), w ho proposed that stratified-facies ice 

form ed by net freez ing 0 [" exte rn a ll y derived waters and 

that th e dispe rsed raci es o ri g in a ted from regela ted 
englac ia l ice. V erti cal ,·ar iabilit y in the tritium concen ­
trations or basal stra tifi ed ice ma y refl ect a \·a ri ab le so urce 
eom posi tion , \I·i th higher g rou nd -wa ter in pu t leadi ng ro 
hi g her tritium concen trat ions. Alte rnati\·ely, stratifi ed 
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basa l ice formed se\·e ra l years to se\·era] decades ago is 
expected to con ta in higher concen trations of tritium th a n 
that formed more recentl y. 

These preliminary d a ta support the hypothesis that 

subglacial ice grow th occurs within water wh ich is 

supercooled as it flow s uphill o ut of a n ove rd eepening 
near th e terminus 0[" thi s g lacier. A lthough th e formation 
of" ice within eng lae ia l condu it no,,· has been di sc ussed 
pre\·ious ly (R othli sberger, 1972; Rothli sbe rger and La ng, 
1987 ), it may a lso occur when wate r is forced subglacia ll y 

in to a distributed sys tem of ca\· iti es and low, wide 

condu its (L awson and o th ers, in press ) . :\iet ice accretion 
\\"ould form discontinuous laye rs and lenses, incorpora ting 
d ebri s within the open fram ework o[ ri·az il ice and other 
platy form s. D ebris-ri ch basa l iee zones may thus accrete 
at signilicant rates, perhaps as great as 3 cm year I. 
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