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ABSTRACT, During th e t eadEx m a in field ex p e rime nt, held in April 1992 in th e 
i\l as ka n Beaufo rt Sca , a number o f la rge ice sta lactites were obsen 'ed g ro \l'ing und e r 
yo un g lead ice , Fo rm a ti o n of' th e s tal ac tites was assoc iated with ra ftin g o f' th e thin , 
hi g hl y sa line ice , Th e ra f'tin g ca used th e brine to dra in ra pidl y fro m th e ice a t a 
tempe ra ture \I'e ll be lo \l' th e f'rcczing p o int of th c surro unding wa te r . whi ch in turn 
ca used icc to ro rm in a ho ll ow cylind e r a ro uncl th e brine plume, \\'ithin a 15 h peri od 
a rte r th e ra ftin g e \T nt , th c sta lac tit es, whi ch \I'ere located approxima tel y 10 m a pa rt in 
a li n e a long the u p-wi nd edge o f' a 150 m \\'ide lcad , h a d g rO\\'I1 to a leng th or 2 m, A 
d e ta iled stru ct ural a n a lys is or th e uppe r part or o ne o r th ese sta lac tites re \' ea led th a t 
th e interio r cha nn e l, d O\ \'!1 which the bl~ in e fl o\\'ecl , was bo unded by a zo ne o fli'azil ice 
that d en .' loped into a shell or co lumnar ice , The g ro wth o r the column a r ice was 
direc ted radi a ll), o utwa rcl a nd th e c axes o f' th ese crys ta ls were ori ented pLTjJendi cul a r 
to th e ir g rowth dircc ti o n, De\'e lo pm e llt of' th e stal ac tit es illustrates th e impac t in ; 
defo rm a ti on ca n ha \T o n th e process o f'brin e rejec ti o n in rreezing lead s and po tenti a lly 
o n th e th erm oha lin e s tru clUrc o f'th e uppe r ocea n in th e immedi a te \ ' ic init y o rth e lead, 

INTRODUCTION 

\\' he n sea ice g ro ws, sa lts arc rejec tcd into th e und e rl y ing 

wate r as a hi g hl y sa lin e brin e, Introdu c ti on of thi s brine 

causes a n inerease in bo th th e salinit y a nd density o f th e 

wa ter a nd, co nsequ e ntl y. th e de\'cI o pme nt o r a n unsta ble 

bu oya nc\' flu x , In th e case o r a f'recz ing lead , th e 

bu oya ncy flu x is co n ce n tra ted in a na l'l'O\\' b a nd , 

il1t e l1 s if~ ' in g th e e f'f'ec ts o f this insta bilit y o n th e th enn o
ha lil1 e structure o r th e upper o('ean, ;\l odcIs de\'elo p ed to 

assess th e ocea nogra phi c illlpac t o f th e process o f brin e 
rej cctio n in fiTezin g; leads haw foc used o n th e e ffects of 

lead \\' idth a nd th e ice \\'a ter \ '(' loc it )' difference (K ozo, 

1983; Smith a nd ~[orisO Il , 1993 ), Th e surface boundary 

co nditi on at th e ice water int c rl:lcC, whi ch desc ribes th e 

input 0 [' brin e, is typi call y represe nt ed as a sa lt flu x I' ig ht 
at th e surf;tcC' o r as a dis tributed so urce \\'hi ch d ec reases 

t'x po nenti a lh' rro m th e s ud~l ce , reac hing l i p or its surfacC' 

\ 'a luc 2 III below th e ice \\,ater int e rf ~lce (:\lo riso n a nd 

o thers, 1992 " [n b o th cases, th e sa lt !lu x is ass ullledto b e 

ho ri zo ntall y unifo rm , refl ec ting a n ass umptio n th a t th e 

process or brine rej ecti o n from th e ice d oes no t \'a ry ac ross 
th e lead, 

\\'h ile stud yi ng bri ne reject io n ['ram f'reez i Ilg leads 

durin g the LeadEx m a in fi e ld ex perimc nt. \\'C cam e to 

reali ze th a t ice d e ro rm a ti o n co uld ha\'(:' a n impact o n th e 

process of' brin e rej ec ti o n bo th b y a rfec ting th e ra te 0 [' 

brine rejec ti o n a nd by loca li zing th e input of brine to th e 
ocea n Lea dE x Gro up , 1993 ), Th e mos t dra m a ti c 

illustra ti o n o r this ca m e sL' rc ndipitously, wh en we had 

th e oppo rtunit y to obsenT alld rCCO\T r a pa n or a 2 m 

long ice s ta lactit e th a t fo rm ed und er th e lead ice a n e r a 

raftin g e \T nl. 

Large und er-ice sta la ctites It a\'(' bee n observed 0 11 

nUlll ero us occas ions, In partic ul a r, stal ac tit es as lo ng as 
61ll hm'C bee n repo rted to h a \'e occ urred in ~l c ~lurd o 

Sound , Antarctica (P a ige , 1970; Day to n a nd .\I a rtin , 

197 1), H o \\'('\ 'e r, a n associa ti on bet \\'ecn th e ir cl e\'(' lo p

mCIll a nd ice defo rm a ti o n has onl y tenu o us]v beell Ill a d e 

in th ese prC\ 'io us accounts , For example , Da\'LO n a nd 
:\I a nin ( 197 1) relll a rk ed o n a case \\ 'he re th e stal actites 

fo rm ed a ft e r d yna lllit e was used to blow a h o lc in tlte ice 
cO\'(' 1'. 

~lartin ( 1974) success f'ully g re\\' under-i ce sta lac tites 

in th e la b o ra tory a nd , b ased o n th a t wo rk , d e\'(' loped a 

dcta iled d esc ripti o n or th e m cc ha ni sms a ssoc ia ted with 

th eir g ro wth, Bri efl y, sea ice co nsists o f p oc kets or brine 
tra ppcd in a {i'Csh-i ce m a trix (\\'eeb a nd Ac kle y, 1986 ), 
Influc nced by a \'a ri e ty o r d csalinati o n processes, thi s 
brine dra ins cl own throug h th e ice a nd fo rms a s\'s tem o f 

tubes o r brin e cha nn e ls , At th e ice \\ 'ate r interrace , th e 

brinc in th ese cha nn e ls e nt e rs th e sea \\'a ter. Und e r 

fi'cez ing conditions, the dra ining brin e is colcl er a nd 
salti e r th a n th e sea w a te r , bo th o r whi c h are at th e ir 

sa linity cletermincd rreez ing points, Th e co lcl er brinc 

ra pidly ga ins hea t by freez ing wa ter a round itse lf. If th e 

fl ow o r brine IS suffi cie nt a nd susta in ed , this process 

continues a nd a sta la ctite ro rms around th e plum e o f 
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draining brine. Since sa lts cannot be corres pondingly 
condu c ted through th e wa ll s of th e s talactite, th e 
concentration of the brin e near the inne r wall of the 
stalactite increases above th e liquidus curve. T o re
es tabli sh eq uilibrium , ice a long the interior wall melts, 
coo ling a nd diluting the adjacent brin e . The source of 
hea t for the interior melting is provided b y the growth of 
ice at th e outer wall. As a res ult of this process, th e 
sla lacrite also becomes thicker as it grows in length. 

Since th e gro\\·th of large under-i ce stalac tites ma rks 
the inj ec tion ofa considerabl e amount of co ld , d ense brin e 
into th e wa ter column , interes t in the process of their 
/orm3 tion ex tends beyond simple curiosi ty. For instance , 
Day ton and j\[artin ( 1971 ) first commented on their 
potential impact on upper ocean mixing. In this paper, 
we sugges t that the form a ti on of stalactit es is a n 
indication of the rol e deformation may play in the 
desalin a tion process of th e ice sheet and also speculate on 
potential oceanographic impli ca tion s associated with 
th eir development. Our comments are based on fi eld 
observa tions mad e \I·hile the sta lact ites were gro\l-ing and 
on a de tailed structural a n a lysis of a part of one stalactite . 
The latter adds a ne\l' pe rspecti\ 'e on the formation and 
growth process, since no prev ious reports ha\'e includ ed 
data on the crys ta l stru c ture of these ice fea tures. 
Ph ys ical-property data from th e retri e\'ed stal ac tite a re 
used to provide estimates of the brine flux associated with 
the deve lopment of th e sta lactites, whi c h are th en 
compared to the rate of brin e rej ec tion from undcformed 
lead ice . 

OBSERVATIONS 

Th e L eadEx main expe rim ent, held in April 1992 in th e 
Alaska n Bea ufort Sea, was a n interdisciplinary program 
designed to study ocean- ice- a tmosph ere interac tions a t 
fre ez in g lead s, where th e re a re large flux es of heat from 
the ocean to the atm osph ere and of sa lt from. the ice to th e 
ocean. A major scien tifi c focus of this program was 
stud ying the input of sa lt to th e upper ocean from brin e 
rejected from the freezing lead ice. Salt fluxes were 
es timated from deta il ed CTD casts in th e upper ocean 
and from time-seri es meas urements of the salinity of th e 
lead ice. As pa rt of th e oceanographic program, wc 
operated an Autonomous Conduetivity Temperature 
Yehicle (ACTY) to meas ure sa linity and temperat ure 
und er lead s. A sma ll remotely operated vehicle (ROY), 
equipped with a television camera and special manip
ul a tor claw, was used to observe ACTY operations and 
prov id e b ack-up recovery. In the course of th ese 
operations at the edge of a I d old , ISO m wide lead , we 
obsen'ed und er-i ce sta lactite. After monitoring th e 
sta lact ites OI-er a n 8 h period, we used the RO\' 
manipulator a rm to retrieve one of the s talactites for a 
deta iled structural analysis. 

ForItlation and growth 

In th e ea rly afternoon of II April, we began scientifi c 
operations at the up-wind edge of a newly opened lead. 
By th a t evening, the lead ice was a few cen timeters thi ck. 
ROV observations mad e on the night of 11 April showed 
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num erous small sta lactites und er the lead ice. These 
sta lact ites were approximate ly O. J m in length and 
appeared to be distributed uniformly on the bo ttom of 
the lead ice . 

Between 0400 and 0600 h on the morning of 12 April, 
ex tensi\ 'e rafting occurred a long the up-wind ed ge of the 
lead: 0.07 m thick young ice was pushed onto th e adjacent 
0.90 m thi ck firs t-year sC'a-i cC' shee t. When th e eve nt was 
Ol'e r, the yo ung ice cove red the thicker ice ol'er a n a rea 
3,S m wide . The skeletal layer of thi s thin ice \I ' as sh eared 
o fI' during the rafting, reducing its thickness to 0.04m. 
During a n ROY run abo ut 8 h later (1300 h ) , we ob
sen 'ed an a rray of la rge ice sta lac tites gro\l'ing uncler the 
thin lead ice in a line parallel to th e edge of th e adjacent 
thi ck ice (Fig. I ) . The line of stalac tites was loca ted about 
lm fi'om the thi ck ice edge, at the junction 0(' the tilted, 
ra ft ed ice a nd the !elTl , und eformed lead ice . Th e 
sta lac tites were spaced appr ox im a tely S J 0111 apart 
a long this lin e. Figure 2 is a schematic showing the 
geometry of th e railed ice a nd sta lact ites. At th e time of 
this first obser\'ation, the sta lact ites \I-ere about Im long 
a nd 0.06 m in diameter. an d consisted of large, fl at , 
loosely connected ice crys ta ls. They had little structural 
integrity a nd would disintegra te \I'hen touched by the 
ROY manipulator a rm. This frai lty is c\' id enced in 
Figure J by the almos t transparent appeara n ce of th e 
stal ac tite in the foregro und. 

Fig. I. Underwater photograjJh of ice stalactites taken at 
1300h on 12 April 1992. lIsing the ROr video camera. 
The lrallslucenl ajJjJearallce of Ihe meter-long staLactite ill 
l/ie foreground is d1le to its being (om/10sed of a 100Je 
(ollection of large./)la£J' cl)'stals u'ith high porosil.J' . . \ 'ote 
ill Ihe backgTolllld how t/ie long stalactites /ie ill a linp. 

8 h later (2100h ) the stal ac tites had grown as la rge as 
2 m in length a nd O.lm in diameter. Th ey extended 
below the bottom of the thi ck ice alld exhibited a sli ght 
curnHure in th e direction of th e current. Th e ice in the 
upper meter of the stalactites had consolidated consider
a bl y, to th e point \I'here it was p ossible to use the RO\' to 
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re t r ie\T a sta lac tit e . During thi s re tri e\ a l, th e sti ll-fi'ag il e 

bo tt o m pa rt o f' th e sta lac tit e lI'as los t b ut liT liT IT a ble to 

recowr the to p 0.75 m . 
As menti oncd. th e fo rm a tio n o r a n under-i ce sLa lanitc 

requires a plume or colel . d ense brin e ( ~ l a rtin , 1974) . 

l\ j eas urcmcllts m ad e on ice co rcs ta ken soon a rt e r th e 

ra ning e\'ent indi ca ted th a t th e tcmpera turc o r th e ice 

a nd . hence. th e dra ining brin e \\"as app rox im a te ly 10 C. 

Thi s lI'as lI'e ll belo\\" th e fi'ecz ing poi llt orth c surro und ing 

wa te r , 1. 7 C, res ulting in th e ra pid g ro\l"lh or iel' crys tal s 
a ro und th e brin c p lum c. Also criti ca l to th e d C\T lo pm ent 

o r th e la rge r s ta lact it cs is a n a d equ a te \'o lum e nu x or 

brinc. We be li cyc th a t the ITtTllt ly ra rted ice \\"as th e 

so u rce o r the requi sit e brinc. Th e \\" idely dispersed brine 
th a lll'as rcjected (i-o m th e thin , sa lt y, undcfo rlll edl ea d ice 

is o nh' ad equ a tC' to crea te th e sm a ll e r sta lact ites initi a ll y 

o bscr\'ecl [' C' n c<I th th e u nd el() rm ed ice (Da \' to n a nd 

~j a rtin . 197 1 . O n cc thi s yo u ng ice \ \'<lS r a rt ed, 

ho\\"e\'C r, coo ling or th c ice a nd a n increase in e le \'a ti on 

res u lted in a Ill o re rap id , a nd a pparentl y more loca li zed . 

dra in age or brin e . 

Morphology 

Sin cc th e upper p a rt or th e sta la ct ite had conso lid a ted , \\"e 

\-\' ('I'e a ble to rc tri e \'C it , w hi c h prm' id cd a uniqu e 

o ppo rtuni ty to in \'C's ti ga tc it s m o rph ology . !\ \ 'is ua l 

inspec ti on in th e fi eld ( Fi g. 3 ) indi cated th at. lI'hil e th e 
o utsid e \\'a ll o r th e sta lac tit c ha d so m e small bumps a nd 

b end s, th e outsid e di a me ter (0 .1 m ) \I'as rcm a rk a bl y 

consta nt a long it s leng th. Onc o f th e mos t imm ediatel y 

striking as pec ts o f th e sta lact ile was th e tortu os it y o r th e 
inte rn a l brin c c ha nnel. I t \I 'as not a sim ple cy lindri ca l 
c ha nne l d ()\1'Il th e middle o r th e s ta lac tite but rat he r a 

complex. t\l'islin g- passa~e \l ' ay th a t c ha nged size, shirt ed 

pos iti on a nd o ft en split into multiple cha nn els a lo ng th e 

Icllg lh or th e s ta lac tit e. 
The sta lac tit e, packaged w ilh dry ire. was shipped 

back to th e L' .S . Arm y Cold R eg ions Resea rc h a nd 
Eng in eering L a bo rato n ' (o r a qu a ntit a ti\T a na lysis o r ils 

pro pe rti es . From sa mples la ken a l 0 .02 m int e rn tls a lo ng 

the leng th of' th e co re-i cc, sa lin ities we re m eas ured a nd 

horizon ta l thin sec ti o n s \\'ere prep a red . l\ I easured ice 
sa linilies ra ngeel rrom 7 to 10 ppt but \\'e be li e\'e th a t th e 

act u a l in situ \ 'a lu es lI'C re signifi cantl y hi gher, as a 
co nsid e ra ble amount o r b ri ne dra inage occ urred when th e 

sta la ctite was retrie\T d . Th c thin sec ti o ns we re ph o to

g rap h ed und er pola ri zed light 10 id enti ry th e ice-crvs ta l 

st ru c ture ITucker a nd o th ers, 198 7) . A perso na l com

pute r-b ased im age -process ing sys te m ( Pe ro\' ich a nd 

Hira i, 1988 ) was th e n used to d ete rm inc the ice a rea. 
th e brine-c hannel a rea a nd the relati\ 'C a m ounts o f' fra z il 

a nd co lumn a r ice fo r eac h o r th c sec ti ons . 

fi g ure ~a sho\l s \ 'C rt ica l p rofi les o r th e cross-sec ti o n a l 

a rea o f th e brine cha nn els a nd th e ice . Th e cross-sec ti o n a l 

a rea o f th e bri ne cha nnel s \ 'a ri es betwecn 3 a nd 9 cm 2 fo r 

th e top O.25 m, th en in creases g rad u a ll y with depth to 
\ 'a lu es ty pi ca ll y in th e 7 15 em2 ra nge . Th e cross-sec ti o n a l 

a rea o r th e ice a \'e rages 60cm2
, w ith fl uc LU a lions o r 

± 10 c m :! lhroughout the leng th or th e sta lac tite . Th is 

indi ca tes th a t, in th e m a turc pa rt o r th e sta lac ti te, th e 

o ut sid e di a meter a nd th e ice \'o lum e d o no t va r y 

sig nifi ca nth' \lith d epth . Us ing th e p ho tog ra phs ta ke n 
be t \\'ee n crossed po la ri ze rs, \IT dete rm i ncd th e rela ti \ ' e 

a reas or rraz il a nd co lumn a r ice in eac h th in sec ti on. As 

Fig ure 4b indica tes, th e sect ions \I'elT ty pi call y composed 

or 30 % [! 'a zil a nd 70 '10 co lumn a r ice w ith fluctu a tio ns o f 

± 10%. Th ere was no sig nifi ca n t \ 'a ri a ti o n in th e re la ti\ 'e 

a m o unts o rfi-az il a nd columna r ice a lo ng th e leng th o r th e 
sta lac ti te . 

Th e in tcrn a l stru c tu re o f th e sta la n i le is ill ustra ted in 

th e h o ri zo n ta l thin -sec t io n pho togra phs ( Fig . 5) . T he Io u r 
th in sectio ns were loca ted a t (a ) 0 .22 m , (b) 0.28 m , (c ) 
0 .30 III a nd (d l 0.46 m a lo ng th e sta lact it c . The sec ti o n a t 
0 .22 m Fig . Sa ) sho\\'s th e most bas ic structure obse n -ed 
a nd is re prese nta li\ e o f roughl y ha lf or th e re tr ie \ 'C'd 
sta lac tite . It co nsists 0 [' a single, round b ri ne chann el n ea r 
th e ce nte r immed ia te ly surround ed b y an inner zo n e o r 
fi 'az il ice a nd th en by a rin g or column a r ice. Usua ll y, th e 

co llec ti o n o r rraz il ice w as to one sid e o f' th e brine cha nn e l. 

F ig ure 5 b a nd c il lustra tes ho\\' qui ckly the size and sh a p e 

or th e inn er brinc cha nn e l can change . O \'e r a d ista nce o f' 

30 7 
https://doi.org/10.3189/S0022143000016191 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000016191


Journal oJ Glaciolog)l 

Fig. 3. Photograph oJ lite ice staLactite lakell immediate£ll 
(!fin retrievaL. Though Lhere are some blimps and ClIrves in 
the stalactite, lite ouler diameter isJai1'(1' cOllsLant along ils 
Length. 

only 0 .02 m , th e size of th e brine chann el was reduced by 
a fac tor o f 6 a nd the sha pe c hanged from a large tri angle 
to a sm a ll c ircl e. As Figure 5d indi ca tes, not on ly ca n the 
size a nd sha pe of the brin e channel cha nge but the 
number of c hannel s can a lso \"ary. In th is thin sec ti on, the 
brin e c ha nn el had divid ed into fi ve se para te sub
channels. Th e \"(uia bilit y in th e size, sha pe and number 
of brine cha nnels. a long with th e presence of frazil-i ce 
crysta ls, indica tes that th e fluid fl ow inside th e sta lac tite 
was co nvec ti\'ely un sta ble. This is co nsis tent with 
:\Ia rtin 's ( 1974) sugges tion that cOIl\ 'ec tive instabil ities 
develo p inside th e sta lac tite, due to var iations in th e 
density o f the brine. a nd cause o\"erturn ing . 

The co lumnar ice th a t fo rms the outside wa ll of rh e 
sta lactite is nucl ea ted from the fraz il -ice crys tals th at form 
its co re. On ce initi a ted , the columna r crys tal s usua ll y 
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e"tend all th e way to the outsid e wa ll of th e stalactite. A 
crysta l- fabric ana lys is of the thin sec tions showed that th e 
growth of the colum nar ice was directed rad ia ll ), ou twa rd , 
with the c a"es of the crysta ls lying in th e hori zonta l p lane 
perpendicu lar to th e groll·th direct ion, whi ch is th e same 
r elat ive crystal o ri entation as columnar ice [ound in a sea
ice sheet. For th e sta lact ite , th e hea t fl ow is directed rad ia ll y 
outward and fo r a sea-i ce sheet it is directed up\\·ard . 

DISCUSSION 

As men tioned ea rli er, we beli<.:\"C tha l the su bseq uent 
brine dra inage o f rafted ice pro\' id ed the source o f brine 
need ed to form the stalactite . For this to be tru e . there 
must ha\'e been a suffi cient qu a ntit y oCbrine anl il ab le in 
the yo ung lead ice. i'\ o direct m eas urements were m ad e of 
th e \'o lume of brin e ex pell ed from th e stalactite. While a 
brine plume dra ining fi'om the s ta lact ite \\ 'as obsen'ed in 
th e RO\' \ 'ideo, II'C were unab le to measure th e plume 
temperalU re, sa lini ty or [1 011' ra te . 

r t is poss i bl e, hOIl·e\·e r. to form u la te rough est i ma tes of 
th e heat content of th e sta lac tite a nd of th e \'o ]u me oC 
r ej ec ted brine th a t sen 'cd as the necessary hea l sink. T o 
first ord er, the h ea t content (Q ) of the sta lac tite is simpl y 
Q = n OL I' , \\·h e r e ll' is th e weighl of th e ice in th e 
sta lac ti te and L r is the laten t hea t of fu sio n of ice 
(0 .33 r-.lJ kg I ) . Th e weight or lh e retri e\'Cd part of the 

s ta lactite \\'as 3 .1 kg. We can on ly es tima te th e weight of 
the pa rr th a t was lost. [n th e \' ideo. it appeared to be 
a bout 0.75 m long and 0.08 m in diameter. The ice 
content is not known but from its lac k or coh es i\'C ll ess \\'e 
sha ll ass ume th a t th e 10\\'e r pa rt was 25% ice a nd 75 % 
brine. This g i\'es an ice we ig ht fo r the 100\'C r part of 
approxima te ly 0 .9 kg and a to ta l sta lact ite weight of 
4.0 kg. Thus, th e hea t co ntent of th e entire brine sta lac tite 
is rough ly 1.35 J..Ij. The \'olum e of rejected brine (V ) 
n eed ed to extrac t the hea t conte nt of the sta lact ite is 

(1) 

where (3 is th e ft-ac tion of th e h ea t ex trac ted from the 

brine that goes to freezing the stalactite, Ph is th e density 
of th e rej ec ted brine, c is th e specifi c hea t of the brine 
(4.2 kJ kg I cC I ), 11, is the tempera ture of th e bri ne and 

To is th e te mpera ture of th e underlying sea water 
(To'" - 1.7°C ). A cco rdin g to J..1 a rtin 's la bora tory expe ri
m ents, a minimum of ha lf o f th e hea t ex tracted by th e 
cold brine contributes to the fo rm ation of the \\'a ll s of th e 
sta lactit e ((3 =0.5 ). The remaining hea t is lost to ice 
c rys ta ls that g row in th e \'icinity o f the tip of the sta lact ite 
but a rc swep t o ut to th e und erl ying ocean. Th e density oC 
th e brine pI um e was determ i ned from ice p h ys ical
propert y measurements. which sh oll'ed that the lead ice 
had a bulk sa lini ty of 18 ppt and a mean temperature of 
- IO ' C. Ass uming that th e brin e was at its sa linity
d e termin ed freez ing point a nd had a tem pera ture of 
- 10°C, th en the brine sa linity "vas 150 ppt (Fujino and 
o th ers. 1974) a nd th e density was 11 20 kg m 3 (Gebhart 
and :\loll endorf, 1977 ). Substituting these \'a lues into 

Eq uat ion ( I ) g i\"es a n estimate of 70 I for the \ '0 1 ume of 
brine th a t flowed through th e sta lact ite . Based on th ese 

https://doi.org/10.3189/S0022143000016191 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000016191


Peral'ith and a/hers : Ire sta lactites obsenwl under deformillg lead ice 

0.1 

Columnar 

0.6 

20 40 60 80 o 20 40 60 80 100 

Area (cm2
) Percent area 

Fig. -I. Plot.) I!/ ( a) the (Ioss -secl ion({1 ({rea oJ ire alld brille r!/{{III1r!.1 alollg Ih e l('JIgth II/Ihl' .l/alaclile alld ( b) l/i p rflatil' f 
all/oullls qjji-a::il ({nd colulIlllar ia ill the stalactile. ;:ero rle/!t" corre.I/)OIlr!.1 to t"e base I!/Ihe .Italadite. 

a pprox im a ti o ns. th e n . fo r a n O\\' p e ri o d o r 15 h 0600 

2 100 h , th e a\ 'e rage fl o\\" ra te \\'a s 1.3 IllI s I . Thi s is a n 

o rd er o r mag nitud e less th a n th e \ 'a lu c o f' 18 1111 s 1 

cs timated by D aYLO n and \I a nin 197 1) fo r A nt a r c ti c 

sta lact ites . 

C o uld th c rafled icc suppl y 70 I o f' brine to th e 

sta lac tit c? As d esc ribed ea rlier , th e underwa ter \ ' id eo 

indi c<lted th a t th e s talac tit es were sp aced rou ghl y 5 10 m 

a p a rt a nd IIT rc loca ted I III f) 'o l11 th e ed ge of'th e thi ck ice . 

\\'e al so o bse n 'Cdthat th e strip o f' yo un g lead ice th a t h a d 

ra f't ed o n to th e thi c k ice al ong the le n g th o f' th e lead was 

3 .5 m \\"id e a nd 0.0-+ III thi ck Fi g . 2 ). Fro m thi s, lIT 

ass um ed a sta la ctit e " drainage basin " that was 4 .5 m 

II·id e . 5 10 m lo ng a nd O.O+ mthi ck, fo r a to ta l ice \ 'o lul11 e 

o f' 0 .9 1.8 m :' . lee II'ith a tempera ture o f - 10 c: a nd a 

sa linit y o r 18 ppt ha s ;1 brin c I'o lum c o r 10%, (Fra nk c n

stein and Ca rdn er , 1967 ). Thcrclo re, th e to tal a m o unt of' 

brin e in th c " dra in age b as in " is 90 18 0 I, impl yin g th a t 

+0 80 % o r thi s brin e dra in ed throug h th e sta lact it c. 

\\'hile no t d ef initi n ' proof th a t th e rart ed ice II'as th e brin e 

so urce for th e s lala c tit l·. it is ce rt a inh' suppo rtin g 

e \·id e n cc . 

Th e like lih ood th a t d cfc) rm ed ice w as the brin e so urce 

fo r th e stal ac tit e ra ises a n intri g uin g ques ti on: II'hat r o le 

d oes deform a ti o n pl ay in th e d csa linati o n of \'o un g le a d 

ice and , co nscqu e ntl y . th e input o r salt to th e ocea n ') 

C OI1\ 'C llli ona l thinking rega rdin g- d csa lin a ti on has bee n 

dire l'l cd towards a n ice g roll,th o nl y sce n a ri o ( i\l o ri so n 

and o th ers. 1992 ). 1n th e "impl cs t case und e r th ese 

conditi ons, th e sa lt flu x d ue to brin e rej ect ed rrolll 

undclcJI'IllC'd ice is di s tributed unifo rml y in space, a nd 
th e r a te o f're jcct io n \ 'a ri es smoo thl y II' ith tim c. reac hin g- a 

ma x imum within th e lirst !ell' ho urs o f' g rOll'th , th e n 

d ecre<Ls i ng as th e ice-g ro wth ra tc d ec reascs. Th e o bse r l' 

a ti o n s d escribed in thi s pa pe r, h Ol\'(' \T r, sugges t th a t 

defo rm a ti o n or th e yo un g ice m ay co nsiderabl y com

plica te thi s pi c turc a nd co uld ca use th e sa lt nu x to b e 

m o re \ 'a ri a ble , in b o th tim e a nd space. 

\\'hile lI e d o no t h a l T th c d e ta il ed o bse n 'a ti o n s 

nccess<ln' to assess Ii.dl ) th e impact o f' d y n a mi cs o n ice 

desa linati o n. lIT can ga in so m e perspecti\T o n th e ro le o f' 

d ero rma ti o n in th e d esa lin a ti o n process by co mpa rin g- th e 

a mo unt or sa lt re jec ted during fc) rm a ti o n o f' th e stala c tit e 

to th a t \\ 'hi c h occ urrcd in a n und eform ed ice sh ec l. Thi s is 

d one b y kee pin g in mind th a t th e rc is co nsid e ra bl e 

na tura l \ 'a riaiJilit y in th e rate a nd m ec h a ni sms o f ice 

d esa linatio n , a nd res ult s li 'o m a compa ri so n o r two cases 

a rc b>' n o m ea ll s d c llniti\ 'C. Da ta fo r the undclo rm cd ca se 

co m e f) 'o l11 Ill eas urenll'nts m a d e a fCII' da ys carli e r at a 

dif fe r c nt le a d . \I·h e re there II'a s littl c d e fo rmati o n. 

\[ c teoro logiea l co nditi o n s a t llO th lead sit es IIT rc similar 

durin g th e initi a l ph ase of' ice g rOlI,th: ski es IIT rc c lea r . th c 

II'ind II'as li g ht ;t ndth e an' rage d a il y air te mpera turc w as 

2 1 C, Ice co res lIT re p er iodi ca ll y re m ol'('d from th e 

g rowin g le a d ice a nd i1 n a lyzed fo r tc mpe r a ture, sa linit y 

and stru c ture. Fo ll OII'ing th e mc th od o logy o r C OIl alld 

o th ers ( 1990 ). tim c-seri cs m easurc m c nts o r bulk-i ce 

sa linit y (Sb) and icc thickn ess (H ) ca n b c used to 

estim a te th e d esa lin a ti o n ra te a nd th e am o unt o f' sa lt 

rejec ted per unit a rea (81') from th c ice to th e occan. The 

dcsalin a ti o n ra te is simpl y th e chan ge in the bulk sa linit y 

01' th e ice pe r unit tim e (cl S'b / clt). Th e am o unt o f' sa lt 

rejcc ted is dcli ned b\' 

where p is th e d cnsit y o f' th e sea icc (920 kg 111 '1 and SI\' is 

th e sa linit\· o f'th e \I'a ler (30 ppt l. \\ 'c ca n th e n d e tCl'mine 

th e salt flu x (Sr) b\' taking th e tim e deri\ 'a ti w' o f th c sa lt 

rej ec tcd (SI' = clSr/clt ) . [n o rd e r to m a ke thi s ca lcul a ti o n 

Ic) r th c dclo rm ed ice , lIT reca ll o ur ca rli e r es tim a tes th a t 

a pprox im a tc ly +0 80'y') o f' th e brine in th e ra f't ed ice 

drain ed thro ugh th e s tal a ctite , a nd rca li ze that additi o n a l 

brine m ay halT drain c d f) 'o m th e rafted ice but n o t 

thro ug h th e sta lac tite , B ased on thi s, II'e will assum e a 
co nse rn lli\ 'e es tim ate o f' 6 0 % to tal brin e loss O\T r th e 

30 9 
https://doi.org/10.3189/S0022143000016191 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000016191


J ournal if GLacioLog), 

a 

t----4 

1 cm 

d 

Fig. 5. P/zotograjJ/zs, taken undeurossed jJoLari;:;ers, oJ thin sectiollsJrOI1l dejJths oJ (a) 0.22 m, (b) 0.28111 , ({) 0.30 m and 
(d) 0.46m. 

d esc ribed " d ra in age bas i n ", in effec t red ucing the bulk 
sa lin i ty o f the ra fted ice (i"om 18 to 7 p p t o\'er a 15 h 
peri od . 

T a ble I summa ri zes ice thi ckness, bulk salini ty, ice
d esa lin a ti on ra te, the to ta l sa lt rejeered a nd the sa lt nu x 
from the ice for the d efo rm ed a nd und efo rmed cases. As 
ex pec ted , the d esalin a ti o n ra te in th e und eform ed ice 
reached a max imum during the first few hours, when 
growth ra tes we re la rge, a nd th en dec reased as the ra te o f 
g rowth slowed. [n th e d efo rm ed ice , even using th e 

3 10 

consc'r\"a ti ve estim a te of brine loss, th ere was a high 
d esalin a ti o n I"a te of 17.6 pptd I. This va luE' was the 
ave rage d esa lin a ti on ra te fo r the entire p eri od wc 
obsen 'ed th e s ta lact ite. I n a ll likelihood, th e ra te was 
higher whe n th e ice fi rs t ra fted , th en dec reased w ith time. 
Aside fi"o m the initi a l few ho urs of gro\\·th , w he n th e ra tes 
we re compa ra b le, d esa lina tio n was a llVays g rea ter in the 
d eformed ice th a n in the und efo r med . T hi s illustrates tha t 
lifting hig h ly saline ice o ut o f the wa ter is a n effec ti \"C 
d esa li na ti o n m echa nism. 
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T able l. A comjJarison betweell 1I11deJormed and diformed 
ice of desalilZalioll alld salt flux ]ram the ice to the oceal7. 
T ime denotes how 10llg the lead ice ha.1 been growing 
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12. 1 

Whil e th e d eform ed ice has a hig her d esa lin a ti on ra te. 
th e sa lt flu x from th e d efo rm ed ice is, fo r th e most pa rt , 
sma ll e r th a n from th e und efo rm ed. Th e la rge r flu x in th e 
und eform ed case res ults fro m th e contributio n to th e sa lt 
flu x mad e b y th e brine rej ec ted from th e new ice g ro\\·th. 
In th e defo rm ed ice, g ro wth stopped o n ce it ra fted. 
Th oug h no t as la rge as th e initia l g row th stage of th e 
undeform ecl ice , th e sa lt flu x res ulting fro m d efo rm a ti on 
was still a consid erable 0.7 kg m 2 d I . S imilar es tim a tes of 
th e sa lt flu x fl'om ice growing in a flTez ing lead mad e by 
G ml' a nd o th ers ( 1990) indi ca te th a t, a ft e r 7 d o f g rml"lh , 

') 1 
th e sa lt flu x d ecreased to a n a verage o f 0.1 7 kg m - d . 
M ore impo rtant to consid e r a re difTc rences in th e cha r
act er of th e sa lt flu x. I n th e und eform ed case, the sa lts a rc 

rej ec ted unifo rml y o\-e r a wid er a rea . The d efo rmed case 
ex hibits mu c h more spa ti a l va riability, with th e brinc 
injec ted thro ug h th e sta lac tit e into th e ocean as a highl y 

concentra ted point source. 
T o d c te rmin e th e impac t o f this plum e of cold, dense 

brine o n th e th erm oha lin t' s tru c ture of th e und erl ying 
\\' a ter, th e ques ti on of its penetra ti on d e pth must be 
addressed. Th e penetra ti o n d epth is a fun c ti o n of th e 
d ensity o f th e brine plum e re la ti ve to th e underl ying sea 
\\'a ter , as we ll as the ra te a nd cha rac ter o f th e injec ted 
brine. In th e case \I 'e obse r \'ed , th e brin e plum e ex iting 
th e sta laClit e ha d a hi gher d ens it\' th a n th e und e' d ying sea 

3 . 1 
wa ter : 11 20 kg m compa red \I'nh 1020 kg m ' . Th e 
sta lac tite plumc, as seen in th e \'id eo, a ppears to becoIll c 
nea rl y ho ri zo nta l within 1 m o f th e sta la ctite . Since th e 
a mbi ent ho ri zonta l fl ow was a n ord er o[ m agnitud e' 
g rea te r th a n th e es tima ted \ 'C rti ca l \'e loc it y of th e brine in 

Perovich and others: l ee stalactites observed IIlIder deJorming lead ice 

the sta lac tite, it is Jikely th a t th e plume would ha \'e bee n 
ca rri ed se\'e ra l hundred mete rs d ownstream befo re it 
se ttl ed to th e base of th e mi xed la ye r a t a depth of 30 m. 
R ough es tim a tes d e termined using. moke-stac k th eo ry 
(C sanad y, 1965; Sl awso n a nd Csa nad y, 1967 ) indi ca te 
th a t O\'e r thi s di sta nce th e plume wo uld ha\'e sp read to a 
few meters ac ross, ca using a m a rk ed dec rease in th e 
salinit y perturb a tion. This sugges ts th a t, w hil e th e 
sta lact ite plum es m ay be identifia ble some di sta nce from 
th e source and co uld contribute to mixing in th e uppe'r 
laye r. it is unlik e ly th a t the)' wo uld pene tra te the 
p),cnoc li ne. Th ese comments a re spec ul a ti ye but th ey d o 
sugges t th a t m o re d eta il ed m ocJ e ling a imed as assessing 
th e impac t o f th e brin e plum e o n th e th erm o haJine 
struc ture of th e up pe r ocean is wa rra nted . 

This stud y has prO\'id ed inform a tion on th e fo rm a ti on 
a nd morphol ogy o f uncl er-i ce sta lac tites and has indi ca ted 
th a t ice d efo rm a ti o n may ma ke a n import a n t contrib
uti on (0 th e process of ice desa lin a ti on . It has a lso r a ised 

ques ti ons th a t need to be addressed in future studi es. 
These ra nge in , co pe fi'om th e fo rm a ti on process o f th e 
sta lac tit e to th e ocea nogra phi c implica ti oJl s o f d efo rm
a ti ona ll y dri \'e n brine dra inage. F o r instance, in th e case 
o r sta lac tite fo rmati o n, it was sh o wn th a t th e rafted ice 
ha d enough brine a \ 'a il a ble to fo rm th e sta lac tite, i[ th ere 
was significant h o ri zont a l mO\'em e nt of th e brin e within 
the ra ft ed sea -i ce shee t. A th orou g h structura l a na lys is of 
th e defo rm ed ice, direc ted to w a rds id entify in g th e 
ne t\\'o rk of brine dra in age features, should be m a d e to 

confirm this h ypo th es is. Ano th e r re la ted ques ti o n con
ce rn s th e reaso n w lw th e brin e ex it s a t regul a r ly sp aced , 
disc re te points ra th er th a n continuo usly, a long th e line 
fo rm ed by th e j Ull c ti on of the tilted , ra ft cd ice a nd th e 
le\'e l und efo rm ed lead ice . Onc possible ex pl a na ti o n is 
that th ere were sm a ll-a mplitud e undula tions in th e ra ft ed 
ice th at ra n a lo ng th e edge of th e lead. The co mbin a ti o n 
o f th ese undul a ti o ns \\' ith th e junc ti on of th e ra fted a nd 
uncl efo rm ed i e (Fi g . 2) wo u ld e fTcc ti\"(' ly c rea te a 
dra inage bas in fo r eac h of th e sta lac tites. El e \ 'a ti o n 
measurements to d efine th e sm a ll-sca le to pog ra ph y of 
the sea -i ce shee t surro undin g a sta lac tite would be usc ful 
ill e\'alu a ting' thi s h ypoth es is. 

Th e role o r d efo rma ti on in th e d esa lina ti on o f yo ung 
ice is of po tenti a l oceanographic import a nce . Th o ug h 
limited , our o /)sen 'a ti ons durin g bo th th e LeadEx pilot 
a nd ma in ex perim ents indica te th a t the defo rm a ti o n of 
thin lead ice was pen 'as in' and th a t ra ftin g was commo n. 
It is importa nt , th e refore, to dete rmine and qua ntify th e 
rela ti\'e contributi o n of deform a ti o n in th e process o r 
d esa lin a ti on o f sea-ice shce ts so th a t th e entire process, 
inc luding bo th th e d efo rm ed and undeform ed compo n
ents, can be a ppro pri a tely represe nt ed in mod els. Th e 
fo rm a ti on or th e s ta lac tit e'S due to ra ftin g of thin ice 0 \ "(' 1' 

thi ck ice proba bl y represe nts a n ex treme case of enh a nced 
d esa linati on du e to d eform a ti o n. It d oes se r\'e to show, 
h owe\'e r , th a t defo rm a ti on can ha lT a n impact o n bo th 
rhe qua ntity a nd na ture of brin e dra in age from a sea -ice 
shee t. Other commo n cascs th a t need to be consid e red 
in c lud e th e ra ftin g o r thin ice ove r thin ice and th e 
building of rid ges a nd rubbl e. Th e impac t or d efo rm a ti o n 
o n d esalina ti on in th ese insta nces m ay be diffe rent than 
th e case of thin- ice ra n ing o\'e r th ick ice . For ex a mple. 
wh en thin ice ra fts o\ 'C r thin Ice, th ere is little c ha nge in 
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freeboa rd compa red to th e insta nce when thin ice ra f't s 
o\'e r thi ck ice . Witho ut thi s cha nge in fl 'Ce boa rd, th e re is 
littl e increase in th e e!c\'a ti on o f the sea-i ce shee t and 
subsequ el1ll y little enh a nced dra in age . In th is case, 
d eform a ti on a lso increases th e to ta l ice thickn ess. th e reby 
reducing th e sa lt flu x due lO n ew growth. Ano th er 
chara c teri sti c th a t is likely to innuen ce the amount of' 
brin e dra in age from defo rm ed ice is the ori gina l thi ckn ess 
of the sea-i ce sheet. Though th e bulk sa linit y of a sea-i ce 
shee t typica ll y decreases with in creas ing thi ckn ess, thi cker 
ice ma y ha\'e more tota l brine ava ilabl e fo r drain age th an 
thinner ice . Ho\l'e\'er, it does not necessa ril y foil 0\1' th a t 
more bri ne \I'i 11 drai n from thi c ke r sea -i ce shee ts d u ri ng a 
deforma ti on eycnt, since the thi c ker ice is ca lder a nd m ay 
lose a sma ll e r frac ti on of' its brine. Additiona l field a nd 
laboratory meas urements o r th e temporal changes th a t 
occ ur in th e salinity profile of th e ice bclo re a nd afte r 
deformation, coupled \I'ith measurements of the ph ys ica l 
properti e, o f th e ice and d e ta iled obsen 'a tions of the 
nature o f' th e deforma ti on, are necessary befo re th ese 
processes can be accurately d escr ibed, K ey iss ues that 
need to be in vcst igated inelud e d e te rmining the frac ti on 
of th e bri ne that is los t fl 'om dcfo rmed ice a nd h o Vl' thi s 
fraction \'aries \I'ith thi ckn ess a nd time. Such res ults th en 
need to be co upled with la rge-scale studi es of th e ex tent 
and freq uency of th e \'(I ri ous mod es of deform a ti o n ill 
orde r to assess th e oceanograph ic impact of dcsalin atioll 
due to d efo rmation . 

SUMMARY 

L a rge ice sta lac ti tes. I 2 m in length and 0,05- 0. 10 m 
wide. were obsenTd under a d efo rm ed lead in th e 
Beaufort Sea, These sta lac tites g rew rapidl y around 
plumes of cold , dense brine. Th e so urce of' th e brin e was 
enhan ced dra inage that resulted when sa lty lead ice 
rafted on to adjacent thi ck ice . A morphological a na lysis 
of a re tri e\'ed sta lac tite ind ica ted that the brine fl o\\'ed 
throug h a tortuous centra l ch a nne l or \'ariable size th a t 
often bra nched into se\'era l sub-cha nnel s, The sta lactite 
was composed or a combin a tion or fl"az il (30% ) a nd 
columna r (70 % ) ice, typica lly with a n inner zo ne o rfl'az il 
ice adj ace nt to th e brine cha nn el, surrou nd ed by a rin g or 
columna r ice . The column ar ice g rew radi a ll y o ut\l'ard 
\I'ith th e c r ysta l c axes in th e ho ri zo ntal pl a ne. 
perpendi cul a r to the grOll'lh direc ti on. Estim a tes or the 
h eat and brin e assoc ia ted with sta lact it e fo rm a ti on 
d e termined a n a verage brine-flow rate of a pprox im a tely 
I ml s I thro ug h the sta lact ite , Furth er calc ula ti o ns sho\\' 
that th ere \I'as indeed a n a mple suppl y of cold , d ense 

brin e a\'a ila ble in the raf'ted lead ice to pro\'ide thi s flo\\ ' 
and fo rm th e sta lactites. The brine dra ined thro ugh these 
sta lac tites represents a signifi ca nt part of the brine los t 
rrom deformed yo ung ice to th e ocean , Since thin , \I'a rm. 
lead ice is eas il y and freq uen tl y defo rm ed. it rollo\l's th a t 
the dynamics of th e lead ice. as \\'ell as th e thnmo
dynam ics, may halT a n efTect o n th e th ermoha lin e 
stru cture or th e upper ocean , 
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