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ABSTRACT. Glacial cah-in g is a p oo rl y und erstood process . This st ud y tes ts the 
influ e n ce of" loca l cn\' iro nl1l e nra l \ 'a riables on th e m agnitud e and frequcncy 
di stributi ons of ca h 'in g b c- hm'iour at G lac ia r San R a fad , Ch il e . N ea r th e terl1linus 
0 (" th e g lac ie r, surbcc 'speed s ;t\"("rage 17 111 cl I in , Ullllller and ca h-in g is pro fu se and 
cOll tinual. Th e size. locat io n ancl charact('J"i st irs 0(" O\'er 7000 cah- ing e\"C nt s \I'ere 
rccorcl ed during 32 cl in 199 1 a nd 1992. toge th er \\'ith Illeteorologica l. bathYll1e tri c an d 
ocea noe: ral) hi c c1ata. ;\I c<l n c1a ih· ca h ·in g· exceeds +00 ew' nts 1xr da )' and th e mea n 

" T I ' 
cah- in g !lux is more th a n 2 ;\]Ill d . ?lJcan a nnu a l ca h-in g s peed a nd ca king !lux arc 
about +SOO III a I and 2 .0 kill ! a I. respectin·h-. This caking speed is hig her tit a n that 
predicted b y the es ta hli shecl empiri ca l re la ti o nship bet\l'een tide-water ca h 'in g speed 
a nd \I'a te r d epth. This is su rpri sin g, g il"{' n th e loll' sa linit y o f" L agun a San Raf~le l and 
that fresh-water ca h-in g sp eeds arc comlll o nl y mu ch lo\\"er titan those in tid e water. 
Da ih' pa ll e rn s of ca h 'in g f"requency and flu x correl a te poorly or no t at a ll \I 'ith 
meteorological \'ar iables , but tidal stage lllay lt a\T ,0 Tll e control O\Tr the timin g o f 
large su bm<l rin e C<l h-i ng e \T nts. Su hma ri ne ca h-in g prod uccc\ th e larges t bergs. 
H O\l"C \ 'er, th e relat i\ 'C ly small total !lu x reco rded fi 'o m th e submerged pa rt o f the ice 
c\ill" may impl \" unu suall y ra pid melt ra tes. 

CAL VING: A SIGNIFICANT PROCESS ship bctween regiona l c lim a te c ha nge a nd th e g lac irr's 

hi sto ri c !luc lllatio ns is di sc ussed b\" \\'a rre n ( 1993 ) . 

,\ d eta iled , se mi-qu a ntita ti l'l' mon ito rin g programm e o f' 

ca h-in g ani\'it )" \I 'as undertaken a t G lac ial' San R alael in 

Chi lea n Patago ni a. This is o ne or the best fi e ld sit es fo r 

stud yin g sho rt-tcrm ca kin g beha\'io ur h ecause of th e 

g rea t mag nitucl e ancl fi 'equ e ncy 0(" ca h-in g . Th e rc la tion-
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The ca h·ing o f ice bergs fro m g lac iers is a p oo rl y 

understood process, \'cl an impo rta nt o ne \\" ithin the 

g loba l c lim a te system. C urre nt es tim a tes sugges t that 

cah- in g accounts fo r aboutS6% ofLO ta l m ass loss fi 'o m the 

Grecnland ice sh eet (R ee h , 1994a ) and 77% fro m th e 

:\ntarnic ice sh ee t (jacobs and o thers. 1992 , a nd it is a 

sig nili ca nt e le lll e nt in th e ch 'n a mi cs a nd m ass b a la nce of' 

man )' ice fi e lds wo rld ll' id e . Inte rac ti on be tween cah 'ing 

instab iliti es. to p ogra ph y a nd proglacia1 sed ime nta ti on 

can ca use no n- c lim at ic g lac ie r flu c tu a ti o ns (]\Iann , 1986; 

All ey , 199 1; P o w e ll , 199 1; Trabant and o thers, 199 1), 

re nclerin g th e res ultin g g lac ia l geo log ica l record 0(" 

dubi ous ",tlue fo r pa laeoclimate studi es (Hill a ire-:'d arce l 

a nd o th ers, 198 1; ]\]cicr a nd P ost, 1987; W a rre n, 1992 ) . 

R ap id ca lv ing in tid e wa te r (H ug hes . 1987 ) ancl fres h 

wa ter (Anclrews, 1973; T ell e r , 1987 ) was cru c ia l to th e 
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di sin tegration of the Pl eistocene ice sheets, modulating 
th eir respo nse to inso lation forcing (Thomas . 1977; 
Mickelson and oth ers, 198 1; Poll ard, 1984; ,,'art-en and 
Hu1ton , 1990). Calving is a lso integra l to the dynamics of 
ma rin e ice sheets, such as the \Ves t Antarctic ice sheet, 
wh ich a re thought to be unstable (?\fercer , 1968; 1\lac
Ayea l, 1992 ). Altention has been rcfoc used on large-sca le 
catas trophic cah-ing episodes by the disco\'e r), of " H ein 
rich eyents" recorded in the last glac ia l sed imen ts o f' the 
North Atlantic region (Bond and o thers, 1992; Andrews 
and others, 1994) . These indicate th at catastrophic 
calving ep isodes may occur throughout a glac ia l period 
and not simpl y during its last retrea t phase, 

Improved und erstanding of ca lving dynamics is 
th erefore important for interpreta ti on of' the g lac ia l 
geological record (Powe ll and E lverhoi , 1989) and for 
slUdi es of the interac tion between glacial ion and cl imatic 
change (Hughes, 1992; R eeh , 1994b ) , At presenl, large 
uncertainties concerning the processes a nd rates of cah-ing 
hinder predi ctions of th e likely response of the cryosphere 
to any fut ure global warming wi th its implications for sea
level ri se (And erson and Thomas, 199 1; Braith waile and 
oth ers, 1992 ) , 

In Pa tago ni a, cal\'ing g laciers compri se a bout ha lf' of 
a ll ou tlet glaciers, so high proporti ons of the total mass 
loss must be ac hie\'ed through cah-ing (Warren and 
Sugd en, 1993 ) , Th e sign ifi cance of' cah-ing for thc 
d ynam ics of th e P a tago nian ice fi eld s ,,'as pro bab ly 
much enh anced during glac ia l period s when there were 
large proglac ial la kes and may haye been long, contin
uous tid e-wa ter margi ns (H ollin and Schilling, 198 1) , 
The regional la te-glac ia l and H olocene chronology of 
glacier nuctua tions deve loped by ~l e rcer (1976, 1982 ) 
res ts to a large degree on records from sites a t cah-ing 
glac iers, Th is qu est ions the \'alidity and use of the 
chronology for answering questions about the nature of 
late-glac ial cl imatic change in southern most South America 
(Clappenon, 1993; \\' arren and others , in press b), 

GLACIAR SAN RAFAEL 

Glaciar San R afae l (46°4 1' S, 73°50' \\ ') IS the lowest
la titude tide-water g lacier on Earth, At the end of the 
19th century, icebergs from the g lacier lI'ere regularly 
towed to Callao, Peru, at 12° S (\\'eeks a nd Campbell , 
1973 ) , Th e g lacier is a western ou tl et from Hi e lo 
P a tagon ico Norte (north ern P atagoni a ice field ) (Fig. 
I), dra ining a bout 19 % orits total area (Aniya, 1988) . It 
fl ows into Laguna San R afae l in th e Pa rque K ac iona l 
San R a fae l, termin a ting at a ca king cliff which is 3 km 
long a nd 30- 70 m hig h (Fig. 2) . Lag un a San R afae l is 
linked to th e sea by a na rrow channel , the Ri o 
Tempa nos, a nd experi ences a tidal range of I 2 m . 
Near the terminus, ice \'elocities during sum me r 1984 
reached 17- 22 md l (K ondo a nd Yamada, 1988 ) . 
I cebergs ca lve every few minutes (Fig. 3) . I cebergs 
meas uring tens a nd sometimes hundreds of metres in 
length a re common, w hil e excep tional single calv ing 
events can im'o lve ice volumes as g rea t as 21\ l m 3 

(H a rri son, 1992 ) . After a period o f drastic retrea tin 
the 1980s at :::;300m a I (Aniya , 1992 ) the terminus 
reach ed a quasi-stabl e retracted position in the ea rl y 
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Fig. 1. Hielo Palagolli(({ ,\ 'orle ( lIorlhem Palagollia ire 
field) . 

1990s. No signiflcal1l change o(,cur red betll'een the 
austra l summers of 1990/91 and 1992 /93 (,,'an"e n , 
1993 ) . 

The climate of Chi lean Patagonia is similar to that of 
southeast Alaska but with \I'armrr \I'inters and ('ooler. 
\I'indier sUlllmers ( ~lercer, 1970 ). L"ing in the "Roaring 
Forties", the area is characterized by the frequent passage 
of ra in-beari ng storm systems. At sea level at Laguna San 
R afac l, precipitation exceeds -1-000 mm a I (EnomoLO and 
)1akajima, 1985 ). whi le on the accumu lation areas of the 
Patagon ian ice fields it may exceed 8000mma I (Escobar 
and o thers , 1992 ), Net accumulation within the San Rafael 
drainage basin is approx ima tely 3.5 III a I and surface 
ablation ra tes during the summer arc high (Yamada, 1987; 
Kondo and Yamada, 1988 ), producing la rge \'olumes of 
mel t\l'a ter . Seasona l \ 'a ria tions in preeipi ta tion and 
temperature are small, but inrer-annua l \'ariation is large 
(Enomoto and Nakajima, 1985), ConseqLlently, ab lat ion 
and accumulation seasons \ 'c1I'), great ly from year to year 
and arc d iffi cu lt to define, bill the equi librium-linc altitud e 
is about 1200m Aniya, 1988. 

CAL VING DYNAMICS: THEORETICAL 
BACKGROUND 

The physics of iceberg caking, especia ll y fi 'om the 
submerged pan of grounded calving fronts , remains an 
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Fig. 2. TIll' mll'illgjrolll ill FebrualJ' 1992 /akCl! from Ill £' obselTalioll I)oilll 011 lite lIorlhem mile)' side . T he j)llOlograjJiz 
l('a.) lakm .\ /tor/(I' bdl)/'(' Ihe call'illg fl'ml .l/lIIll'lI ill Figllre 3. lite localioll of ll,ltich i.1 //larked. 

a rea of co nsid erable uncerta in ty (H ug-hes. 1992 ; \\' ar ren. 
1992 ). ~Iu ch of our understan d ing der i\'Cs !i'om exte nsi\'C 

stud ies of .\Iasbn cah- ing g laciers. espec ia ll y Colum bia 

G lac ier t M eier and others, 1980. 1985; :\l c icr and Post, 
1987; K r immel, 1 ~)921. Th ese st ud ies han' established 

that. \\' hen a\'eraged O\'er long periods > 1 a ) there is a 

strong correlation bet\l'('c n ca h 'ing speed and \\'idth -

Fig. 3 . . 1 ~l'/Jical .\l/baNial [(}/z'ing l' I'i'II/ . The /om/ioll !if 
l/ti.\ el'I' 1I1 iJ .\/t01('1I ill Figure 2. 

a\'Craged water d ep ths (Bro \\'n a nd others, 198 2) , but 

th a t owr sh o rt e r peri ods ca h ·ing co rrelates m o re closely 

\I'ith flu c tu at ions in su bg lac ia l m e ltwa te r di sc h a rge 
S iko ni a a nd Post. 1980 ). D a ta fro m Columbi a Gl ac ier 

d urin g its cur rc nt catas trophic re trea t a t a lmos t 2 km a I 

de m ons trate th e robus tness o r th e wa ter-d epth re la ti on 

:\l e ier. 199+) . Ca king ra tes a t gro und ed tempera te 
te rmi ni a lso cor re late strong ly w ith ice thi ckn ess (Brow n 

a nd o th ers. 1982 ) a nd th ere is somc t'\ 'idencc th a t ca king 
rates fi'om fl oa tin g tcrmini may a lso rela te to ice thi c kn css 

( PelLO and \\' a rren. 199 1; R ech . 1 99 1~a ) . U npubli shed 

info rmation from R. LcB. H oo kc ( 1990 ) has sugges ted 

th a t acc um ul a ted longitud in a l stra in is a n impo rta nt 

co n tro l on ca " ' in g ra tes thro u g h th e p ro m o ti o n of 

c lT\ 'ass ing a nd stress \I'('a kening o f th e ice. a nd P owell 

( 1983 1 doc um ented caking-speccl increases w h e n reli ct 

CH' \'asse fi e ld s e ncou n te red near-terminus ex ten siona l 
cn'\ 'asse fi elds. O th er factors w hi c h may exe rt sig nifi cant 

con tro l O\'c r ca king ra tcs a re d isc ussed by \V a rren 

1992 . 

Caking produces a bewild e rin g \'a ri et\, of sh a pes a nd 

sizes o r icebe rgs, bu t th ere a rc three ma in m od es of 
ca h- ing, as firs t d iscussed b y R e id (1892 ). Th e mos t 

common is th e fi"act uring o f seracs a bo\'(~ th e \I'a te rlin e 

whi ch th en to pple fo rwa rd o r plunge downwa rd . Less 

freq uen th-. com p le te sect ions o f th e ice fi'ont sh ea r o ff. 

Submarine blocks a lso break away a nd rise to th e surface, 

a p rocess evc n m ore poo r'" und erstood th a n subae ri a l 

ca h-in g. R . L eE . Hooke (pe rso n a l communica ti o n , 1993 ) 
sugges ts a class ifi ca ti on of ca lv ing c \'ents accordin g to th e 

nature o r the f ~l ilu re : tens ile fa ilure in whi ch a bloc k 

ro ta tes a bo ut a n ax is nca r its b ase o r shea r failure in 

w hi ch the bloc k slides cl own w ith no ro ta ti on. H e a lso 
postu la tes a third type in \\hi c h com pressi\ 'e fa ilure or 

crushing occ urs in the base of a block oth erwi se iso lated 

b v crn'asses. 

1 n Al aska the su bmarin e parts o f ca h-in g fro nts a rc 

typ ica ll y \'C rti ca l o r O\'Crha ng in g to so me deg ree (Powel!. 
198 1, 1988a ) . H owe \'C r, Hu g h es ( 1989, 199 2 ) a nd 

Hug hes a nd Na kaga\\'a ( 1989 ) propose th a t bend ing 
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shea r is th e ra te-controlling m echanism \\'ithin eah'ing 
faces bo th abo\'e and bel 0 11' th e wa terline, and [h a t, g iven 
th e difTe rent stress regime below th e wa ter, there must be 
a proj ec ting sub-m arine ice fo o t from which calving 
occ urs primarily due to buoyancy fo rces . This debate goes 
bac k to some of th t' earli es t o bsen 'a tions of calving 
g laeit' rs, wh en W ri ght (1892, p. 29 ) inferred a " projecting 
foo t of ice" and R eid (1892 ) a nd Gilbert (1903) a rg ued 
th e opposite. R eid (1892) expl ain ed obsen 'a ti ons of bergs 
ri sing to the surface a t considera ble dista nces (i-om th e ice 
cliff by ana logy \I'ith a sti ck thrown obliquely il1l0 wa ter 
\I'hi ch th en rises at an angle fa rth er on; he belie\ 'ed tha t 
such bergs had trawlled und erwa te r before breaking the 
surface . Apart from its significance for ca king processes, 
thi s debate is also important in rela tion to submarin e melt 
rates. Th e geome try of the subm e rged part of th e ice front 
a fTcc ts me lt rates through its inOue nce on the interac ti on 
of mel twa ter-di scharge plumes w i th th e ice face (SY\'i tski , 
1989) . 

METHODS 

This stud y tests the rol e of loca l environmental vari a bles 
in controll ing the magnitud e a nd frequency distributions 
of caking beha\·iour. Obse n 'a ti o na l d a ta include cah'ing 
eve nts, ice velociti es in th e lowe r 2 km of th e glac ier, 
m e teorological data , water depth s a nd proglacia l water 
c ha raeteri s tics. 

Calving 

During three periods in the austra l summers of 199 1 a nd 
1992, totalling 32 d. stand a rdi sed obsen 'a ti ons of a ll 
ca h'ing ac ti\ · it~ .. between 0800 a nd 2200 h lI'ere made 
fi-om a n obsen 'ation point on the north side of Laguna 
Sa n R afae l, a position from whi ch a bout half the front 
can be seen. A monitoring positi on on th e south side. 
chosen in ord er to minimise th e po tenti al for dupli ca te 
obse rva ti ons, was manned fo r a lm os t half th e time to 
cn a ble a ll calving ac ti vity to be reco rd ed. Periods 1 and 2 
\I'ere in 1991 (31 J anua ry- 13 F ebruary and 19- 25 
F ebrua ry) and period 3 was in 1992 (29 Januar y- 8 
Fe brua ry). 

For each cah-ing evenr, th e tim e, loca ti on and type 
(subaerial or subm arine) were recorded , and a size 
categorisa ti on g iven based on: (i) th e proportion of th e 
ice-cliff height invoked, (ii ) th e size of th e res ulting 
iceberg, and (iii ) the size and number of waves genera ted 
b y ca lving acti\·ity. Blocks sma ll er th an a bout 1m3 were 
ig no red. On the basis of numerous \'isual es timates , each 
size ca tegorv was then assigned a m ean \·oILllTle . ena bling 
semi -quantitati\'e estim ates o r ca h'ing Ou xes ro be made. 
Th e size ca tego ri es liT re as fo ll o ll's: sma ll = 25 m \ 
m edium = 2500 m3

, la rge = 25 000111 3
, ex trem e = 

250000 m3 For submarine ca lving e\'ents, the di sta nce 
be tween the base of th e ca lving cliff a nd the emergence 
positi on was also recorded . Th e la rge composite eve nts 
proved diffI cult to classify, ill\'oh'ing complex sequences of 
a c ti\ ·it y. Th ey typi ca ll y crea ted such confusion in the 
immedia te proglacia l a rea th a t di s ting ui shing resurfac ing 
subae ri a l blocks from subm a rin e calvings was probl em
a ti c. By contrast, it is poss ible th a t some sma ll subma rine 
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e\'e n ts went unnoticed beca use they we re inaudible a nd 
crea ted minimal disturba nce. 

An a ttempt a t 24 h reco rding using th e sounc! o r 
caking events yielded spuri ous res ults. Th ere were t\l'O 
reasons fo r this. First, th ere is no co rrelation between th e 
a udi o-volume and ice volume or a calving e\·enl. Sm a ll 
events commonl y mad e th e loud es t noise , akin ro riO e 
fire , whil e the la rge subm a rine ca kings we re sometim es 
a lm os t in a udible from th e obserl'a ti on poinl. Secondl y, 
" inte rn a l cakings" occ ur \I·hen la rge se racs [i-ac ture a nc! 
coll a pse into crevasses close to the front , and th ese 
canno t be distinguished from so und a lone. For th e 
purposes of thi s stud y these interna l events \I'el'C igno red 
because they dic! no t produce icebergs . The absence o r a 
nig ht-tim e reco rd is unfo rtun a te because much ac ti\ 'it y 
was h eard at night. 

Ic e velocit ies 

Tee \' e locities in th e g lacier 's te rmin a l 2 .1 km liT re 
measured b\' tracking th e mO\'ement o f promin ent seracs 
pos iti o ned a round the geometri c centre line . The chao tic, 
inte nse ly cIT\'assed ice surrace prohibits a cO I1\ 'C ntiona l 
sta ke un'ey. Simulta neo us obsen 'a ti ons were made with 
a pa ir of th eodolites from sun'ev sta tions on th e no rth 
\'a ll e y-side on a tra \ 'C rse es ta blished using elec troni c 
di stan ce-m easuring equipm ent. \I easurement peri od s 
ranged between I a nd 13 d fi 'om 3 1 January to 13 
Febru a r y 1991. One o r two obscr\'a tion s were made eac h 
day as \\'ea ther permi ttec! . 

M eteorological data 

Precipita ti on and tempe ra ture da ta \lT re recorded d a il y 
by CONAF (nationa l-pa rk ) range rs a t a n a band oned 
hOlel o n the north side o f La gun a San R a fael , about 5 km 
from th e glacier. Th ese obsen 'a ti ons we re la ter found to 
be in complete. Con current with th e calving monitoring , 
q ua li ta ti\ 'e obse lTa li ons were mad e of meteo rologica l 
condi ti ons, ice conditio ns on th e lagoon , a nd su bglac ia l 
di sch a rge as evid enced by upll·elling . 

Water depths 

W a te r d epths in the m a in body of La g un a San R afael a rc 
known (Nakajima a nd o thers, 198 7) . but recent ra pid 
re trea t h as exposed a ne\\' cha nnel a rea . The ba th ymetry 
o r thi s a rea was mapped in February 1992 using an ec ho 
so und e r. In man y places, continuous profilin g was 
impossible du e ro la rge quantiti es of floatin g Ice , so 
indi\ 'idua l soundings we re taken. 

Proglacial water characteristics 

Verti ca l profil es of temperature, sa linity, di ssolved ox yge n 
a nd sedim ent concentra tion were measured in Lagun a 
Sa n R a fael durin g F ebru a ry 1993 using sta nd a rd 
ocean ogra phic techniques. Tid al-stage d a ta werc pro
vid ed by a local fisherma n. 

D ata r eliability 

Th e re a re se\'era l so u rces of crror 111 th e methods usec! , 
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chi cI' amo ngs t whi ch a re o bsc lye r error a nd size-ca tegory 
es tima ti on e rro r. or th e fo u r el cments record ed ro r each 
ca h 'ing e,"e nt (tim e. loca ti o n , type and size ) , th e first 
three ha lT sm a ll error but th e rourth , based on \'isua l 
es tima tes o nl y, has la rge e rro r m a rgins whi ch cann ot be 
qu antifi ed . The semi-q ua nti ta ti\ 'e record o r d a il y ca h'ing 
flu" prO\ 'id es, a t bes t, o rder-o f-ma gnitud e es tim a tes; it 
\\'as qua ntifi ed simpl Y to ena bl e pa tterns o r \'a ri a bilit\' to 

be a na h-secl. In ord e r to c1 c ri\'e es tim a tes o r 2+h 
freq uencies a nd f1u ws, a n ass umption had to be made 
th a t th e na ture a nd speed o f ca h-in g durin g th e hours or 
da rk ness diffe red insignifi cantl y li'o l11 th ose in day light. 
This ass umpti o n is not tes ta bl e . H OII'e\T r, th e a mount or 

a udible ac ti\' it y a t ni ght , a nd o bse n 'a ti o ns o r ice 
co nditi ons on th e lagoo n a t firs t li g ht. indi ca te th a t 
caking ra tes a t ni ght a rc no t m a rk edl y dirrerent rrom 
th ose during d ay li g ht hours. 

Th ese so u rces o r error liT re un a \'o ida ble. G i \ 'en th e 

na ture or th e pro bl em , a semi-qu a ntita ti\'e obse n 'atio na l 
a pproach is th e o nl y one th a t is both feasible a nd safe . At 
thi s fi eld site, th e m agnitude a nd \'ari a bilit ), o r a c ti\ 'it y 
rend er th e erro rs in th e li'eq uency reco rd insig nifi can t. 
Th e mu ch la rge r e rro rs in th e flu " es tim a tes a rc 
sys tem a ti c, a nd th e refo re th e res ults a rc inte rn a ll y 
consistent. Th e m a in objecti\'e o f the ca h 'ing obsen'a t
io ns lI'as to a na lyse th e \'a ri a bilit ), or cah 'ing beha \·io ur. 

Table 1. Ca!l'illg-fl 'eIltjieqllel7q alld (({hillg jluI durillg l/ie slud), periods. Call'illg }lIlies It'ere (a!w!atee! ~J' aHigllillg 
l'i.wa!L)' estimated IIINIII m!lIes 10 tlte obserNtliolla! ji.::.e ralegories as detailed ill l/i e telt 

Date , \ 'ortl! Jide 

. \ '0. 0/ emlt.1 

Period 1 
3 1 Jan 199 1 209 503375 
I Fcb 199 1 108 186975 
2 Feb 199 1 132 38+675 
3 Fcb 199 1 8 1 6099 1+ 
+ Fcb 199 1 129 716029 
5 !-'cb 199 1 109 5188 75 
6 Fcb 199 1 83 393575 
7 Fcb 199 1 93 10 lH75 
8 Feb 199 1 97 409000 
9 Feb 199 1 61 278500 

10 Feb 199 1 1 2 ~· 1689648 
11 Feb 199 1 73 168775 
12 Feb 199 1 58 965350 
13 Feb 199 1 1+5 13+65+3 

Period 2 
19 Feb 199 1 320 16+8629 
20 Feh 199 1 307 1592 125 
21 Fcb 199 1 376 808232 
22 Fcb 199 1 +1 5 11 62375 
23 Feb 199 1 335 188 1 725 
24 Fcb 199 1 275 1099225 
25 Fcb 199 1 250 9 11425 

Period 3 
29 Jail 1992 351 8655 71 
30 Jan 1992 163 1450375 
3 1 Jan 1992 195 I 161 150 

1 Fcb 1992 232 5392 75 
2 Fcb 1992 157 645 175 
3 Fcb 1992 22 1 I 430675 
4 Fcb 1992 89 486425 
5 Fcb 1992 
6 Fcb 1992 100 397092 
7 Fcb 1992 11 8 693 171 
8 Feb 1992 152 677 450 

SOIlIl! side 

, \ '0. oJ eN/lis Flu I 

100 162593 
11 3 559 250 

98 +01 825 
103 168082 

19"~ 32561 I 
11 5 84775 
171 485325 
143 I 259 750 
226 304675 
131 362375 
157 4901 50 
I L~5 582500 
25 27853 

T otal 

193 
2 10 

156 
2+8 

545 
278 
366 
375 
383 
352 
246 

125 

F!1I 1 

:l I 
111 d 

I 176 068 
968250 

I 367 175 
15 1+625 

I 19 1 182 
1535 150 
I 6"~6 +75 
I 799025 

9+9850 
I 793 050 

9765 75 

424946 

277 
https://doi.org/10.3189/S0022143000016178 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000016178


J ournal oJ Glaciology 

not to provide a n acc ura te m easure of calving flu x. 
Quantita ti ve es tim ates of th e annua l calving flu x were 
deri ved fro m considera ti ons of m ass flu x a nd calving 
sp eed. 

RESULTS 

Calving characteristics 

A total of 7279 ca lving eve n ts was reco rd ed during the 
32d. T a bles I , 2 and 3 give the numbers and m ea ns of 
calving events and flu xes, as well as the range of values 
during each period and from each pa rt of th e ice front. 
Fig ure 4 shows th e flu ctuations of subaerial and sub
marine ca lving activity observed from the observation 
point on th e north side. 

Calving from Glacia r San R afae l is co ntinuous, noi sy 
a nd spec tac ul a r. Figures 3 a nd 5 illustra te two typical 
calving events, the first a simple " se rac fa ll " , the second 
a composite event in which subae ri a l a nd subm a rin e 
calvings interacted and triggered furth er failure. Fig ure 
5 emphasizes the power of th e buoya nt forces invol ved. 
Severa l of the la rger events involved initi a l upwa rd 
move men t prior to forwa rd a nd downward co ll apse, 
showing that buoya nt stress can precipitate failure of 
coherent sec tions of the fi-ont that span th e waterline a nd 
reach to th e top of th e ice cliff. Th e loca tions at which 
fracturin g occurred were often clearly related to 
cr evasses immedia tely behind the ca lving front. Fre
quently th e release of a la rge block from the te rmina l 
face was followed by th e co ll a pse of seracs be hind it 
which had apparently been supported by the fronta l 
block, a sequen ce of events also d esc ribed b y H a rri son 
(1992) . 

Cah-ing events comprising ice vo lumes grea te r tha n 
105 m 3 were not infrequent. An ave rage of267 events per 
day was reco rded during d ay light hours, yielding a mean 
d aylig ht calving flu x of a lmost 1.3 Mm 3 d- I

. If calving 
continues a t the same ra te a t night, then the m ean d ail y 
event freq uency and calving flux es were 454 d I a nd 
2 .2 Mm 3 d I, r especti vely. If it is furth er assumed that 
there is li ttle seasonal vari a tion in calving ra tes, th ese 
observations indica te a n a nnual calving flu x of 7.92 x 
108 m 3 a I or 0.79 km 3 a 1 Volumetrica ll y, calving acti\' 
i ty wa focused around the middle of th e glac ie r , and is 
cha rac teri zed by la rge variability from day to d ay a nd 
ex treme var iability from hour to hour (Figs 4 and 6) in 
both frequency and magnitud e . The number of d ayli ght 
events ra nged be tween 125 and 545 d- I

, whi le th e 
maximum a nd minimum recorded daylight flu xes were 
1.8 and 0.4 Mm3 d- I

, res pec ti vely . 
The la rges t icebero's were in variably produced by 

subma rin e events. This is partl y because subaeri a ll y 
calved blocks tend to break up as th ey enter the water 
whereas subma rin e blocks fi-eq uentl y rem a in intac t. 
T a ble 4 shows that a disproportionately la rge sh are of 
th e tota l calving flux was produced by submarine ca lving. 
Only 7% of the calving events were submarine , but they 
contributed 27% of th e tota l ca lving flux. The icebergs 
produced by such e\'ents commonly consisted la rgely or 
entire ly of bubble-free, d a rk-blu e ice . Man y of the 
submarine icebergs emerged direc tly in front of the 
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T able 2. The number and Jrequency oJ calving events 
during the stud)! periods. " Daylight" = the 14h oJ daily 
observalions; daily Jrequencies were calculaled 011 the 
assumption that calving conlinued at the same rale at night 

North Soulh Whole 

Period J 
No . . o f observation days 
No. of events 

Subaeri a l 
Submarine 
T o ta l 

M ean da ylight frequ e ncy 
N1aximum 
N1inimum 

Period 2 
No. of observation days 
No . o f events 

Subaerial 

side 

14 

1387 
115 

1502 
107 
209 

58 

7 

2 165 
Submarine 11 3 
Tota l 2278 

M ean d aylight frequ ency 325 
M ax imum 'H5 
Minimum 250 

Period 3 
No. o f o bserva tion d ays 
No . o f events 

Su bae rial 
Submarine 
Total 

M ean d ay light frequency 
M aximum 
N1inimum 

ALL periods 
No. of observation d ays 
No. of events 

Subaerial 
Submarine 
T o ta l 

M ea n d aylight frequ ency 
M ean d a ily frequen cy 

10 

1604 
174 

1778 
178 
35 1 

89 

3 1 

5156 
402 

5558 
179 
304 

side 

4 

410 
4 

4 14 
104 
11 3 
98 

o 

9 

1282 
25 

1307 
145 
226 

25 

13 

1692 
29 

1721 
132 
224 

Font 

4 

668 
51 

719 
180 
248 
156 

o 

8 

232 1 
164 

2485 
311 
545 
125 

12 

2989 
2 15 

3204 
267 
454 

te rminal cliff, but so m e rose to the surface as muc h as 
150 m beyond th e ice front (T a bl e 5 ) . These emerged 
verticall y and were neve r observed to have any horizo n tal 
mom entum. In wind less conditi o ns, th e emerge nce of a 
berg far in front of the cliff typ icall y left th e water surface 
between it a nd th e cliff undisturbed. 

Subaerial and subm arine ca lv ing were not a lways 
assoc ia ted, but events of one kind often triggered the 
other. Composite evenls involvi ng over 1 111m3 of ice were 
observed on several occasions in bo th 1991 and 1992. 
These sometimes consisted of coheren t sec ti ons of th e 
calving front from above and below sea level which wou ld 
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Table 3" Calring jlllxes during lite stlld), periods" /1lI jlu y figllres (Ire ill 11/ " Daylight" = the 14h rif daify observations; 
dai~J ' jlll\eS l('ere calClllated 011 the asslIl7llJtioll that night-lime wil'ing continlled at the same rate 

Period 1 
No. of obscn"ation days 

Cah "ing flu xes 

Subacri a l 

Submarine 

To ta l 
l\l can da yli g ht flu x 

:'Iax imum 

Minim um 

Period 2 
No. of" obs(,'r\'at ion da ys 

Calving fluxes 
Su bae ri a l 

Submarine 

Total 
l\[ea n daylight flu x 

l\l aximul11 

:'Iinimum 

Period 3 
1\0. of obsen'at ion da ys 

Caking fl uxes 

Subacrial 

Subm a rin e 
Total 

l\l ean da yli g ht flu x 

l\ fax imum 

:'linimum 

f l/l Imiods 
1\0. of" obsen-a ti o n days 

Cah- ing flu xcs 

Subaeria l 

Submarine 

Total 

l\I ean da yli g ht flu x 

M ean da il y flu x 

c \ orth side 

14 

67530 17 

243 1 692 
9 184709 

656050 
1689648 

168775 

7 

800 1 072 

I 102664 
9 103736 

1300534 

188 1 725 

808232 

10 

58475 13 

2498846 
8346359 

834636 

1450375 

397092 

3 1 

2060 I 602 

6033202 

26634804· 

859 187 

14606 18 

typ ica ll y rota te 10ngilUdin a ll y, top o r base first, but more 

rarely wou ld rotat e laterall y. Such blocks wou ld com
monly di sintegra te furth e r during the cah-in g eve nt, both 

befOlT a nd immed ia tely a fter entering the wa ter. As a 

result. la rge caking e\ 'ents often fai led to produce large 

ice bergs . Typicall y, a sec tion of rh e ice front at wh ich a 

la rge event occurred wo uld remain in active for up to 2 d 
thereaf'ter. 

Meteorological data 

Figure 7 sho\\-s the meteorolog ical data recorded during 

th e stud y periods in J anuary and February 199 1- 92_ 

T cmpe ratures varied littl e, but prec ipitat io n was rather 

\·ar iab le . 

Soudz side ""hole ]rant 

4 ,~ 

I 28 J 2 14 36 18439 

10536 1407679 
J 29 1 750 50261 18 

322937 1256530 

559250 1514625 

162593 968250 

0 0 

9 8 

3375439 7 6"~0 344 
547575 2653646 

39230 14 10293990 

435890 1 286749 

J 259750 I 799025 
27853 402683 

13 12 

4656653 I I 258783 
558 111 406 1325 

52 J4764 15320 108 
40 1 136 I 276676 

68 1 93 1 2 170349 

Ic e velocities 

I ce veloc iti es in c rease sign ifi ca ntl y III th e las t 1200 m of' 

the glac ier w h e re th e surface profile is steepes t ( 13 ). In 
thi s longitudin a ll y cOIll'ex terminal zone. ve locit ies \\ 'e IT 
16.8 17.3111 d 1 wi th a mea n of' 17.0 III d I. O\"('r [\\'0 short 

pe ri ods (6 h on 3 1 J anuary 199 1 and ' 9 h on 1 2 
F e bruary 199 1) , one serac atta ined \'e locities of" 
48.0 m d 1 and 28.0 m d I , respec tivel y. Up-g lac ier or 

this sec ti on , w he re the mean surface g rad ient is 1. 5 , 
surface centre-lin e ve loc iti es were 11.0- 12.4111 cl I. 

Water depths 

The bathymetry of" the cha nnel a rea is sho \\"n In Figure 
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A 
Subserlal Calving Fluxes 
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~ 
;; 
:> 

- .- Small Events 
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- .. - Large Events 

----0----- Very Large Events 

- .- T04al CalvlOg Volume / 

Day 

B 
Submarine Calving Fluxes 

- . - Small Events 

700000 -{}- Medium Events 

600000 -0-- Very large Events 

- 0 - TOlal Submanne Flu x 

500000 . 

Day 

Fig, 4, Cal1'illg aclil'i(j' ob5el"/'ed Ji'om Ih e 1I0rlhem obsel'1'olioll j)oilll durillg Ihe slllr(r j)eriods, SllOll'illg Ihe jHojJorliollJ of 
10lal drO'lighl fIll \es cOlllribllled ~J ' di[ferml si::.e calegorie,l dlle 10 (a ) subaerial (([!;'illg and ( b) slIblllarille mh'illg , The 
localioll of Ih e obserl'{{lioll /Joillls all Ihe 1I0rlh alld so ulh 1'allq sides is shall 'lI ill Figllre 8, 

8 , \ Va te r depths a\'e rage abo ut 200 m in mid-channel , 
but in c rease LOlnuds the ice front to m o re than 250 m, 
The greates t reco rded depth is 272 m, at a point nea r the 
middle of th e ire elifT'. In thi s central section the icc front 
m ay be near flotation, The ice front is grounded in d ee p 
water a long its en tire lengt h except at th e south end 
\I'here rocky islels halT been ex posed by th e reccnl 
re trea t. The so utilcrnl11 ost 100 m or th e caking cliff 
stands 0 11 bedrock at sea lel'el ( Fi g, 9 ) , For a furth e r 
150 m a long the c1irT, lI'ater d eplhs arc clea rl y IT ry 
shall ow, less th a n 20111, beca use the f~l ll of la rge ice 

Table 4, The jJerceJIlages oJJi'eqllelll)' alldJllI\ cOlllribllled 
~) ' sllbmarille ({Ilvillg 

,\ 'orlh side SOlllh side Il 'hol e Iroll I 

El'fllls Fh/\ FIll \ El'{'Il lS Fill \ 

P er iod I 8 26 7 28 
Per iod 2 5 12 
Period 3 10 30 2 14, 7 26 
Total 8 23 2 8 7 27 
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pinnacles is arrested as lheir base hits th e sea fl oor, II'hile 
small e r cah 'jngs produ ce sed iment-laden plumes o f 
sp ray , L a rge ice bergs ca llT d in this sec tion ca nn ot [] oa t 
a ll'ay but rema in g ro und ed at th e ice fi 'o nt until melting 
reduces their draught. 

Proglacial water body 

Till: oceanographic res ults will b e full~ ' re po rted 
elsCldlel'C paper in preparation by R , 0 , POlI'el1 and 
others) , Salinity is uniforml y lo\\', betll'een 14 and 16 ppt 
throughout Laguna San Rafilel, and co ncentrations of 
suspended sed im ent a re remarkably loll' far a coo l
temperate prog lacial situati on, a mere I ::l mg I I (er. 
POlI'el!, 199 1 , Spatially, Il'a ter temperatures 1'011')' liul e in 
th e lagoo n, \ 'erti ca l profiles 200 m fi'om the ice front in a 
Il'a te r cl ep lh of' 175 111 ShOll' temperatures consistent ly 
be tll'ee n 5,50 and 6,5 C, Th ere IS no ('\'id ence of 
stra tifi ca tion in any of the profiles: the l'later column is 
entire ly mixed, 

The dominant o utl e t fo r subgla c ia l meltll'ater li es 

approximately one-lhird o f th e lI'ay a long the ice fi 'ont 
from th e north ma rg in and produces a ro ug hl y circ ul ar 
zo ne of surfa ce turbulence a boul 300 111 in diamete r. 
The re is a lso a stro ng o utflOll' adjacent to the north 
ban k, Th e locat ion of th e main upll'elling, centred a bo ut 
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Fig, 5, .1 cOlllbilled .III/}(leria//.lllblllllrille rah 'illg 1'1'1'111 . T he .Ieqllfll l'e of ai'lIl,\' .1/U}l( '1I Innk aboul gO.I . . \ '011' Ihe !rllge 

.lIIblllarilll' b/oc!.-.I ri.lillg 20 30 m alii o/Ihe ll'aler beizl'i' en a all d b alld belu'ffll d alld 1' , 

200 III in rro nt o r th r icC' e1iIT, \I 'as sta ble durin g th e 
SUlllll1e rS 0 (' 199 1 93 . It was n o ted by Ohata a nd o th ers 

I I ~)85 1 . a nd so has pro ba bl y pe rsisted in th e sa m C' 

pos it ion rcl a ti \T to th e ice li'o nt thro ug ho ut th e las t l Oa 

Table J. The di.l/allce ill FOIII (i/lhl' m/I' illg dijlof 
.lIIblllarilll' l'l' e111.1 

IJ ijlalll'l' ( Ill ) FOIII Ihe m/I' illg dij/ 

o 19 20 +9 50 99 > 100 

S ubm a rin e 
C\,(, 11 ( s ('Yo) 52 3 1 13 3 

o r ra pid re trea t. Continu ous. pO \lT rrul up\\'e lling o r th e 

melt\\'ater j e t fiT qu e ntl y produ ces superelel'a(i o n o r 
bo iling er. S)'\' its ki , 1989 ) th a t o p e ra tes in pulses as 

di s tin ct plumes ri se in sli ghtl y diflc re nt locati ons \\' ithin 
th e turbulent zon e . 

Th e current in th e centra l o utlet a rea kee ps it rree o r 

bras h ice a nd ice b e r gs b y ca rrying th cm out int o th e 

lagoo n. E\ 'ac ua ti o n speech a rc ty pi ca lh- abo ut I 
1. 5 III si , th o u g h so metimcs g rea te r than L~ m s I 

(H a rri so n. 1992 1. By contras t, ice b e rgs C<l h -cd ri 'o m 

th e south ern ha ll' o f th e ice ri'ont ofte n h a\'(' a res id e n ce 

tim c nea r th c ice fro nt 0 (' se\'C ral h o urs. Exce pti o n s to 

thi s occ ur a n n p e ri od s or hea \ 'y prec ipi ta ti on , \\ 'h e n 

te mpora ry m eltwa te r o utlets opera te in m a ny loca ti o ns 

a lo ng th c ice c lifl ~ a nd \\'hen a stro n g ka ta bat ic wind is 

bl ow ing . The ex is te n ce o r nUl11 cro us additi on a l lo w

\'o lu mc melt\\'a tc r o utlets is suggcs tcd b y th e mclt\\'a tn 
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Fig. 6. T wo samjJle daily records oJ wll'ing aclivi{J' along the whole ice Jrol1 t illllstrati1lg the hour-to-hollr variabilif)'. a. 
J Februm), 1992. b. 8 Februm), 199/ . . \ ·ote that scalesJor a and bare dijJerent. 

runnels commonly obse rved o n icebe rgs, tho ug ht to be 
fo rmed by ve rti cal fi ow up the submerged p art of th e 
front (Powell , 1990). 

ti on a l outflow at the te rminus caused by margin a l la ke 
dra inage was noted by Ohata and others (1985 ) . During 
th e course of this resea rch se\-eralm a rginallakes, onc with 
a n estim a ted volume of a t leas t 10''> m 3

, were obsen-ed to 

drain in th e space of a fe\\' hours. 
Periodi c ca tastrophic dra inage of marginal la kes also 

contributes to the glac ier's hydrological reg ime . Excep-

282 
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Fig. 7. D ail)1 jJrecijJitatiolZ and minimulIl dail)! temjJerature recorded at the abandoned hotel ~)' CO, \ '.-1 F dllring the stll~Y 
periods. 
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II 'aTren and olliers : T ide-waler calving al Claciar San Hq/aeL, Chile 

Fig. 8. Prelilllin({l} bal/~) ' lI/ei1~y oJ Ihe rec('//10' deglacialed clianllel area o/ Laglll/a Sail R ({/aet (. \"0 = 110 da la) , al/d the 
loealiolls oJ Ihe Iwo obserl'([lioll /)oillls 011 Ihe lIorlit alld soulh side,\. 

Fig. 9. The sOlllhem IIIIIJ of 1/11' cal1'illgJrolll ill Febrllal), 
1992. 

ANALYSIS 

Calving-speed and calving-flux estimates 

Th e mea n calv in g spred (Se) ca n b e o bt a in ed by simple 

mass-ba la nce ca lcul a ti ons, fo ll ow ing POlI'c11 a nd i\Io lni a 

( 1989 ): 

S = Se: - Se - S ~j (1) 

Il'here ca king sp eed , Se , is re la ted to fi 'ont et l c ha nge , 
S ( 300 m a 1), ice 1'C loc it y, Se: (62001l1 a 1 a nd g lac ier 

m e lting a t th e ca king facl', S~ I (43 m a I ), This y ie lds a 

ca h 'ing specd o f 6+55 111 a 1. Th e re t reat ra te o f 300 l1l a 1 

is take n fro m Ani ya ( 1992 ). 

Th e melt ra te , S~ I ' of' "~3 1l1 ai, is ca lcula ted using a n 
equ a ti o n 1'0 1' melt ra tes of' towed p o la r ice bergs (\\'eeks 
a nd Ca mpbell , 1973 ), first modifi ed a nd used fo r cah 'ing 

te mpera te ice clifT~ b y Po wc I I ( 1983 ) : 

(2) 

wh e re 5\1 is melt rate in ill S I, V is veni ea l bo und a r v
l a~'C r \'e ioc ity (0.05 m Si ) , fjT is ice / \\'a te r ( empe ra tu~e 
diffe re n ce (6.0 ' (:), a nci l i is th e mean w a ter depth a t th e 
ca h 'in g fi 'o nt 1140 m ) , 

Th e ca lcula ted melt ra te is un ce rt a in fo r (11'0 reaso n s. 

Firs t , it inco rpora tes o nl y summ er \\'a le r temperatures , If 

th e seasona ll y al'C raged i1T = 3,0 C , th e m e lt ra te will b e 
22 m a 1. This un ce rta int y is insig nifi ca nt , g il 'Cn th a t th e 

cakin g speed is 300 tim es la rge r th a n th e differe nce 

be twee n th e tll'O I'a lu es . Secondl y. S;,\ I is sc nsitil'e to rates 

o f' m (:' lt \\'a t(']' upwe lling (v ) (Dollc\cslI' e ll and :\lurray, 

1990 ) . The I'a lue o f v a t Gl acia l' Sa n R a fae l is unkn own , 

so th e fi g ure of' 0. 05 m s 1 has bee n s uppli ed [r0111 th e 
compa ra ble co ntex t o f :'Iluir Inl et, Alas ka (PowelI. L98 3 ) . 
Lf' ll = 0 .:) m Si, whi c h is possible, a nd i1T = 6 C, S;,\ j = 

273 m a 1. This fi gure, \\'hi eh is unlikel y to be exceed ed , is 

cq ui\'a lcnt to onl y 4°,!" o f the ca il'ing s p eed. If Equa ti o n 

(2 ) is a ppropri a te [o r ca lculating m e it rates a t ca il'ing 

f~lces, th cse ca lcul a ti o ns support th e con c lusions of POlVell 

\ 1988 b , p. 27 : usin g field meas urem e nt a nd reaso na ble 
inkre n ces, he f()Und th a t I'alu es o f SI\ I a rc onc to two 

ord ers o f m agnitud e sm a ll e r th a n ra tes o f' ca lving loss . 

Th e a nnua l ice \"(' Ioc ity in Equ a ti o n ( I ) is d eri\'ed 

f'ro m th e mea n summ e r centre-line ",liu es meas ured in 

199 1. It th erefo re represents a maximum fi g ure beca use 

suri.ace 1'C lociti es o f' g lac iers typica ll y cl ec rease in winte r. 
Fo r ex ample , th e mcan a nnu a l I'e loe it y a t Co lumbi a 

Gl ac ie r is a bo ut tll'o-thirds of th e summer maximum 

(Bro ll' l1 a nd o th e rs, 198 2 ). 1\0 lVinter dat a ex is t for 

G lac ia r Sa n R a fae l o r a n y Pa tago ni a n g lac ier. Since th e 

ca king speed is mos t d e pend ent on th e ice I'c loc it y used , 
thi s is a f'urth er impo rta nt cal'Ca l. H o w c \ 'C J'. there is so m c 

CI·id e n cc th a t seaso n a l n lrialion in surface I'elocit y m ay 

no t b e \ 'C ry g reat a t Glaciar San Rafa e l. T erres trial 

ph o rog ra mlll C' tri c m eas u re111 cnt o f' ce n tre-lin e su rface 

\ 'C loc iti cs betwee n earl y spring a nd mid-summ er (Oct-
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obe r 1984 J a nua n ' 1985) b y K ondo and Ya m a d a ( 1988 ) 
yielded speed s of 17- 22 m d 1 with no increasing or 

dec reasing trend, V eloc i ti es m easured in F ebrua r y 199 1 

a lso fell lI'ithin this bracke t , indica tin g th a t surface 

\T locities a re (~\ irl y consta n t. Year-round consta ncy of 

ice q' loc i ty lI'o uld res ult from co ntin o us melt wa ter 

produ c ti o n , This is possibl e beca use o f the rela ti\T 
mildness o f th e lI'inters a t this la titud e (460 S ), \\'e 

th erefo re ass um e th a t th e m easured summer \'eloc' it \' is 

not m a rkedl y g rea ter th a n the a nnua l \'C locit y , 

In d e\'e loping a relatio nship betll'ee n caking speed 

and wate r d epth, Brown and others (1982 ) used width

a\ 'e rageel ice \ 'e loc iti es . I n th e ir d a ta se t, th e relati onship 

be tween ce ntre-lin e \'e locit y a nd m ean \ 'e loc ity is 
rem a rk a bl y consta nt , lI'ith a consta nt of pro p o rti ona lity 

o f 0.73 ± 0.05 fo r til l:' 12 g lacie rs in th e sample , [f thi s 

relati o nship ho lds for Gla cial' San R a fael , and if our 

ass umpti on of limited season a l \'a ri a ti on in \ 'elociti es is 

\ 'alid , a reasona ble a pprox im a ti on of m ean a nnu a l 
\ 'eloci ty is 4000- 4500 m al . Using Eq ua ti o n (I ), th e 

a nnual ca h-in g speed is es tim a ted to li e betll'Cen 4200 and 
4800 m ai , Th l:'se fi gures exceeel th e cah-ing speed 0 (' 

3700 m a 1 that BrOlI'l1 a nd oth ers (1982) predi c ted fo r 

our m ean ice-frollt Il'at er d e pth of 138 m bu t li e lI'ithin 
th eir 95 % co nfid ence limits, 

The m ean a nnua l ca h-in g flux durin g th e recent rapid 

retrea t up th e ch ann el can be es tim a ted u sing (i) a 

cah'ing speed o f' 4500 m ai, (ii ) a mea n chann el width of 

2400 m , a nd (iii ) a mea n te rrn,inus icc thi ckness o f 180 m. 
This yields a fi g ure of a b o ut 2.0km:ia 1, s ig nifi ca ntl y 

g rea te r th a n th e estim a te o f'O . 7<1, km 3 a 1 d eri\ 'ed fi 'o m th e 

obse n 'a ti o n a l record. Gi ve n th e la rge erro r m a rg ins in 

size es tim a ti on a nd th e uncerta inties concerning rea listi c 

\'alues in Equ a tions ( I ) a nd (2 ) , this di sc rep a n cy is no t 

surprising , It indica tes ei th e r th a t th e size ca tego ri es Il'e re 

significantly underestim a ted o r th a t th e \'a lue of Se is LOO 

la rge, o r a com bina ti on , 

Controls on calving 

There is la rge hourl y a nd diurn a l \ 'a ri a bilit y in ca king . 

~los t no ta bl y, th e subma rin e cah-ing flu x \ 'a ri es O\'C r tll'O 

IIKXKXKl ] 

ISIKXXX) 1 

Ir'XXKXl + 

14iJ()(XXl ~ 

o rd ers of magnitud e from d ay to d ay (Fig. 4) . V a ri a bilit y 

may be the res ult o f changes in te mperature, prec ipita 
ti o n. tid a l stage, wind or II'a \ 'e ac ti o n. Co rrela ti o n tes ts 

II-e re a ppli ed u sin g th e sta nd a rd Pea rso n pro du c t-

111 0 111 en t co rre la ti o n coe ffi cient fo r bo th rl:'al- t im e a nd 

tim e-lagged d a ta to assess th e ex tent to Il'hi ch th esl:' 

va ri a bles a ffec t ca h 'ing fi'eCIu en cy a nd ca king flu x , IlIor l:' 

ach'a nced sta ti s ti ca l a na lys is ca nn o t be justifi ed in th e' 
a bse nce of more completc me teo ro logica l data, 

N o sta tisti ca ll y signifi cant corre la tions a rc fo und , 

Th ere is littl e or no correla ti o n b e tllTe n th e tota l flu x 

a nd th c frequ en cy of caking eve nts (Fig , 10 ) , sh owing 
that th e flu x record is domina ted by small numbers of' 

la rge e\·C11ts. Quiescencc a t sec ti o n s of th e fr011t fo lloll'ing 

large e\Tnts sugges ts th a t it ta kes se \-e ra l d ays to a w eek o r 
m o re for stresses to reach th e criti ca l le\Tls a t Il'hi c h such 

events occ ur. If so , a co rrelati o n with short-t erm m e teor

o logica l I'a ri a bles is not ex pec ted unl ess th ey so m e tim es 

ac t as triggc rs Il'h en stresses a rc a pproaching th e c riti ca l 
p o int at Il'hi ch frac ture occurs. 

In correla ti o n tes ts lI'ith tid a l s tage, th e tid a l ra nge is 

a ss um ed to be o f a simil a r m agnitud e througho ul. Onl y 

th e longes t p e ri od of obse n 'a ti o ns (peri od I ) Il'as 

employed. Th ere lI'e re no sta ti s ti ca ll y significant co rrel

a tio ns betll'cen tid a l stage a nd eith er ca king fi 'equ e ncy or 
tota l calving flux, H OlI'c \'cr , it is a ppa rent th a t lOll' tid a l 

s tage illl'a ri a bl y co incid es \\'ith tim es of rel a ti ve ly loll' 

cah-ing flu x a nd is nl:' I'Cr a tim e o f' hi gh flu x (Fi g. 11 ) , 

Because \'{l ri a bility in th e eah 'ing reco rd is domin a ted by 

big e\'ents. th e subae ri a l and subm arine record s o f th e tll'O 

larges t size ca tego ri es II-e re exa min ed se pa ra tely , As I\'ith 
th e to ta l flu x, flu c tu a ti ons of subae ri a l ca king co rrela te 

poo rl y with tid a l stage a lthough lo w tid e is always a time 

of minimal ac tivit y . With rega rd to subm arin e cah-ing 

flux , it is noteworth y th a t non e o f th e fi ve la rges t peaks of 

subm arin e caking occ urred a t lo \\' tid e while three o r tlw 
fi\ 'e coincided wilh high tid e (Fig . 12), including th e 

high es t peak reco rd ed (0. 5 M111
3

) . H OII'e\·e r. th e ex tent of 

th ese pea ks is a rtifi c ia lh' ex agge ra ted b y th e size 
ca tegori es chosen in this stud y, a nd 6 of th e 3 1 la rge 

subm arin e eve nts occurred a t 10 \\' ticl e. :\0 fi r m COll 

clusions ca n be dra wn from th ese d a ta , but they sugges t 

T 450 

+ 41X) 

1 

J- 350 

I 
1 - H ~ 

121XXXKl , .. 

J J(XXXXXl + '\ ~ + ::~ I 
-:: : / . ~ l y-i,J 

4()(XXIO ~'~ I '" ,I ---0- flu, 0 -I lOO '\! - .- Frequency 

2IKXK)0 + 50 

o t---"--t----ll---'-' -'--+,~---I-~t-I +1-+1 I --I--J +-+ --+-+-1 +1 -+1~lt--I-l +I-fl--,IH-+I -LI 0 

Uay 

Fig . 10. Calving J71l\ /Jlo lled agaillst call'il1g jreq 11 ellc), Jar all jJe riods for lite I/ orlh side OIl~J' . 
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1 jJllI//ed agail/,)I lidal ,)Iagl', Til l' m/z'il/g o/i,\('/l'I/liol/.1 al/d lidal ,l/age,) relall' (JI/(]' 10 d(~)'lighl hours , 

th at lOll' tide r('strict s cah'ing, \I'hile it hi g h tidal stage 

prolllote" t hl' large' l '> u hll1<1 ri Ill' cah'i ng C\'('lllS, 

DISCUSSION 

Controls on the variability of calving activity 

Fell' st udies ., imilar to t hi s one ha\ '(' been undcrtaken, .\n 

ca rh' allell1pt \I'as made in 19:13 at Sout h Cri ll on Glac ier , 

,\I aska \\ 'ashburll , 1936: Golclt lma it a nd othl'\'s. 1963 ), 
, \11 caking into Cri lion Lakc Il'as CJua lit atin>h' Illonitorcd, 

1 ccberg-~ [i'om a l)()\T the Il 'a t('l'iinc <lCCOU n tccl [ill' nearl y 
ha ll' th e LOw l "discharge" . although it is not clear Il'hether 

th is rel;: rs to [iTCJucn('\' or [lu x, At least hall' thc dai ly 

<lClil-ity occurrcd in th e quartcr or thc clay around sumct 

Il'ith scco ndary peaks aroulld midnight and at first light. 

No comparable diurnal pattcrn ol'aClil ' ity is [c)und in the 

present slLidl', For South Cri ll OIl G lacier, sur/'acc l'e locit)' 

I'a riations co rrel ated closc ly Il' ith the II'ea thC'r , [l Oll' being 

[ils tcst Oil sunny dal's and Slo\lTs t during a co ld rainstorm 

I \\ 'ashburI1 and Coldthll'<lil. 1937 , but no obsc l'I'ati o ns 

I\TIT made or th e inllu l' n cc o r lI'eather o n ca h 'in g 

behill 'ioul'. 

R ec('nt obscJ'\-atio ns 0[' ca h 'ing aCl il- itl ' at 5cITral 

glac iers in Al aska halT ra iled to yie ld a n y cO ll sistent 

patt('J'n s o r sig nifi cant corre la ti ons II-ith e nl 'iro nm cntal 

I'ariables or particula r CITI 'asse patte rns pcrsona l co m

muni ca tion [i -o ll1 \I.F , .\l eicr, 1993 " Bc tll'ce n Jun e a nd 

Ol'lnber 1983, A , Pos t ca rri ed o ut a simil a r s tud\' to thi s 

onc at Columili a Glac icr. ,\I aska, and came to the sa mc 

conclu,>ion, namely that no s tra ig hdoJ'\I'a rd relationships 

ex ist (persona l comlllu ni ca ti o n from :\, Pos t , 1993), At 

Glac ial' San R a [;lc l. mos t ca king is appa re ntl v uncor

rclated Il' ith any onc I'ariab le . a lth oug h th e simple 

stat ist ica l ana lysis Illay [ail to id cnt il)' so m e 0[' th e 

n <l lUra l re lat io nships, A co rrc la ti oll be tll'ee n in creased 

rain[;lIl and acceleratcd ca ll 'in g-. 1'01' exam pl e. h as been 
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d e m o nstra ted elsewh ere for peri od s of less th a n I a 
(Siko ni a a nd Pos t, 1980; Theaksto ne a nd Knudsen , 
1986 ) , bu t in this stud y th ere was onl y a wea k rela ti o n
ship. This di screp a ncy may refl ec t th e incompleteness o f 
th e prec ipita tion d a ta a nd th e a bsence of night-tim e 
obsen ·a ti ons. 

\ Vave ac ti on can be rul ed out as a n importa nt fac to r 
a t Gl acia l' Sa il R afael because, even during storms with 
stro ng winds, wave action in Lagun a Sa n R a fae l is 
d a mped to insignifi ca nt levels by th e pro fu sion of ice bergs 
a nd bras h ice . \\'ave ac ti on canno t be a neee sa ry 
condi tio n fo r ra pid ca lving because two of the m os t 
ac ti vel y cah 'ing glaciers in the world , j a kobshav lls Tsbne, 
W es t Gree nl a nd , and Columbia Gl ac ie r, Alaska, calve 
into GOI'd s so choked with fl oating ice th a t waves a re 
insig nifi can t. Wind m ay have an indirec t influence b y 
co ntrolling the turbulent-heat flux to th e g lacier, th ereby 
a ffec tin g surface abl a ti on ra tes a nd hence meltwa ter 
disch a rge. On oth er Pa tagoni an o utl e t g laciers, turbul
ent-h ea t tra nsfer has been found to correla te close ly with 
d ail y a bla ti on \'ari a ti o ns (K obayas hi a nd Saito, 1985; 
Oh a ta a nd o th ers, 1985). 

C a h 'ing ac tivity is focused around th e middle of th e 
glacie r a nd associated with high centre-line ice \'elociti es, 
d eep " 'a ter, a nd foci of su bglacia l m e l twater discha rge. 
Th ese a re expec ted res ul ts. The o bse rved rela ti onsh i p 
be tween calving a nd cre\"assing agrees with prev io us 
studies which ha ve shown th a t crevasses carri ed to th e ice 
fro nt b y g lacier fl ow constitute th e lines o f wea kn ess a lo ng 
which mecha nica l fa ilure occurs (P o well , 1983, 199 1; 
Eppreeht, 1987; D owd eswell , 1989 ) . R a pid a nd inereas
sing velociti e towards th e front produ ce high ex tensio na l 
stra in ra tes a nd stress weakening of th e iee . Crevasse 
forma tion and calving a re intimately linked pro blem s, 
pointing again to the sig nifi cance of stra in ra tes . 

The sugges tio n o f a rela ti onship , a lbeit a weak one, 
be tween tid a l stage a nd calving flu x confli cts with 
previ o us studi es whic h have found no rela ti o nship 
be tween tide a nd ca h·ing (M eier a nd oth ers, 1980 ; 
Brovvn a nd o th ers, 1982; Q.:1.ma r, 1988) . Cha nges in 
stress Gelds a t the te rminus associa ted w ith a tidal ra nge of 
1- 2 m o n a n ice front ove r 300 m thi c k will not be g rea t, 
but if stresses a re alread y close to so m e criti cal thres ho ld 
th ey m ay be enoug h to a ffec t th e timing of la rge eve nts. 
At C o lumbia Glacier, maxima a nd minima of surface 
velociti es corres pond to low a nd hig h tides, respec ti vely 
(W a ite rs, 1989), a nd it may be throug h this tha t tid a l 
stage can indirec tl y a ffec t ca lving ac tivity. Bu oyancy 
forces a nd back-pressure increase with rising tide whil e 
glacie r \'e lociti es may increase a t lo w tide, a ltho ug h 
L a uma nn a nd Wold ( 1992 ) found th a t velocity m axim a 
coincid ed wi th high-wa ter stages . Th e effec t on ca lvi ng 
patterns of these opposing forces, a nd wheth er th e 
relatio nships are consta nt, remains uncl ea r. 

Sub:rnarine calving 

The o bse rva tion th a t th e la rges t bergs ri se from below the 
wa terlin e conforms with ma ny simil a r observa ti o ns of 
re trea tin g temperate ca lving glacie rs in Alaska (persona l 
comm uni ca tion from A. Pos t, 1993) .Th e disproporti o na te 
p ercentage of th e tota l ca lving flu x contributed b y 
subm a rin e ca lving (27% [rom 7% o f th e events) d em-
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onstra tes the importa nce of th is cal vi ng m echanism bu t 
ra ises a n interes ting qu es tion. About two-thirds of the 
to ta l ice fron t is subm erged , ye t onl y a qu a rrer of the 
calving flu x consists of subm arine bergs . Th e subma rin e 
and subae rial parts of th e ice cliff presuma bly ca lve a t 
much th e sam e ra te, so th ere is a conse rva ti on-of-mass 
probl em . Given a caking front 3000 m long a nd 50 m 
hi gh , th e subaeri a l ca lving flu x of 1. 6 M m 3 d I equa tes to 
a calv in g speed of 10.7 m d I . The mea n heig ht of th e 
submerged p a rt of the cliff is 140 m, so th e subm a rin e flu x 
of 0 .58 Mm 3 d I yields a ca lving r a te o f l .4 md~ l . 
Calcul a ti o ns for onl y th e north sid e yie ld subae ri a l and 
subm a rin e cal ving speed s of 15.0 a nd 1.6 md I, respec
tively. 

Pa rt of th ese la rge di spa rities may be accounted for by 
differenti a l fl ow within th e g lacier (due to b asa l drag), 
more ra pid melting belo w the \,va teriill e and perh a ps 
sys tem a ti c underes tim a li o n of th e size o f subm a rin e 
ca lving events. None o f these fac tors. howeve r, is likely 
to ex pl a in m ore tha n a sm all pa rt o f the difference. 
Abund a nt m eltwa ter a nd pres um ed ra pid sliding must 
minimi ze th e differenli a l be twee n surface a nd basal-flow 
veloc iti es . M elting is a n equall y unlikely expla na ti on of 
th e disc re pancy becau e m elt ra tes a re typi call y insignif
icant re la ti\ 'e to caking ra tes a t th e front (SY\ 'itski , 1989; 
Dowd es well a nd:YIurray, 1990). Th e present res ults 
sugges t lh a t, a t thi s site a t leas t, melt ra tes below th e 
wa terlin e a re considera bly grea ter th a n predi cted by 
theo ry. Powell (1983 ) too has recogni zed th a t m elt ra tes 
a t so m e g laciers must be high, a nd it m ay be th a t 
Equa ti o n (2) und eres tim a tes melt ra tes a t tempera te 
ca lving te rmini. Obse rva tiona l error is a lso a n improb
a ble ex pl a na tion for th e discrepa ncy; give n th a t ca lved 
blocks break up less during subm a rine calving th an 
during subaeria l ca lving, submarin e calving ra tes a re 
more likely to be o\'eres tima ted th an und eres timated . 

Th e subm a rin e-ca lving o bse rva ti o ns support th e 
theore ti cal work of Hug hes ( 1989 ) a nd Hug hes a nd 
:\Ta kagaw a ( 1989) who r easoned th a t if th e criti ca l 
frac ture stress a t which calving occurs is th e same a bove 
a nd belo w the wa terline, subma rine blocks will tend to be 
much la rger th a n subaeria ll y ca lved blocks. Th e contras t 
between sh a ttered ice in th e ex posed cliff a nd more 
hom oge neous submerged ice will contribute to this effect. 
Obse n 'a tio ns in Al as ka using a re m o te ly opera ted 
subm e rsibl e have conGrmed thi s contras t (persona l 
communica tion from R . P owell , 1994) . 

H owever , these d a ta contradi ct th e m o re recent id eas 
of Hug h es ( 1992 ). His suggesti on of th e rela ti onship 
between th e "calving ra ti o" a nd th e " buoyancy ra ti o" 
impli es that as a glacie r a pproaches fl o tation the size of 
calved blocks is reduced. Field observa tio ns in Alaska 
(person a l commun ica tion from A. Pos t, 1993) a ne! a t 
oth er P a tagonia n glaciers (vVarren , in press; \Na rren a nd 
oth ers, in press a ) a ll show th a t berg size is in pa rt rela ted 
to wa te r d epth , with la rger bergs typically produced in 
deeper water. 

The issue of the geo m e try of the submerged part of th e 
ice cliff remains unresolved . No direc t obse rva ti on has 
confirm ed th e existence of a proj ecting und erwa ter ra mp. 
No ne o f th e in vestiga ti ons o f Alaska n g laciers by NIeier 
and o th e rs ( 1980) revea led evid ence o f ice ex tensions a t 
depth , a lthough la rge bergs have been o bserved to 
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eme rge fa r in ad va nce of the ca h 'ing fro l1l a t Columbi a 
Glacier (persona l communi ca ti on fi"om lVJ. tlleier, 1993 ) . 
Po well ( 1988 b, p. 39 ) notes th a t " ice fee t" can occasio n
a ll y occ ur. At Gl ac ia r Sa n R a fa el , the la rge subma rine 
ice bergs' rising to th e surface as much as 150 m beyo nd 
th e ice cliff, th eir em ergence \'e rti call y without any 
horizontal component of mO\'ement a nd the obse rva tions 
of sub aerial ewnts tri ggering subm a rine cah'ings a ll arg ue 
for th e ex istence of a subma rin e " ice foo t" . Harriso n 
( 1992 ) a lso infers a subma rin e " ice she\r ' . A. Pos t 
(persona l communica ti o n , 1993 ) a rg ues tha t a n " ice 
loo t" can onl y ex ist during dras ti c re trea t, but L. Hunte r 
(persona l communica tion , 1992 ) h as o bserved frequ e nt 
subm a rin e ca lvin g assoc ia ted with profu se subae ri a l 
ca h 'ing a t the fro nt of the ad va ncing J ohns H opkins 
G lacie r, Alaska . It m ay be tha t the impo rta nt facto r is n o t 
ach- a nce or retrea t but longitudin a l stra in ra tes , th a t 
where ex tensiona l strain is g rea t a nd cre\'assing is inte nse, 
a n enh a nced contras t be tween sha tte red surface ice a nd 
mo re homoge neo us bo ttom ice prom o tes the form a ti o n o f 
a n " ice foot". 

Calv ing speed s in tide w ater and fr esh water 

The sa linity of Lag un a Sa n R afae l is o nl y ha lf tha t o f th e 
o pe n ocea n. Th e cah 'ing speed mig ht th erefo re be 
ex pec ted to be intermedi a te be twee n tid e-wa ter a nd 
f'r es h-water va lues . Funk a nd R b thli sberger ( 1989 ) 
presented evid ence th a t. for a ny g i\'en \I'a ter d epth , 
ca king speeds in fres h wa ter a re a bo ut an o rd er o f 
magnitudf sma ll e r th a n th ose in tid e wa ter. Subsequ e nt 
studi es of fres h-wa te r cah-in g ra tes in Greenla nd (Funk 
a nd H ae berli , 1990 ), Norway (La um a nn a nd \vo Id , 
1992 ) a nd Patago ni a (W a rren, in press; Warren a nd 
o th e rs, ill press a ) have confirm ed a nd refin ed thi s 
empiri ca l rela ti onship. Tha t the cah 'ing speed of Gl ac ia l' 
Sa n R a fael exceeds th a t predi cted fo r tide \I'a ter a rg ues 
aga inst a \\'a ter- chemistry ex pla na ti o n fo r th e contras t 
betwee n ca lving ra tes in fi'esh wa ter a nd tid e wa ter. Funk 
a nd R bthlisbr rge r ( 1989 ) a ppea led to the grea ter buo y
a ncy of melt\\'a te r in tid e \I'a ter to ex pl a in th f diffe re nce 
be t wee ll fres h-lI' a te r a nd tid e-wa te r ca lving ra tes , a n 
explanation that requires a strong feed-bac k fromlll elting 
to caking. The e\·id e nce 10 1' ra pid melting in conjunc ti o n 
\\'ith high ca king speed s a t Gl acia r Sa n Rafae l suppo rts 
th eir proposed linkage. 

M ethodology 

The meth ods used In thi s stud y ha \ 'e inh erent weakn esses 
and pro\'id e onl y a parti a l reco rd. Two qua ntita ti ve 
me th ods ex ist which provid e th e po tenti a l for continuo us 
mo nitorin g o f' cal ving ac ti vit y. \ Vave reco rd ers a nd 
press ure transdu ce rs can d etec t calving e\'ents beca use 
of th e di stin Cl i\ 'C wave length of cah-ing wa \'es, a nd 
beca use \\'a \T a mplitud e is rela ted to th e net po tenti a l 
energy of th e eve III (SY\'itski , 1989 ) . A press ure tra ns
duce r was used successfull y to record calving acti vity a t 
Co lumbia Gl ac ie r, Alas ka , in 1973 (pe rsona l communic
a ti o n from \. Post, 1993). Seco ndl y, calving events 
produ ce rela ti\ 'ely la rge-a mplitud e, 10 \\'-fi"equency seismi c 
sig n a ls (Q a m a r, 1988 ) . C ompa ri so n of th e res ults 
presented here a nd a simultan eo us seismic record fro m 
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a sta tion o n th e north sho rc o f th e lagoo n 2 .5 km from th e 
glacie r (pe rsona l communica tion from R . Murdie, 1992) 
shows tha t much of th e ca lving ac ti vity was d etec ted. 
Such a pproaches can provid e continuo us, quantita tive 
estima tes o f caking, but bo th require calibra tion using 
observa ti o na l records. Furth ermore, wa\ 'e records a re 
complicated by \'a riabl e a mounts of [l oating ice whi eh 
d amp wave cres ts a nd a ffec t wave direc ti on. l\either 
meth od can d etec t sm a l\ C\ 'cnts un ambig uo usly, diffe r
enti a te be tween subm a rin e a nd subae ri a l cah 'ing, o r 
provid e th e kind of illumin a tin g d escripti\ 'e inlorm a ti o n 
a bout the na ture of th e eI'e nts provided by o bserva ti o nal 
reco rds. C ombin a ti ons o f a ll th ese a pproac hes co uld 
imprO\'e th e acc uracy o f future cah 'ing studies . 

CONCLUSIONS 

Continu o us monitoring o f ca lving a t Glac ia l' Sa n Rafae l 
has re-e mph asized th e g rea t compl ex it y o f cal vin g 
d yna mi cs . It has shown th a t neither th e [luc tu a ti ons in 
th e fi"eq ue ncy of e\'ents no r the pa ttern s o f calving [l ux 
rela te simpl y to single enviro nmental va ri a b les . Th e onl y 
exceptio n to this is the poss ibility tha t tid a l stage has some 
influence o n caking [lu x, p a rti cul a rl y o n the timing o f 
major pea ks in subm a rine cah-ing ac ti\·it y . The la rges t 
bergs we lT produ ced b y subm arine calv ing, and bergs 
from th e submerged parts o f th e ice c liff were typicall y 
la rger th a n subae ri a ll y ca h-ed bergs . Th e di sta nce from 
the fron t a t \\'hi ch som e o f th ese bergs em e rged sugges ts 
tha t th ere may be a proj ec tin g und erw a ter " ice foot" . 
Whil e co ntributing onl y a sm a ll number o f to tal events, 
subm a rin e cah 'ing produ ced over a quart e r of th e tota l 
reco rd ed [lux. Gi\'en th a t o \'e r t\\'o-third s o f th e ice front 
is subm e rged , this fi g ure indi ca tes either th a t there is a 
prono un ced d ece le ra ti o n d o wn th e l'C'l'ti ca l \'eloc it y 
profil e, w hich is unlik ely, o r th a t melt ra tes below th e 
waterlin l:' a rc considera bl y fas te r tha n th eo ry predi cts, or 
a combin a ti o n of these . 

Th e ca h-ing speed o f a bo ut 4500 m a I in a mean 
wa ter d epth of 140 m add s further \l eig ht to the widely 
a ppli ed e mpiri ca l rela ti o nship between calving speed a nd 
wa ter depth deve loped b y Brown a nd o th ers (1982) . 
H owe\'e r, that thi s ca lv ing speed is susta ined in bracki sh 
wa ter wh en it is known th a t calving speeds in fres h wa ter 
are a bo ut an ord er of m agnitude lower th a n th ose in tid e 
water (Funk a nd Rbthli sb erge r, 1989) is surprising a nd 
sugges ts th a t some facto r oth er than wa ter chemistry 
ex pla ins th e contrast. Alth o ug h th e ph ys ics o f the water
depth /cah-ing-speed rela ti o nship rema in o bsc ure, it has 
emerged as a robust and useful predicti\'e lOol that appli es 
in a wid e ra nge of em 'iro n m e n ts. 
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