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ABSTRACT. Ice temperature was measured in a nd a round th e chaoticall y crevassed 
south margin of Ice Stream B, Antarctica, from 1992 to 1994. The temperatures a t 30 m 
depth in the chao tic zone a re a bout 12 K lower tha n in the adjacent uncrevasscd ice, due to 
the ponding of cold winter a ir. At depths greater than 150 m, the re is clear evidence of 
internal heating of the ice due to the large shea r deformati on ra te in the margina l zone. 
Analysis of the depth of coo ling below the crevasses and of the i Ille rn a l heating g ives two 
pieces of info rm ati on. First, over the last ha lf century the latera l shea r stress averaged 
2.0 x 105 Pa in the top third of the margin and , second, the ma rg in moved outwa rd a t an 
average rate o f 7.3 m a I. These values do not invo lve any ass umptio ns about the Oow law 
of ice. The uncerta inties a rc roug hl y 20% . The va lue ofl atera l shear stress indicates that 
the most of the drag on the ice stream is along its sides. 

1. INTRODUCTION 

The la rge ice streams of the Siple Coast, Anta rct ica (Fig. I), 
a re thought to play a key rol e in the dynamics a nd balance 
of the Wes t Anta rcti c ice shee t, which is grounded below sea 
b ·el and therefo re may be subj ect to mecha nica l in tability 
(e.g. Hughes, 1975; Bellll ey, 1987; All ey and Whill a ns, 1991). 
These ice stream s are unusua l in seve ral ways a nd two of 
their peculi a riti es a re addressed in thi s pap er. First, they 
can undergo la rge changes on time-scales of a century or 
perhaps much less, despite their g reat leng ths of hundreds 
of kil ometers. Secondl y, they have such a low basal shear 
stress that their moti on appears to be controll ed la rgely by 
forces acting on their sides, eve n though they a re wide (tens 
of kil o meters) a nd thin (I km ). 

The south m a rgin of Ice Stream B2 has been studied 
ex tensively because nearby camps a nd ski ways have made 
it accessibl e. Th e ice stream is a bout 31 km wide a nd I km 
thick in thi s region, and h as the well-defined, heavil y cre­
vas. ed ma rg ins typical of the edges of mos t acti\ "C ice 
streams (Fig. 2). The marg in consists of three reasonabl y 
well-defin ed a reas (Fig. 3): a zone of arcuate c revasses, a 
hea\·il y cre\"assed "chaotic" zone called the "Dragon" and a 
zone of crevasses which trend upstream (Vornbe rge r and 
Whill ans, 1990; Echelmeyer a nd others, 1994-). M easure­
ments of surface veloeity a nd shea r strain ra te across the 
Dragon (Bindschadl er and others, 1987; J ackson, 1991; Whil­
lans a nd others, 1993; Echelmeyer and others, 1994·; ' Vhill ans 
a nd Va n der Vee n, 1997) and a la boratory study o f ice cores 
retri eved from depth there Oac kson and K a mb, 1997) sug­
gest th at a la rge pan of the downslope compo ne nt of the 
weight of the ice stream is supported by the shear stress on 
a n approx im a tely ve rti cal surface parallel to the edge of the 
ice stream. ,,,re call thi s the lateral . hear stress. Thi s interpre-

ta ti on is consiste lll with the weakness of the till fo und to 
underli e at leas t p a rt of the ice stream (Kamh, 1991). 
Another interes ting ch a racteri sti c of the area is tha t much 
of the presentl y a lmost stagnan t a rea to the south of the 
m a rg in (the Unicorn in Figure I) is underla in by buri ed cre­
vasses and was proba bly part of the ice stream a century o r 
so ago (Cla rke a nd Bentley, 1995). Such rapid ch a nges 
appear to be common in the Siplc C oas t a rea (e.g. Bind­
schadler a nd Vo rnbe rge r, 1990, 1998; J acobel and o the rs, 
1996). Therc is a lso ev idence that the ma rgin is mig l-ating 
o utwa rd at present (H a milton and others, 1998) a nd tha t 
thc ice stream is mig rating upstream into pre\·iously rel­
a tivel y stagnant a reas (All cy and Whill ans, 1991). A theOlT­
ti ca l di sc ussion of the therl11 0mecha nica l stability of ice­
stream margins has been gi\·cn recentl y by J acobson a nd 
R ay mond (1998). 

The work desc ribed herc was designcd to provide new 
info rmati on about both the latcra l shea r stress and the mi­
g ra tion of thc edge o f the ice stream . Both of thcse have a 
connecti on with the internal hcating due to ice deforma tio ll , 
which we knew fl-Olll our pre\·i ous work could be significant 
in the Dragon ( Echelmeycr and othe rs, 1994·). It was there­
fo re apparent tha t th e measurement of tempcrature mi ght 
yield intercsting informa tion, if the fi eld difTiculti es due to 
heavy cre\·assing co uld be overcome. Such I11caSurem e l1lS 
werc carri ed out during the fi cld seasons of" 1992-93 a nd 
1993- 94 at the sites shown in Figures I a nd 3. \Ve exp ected 
th at the data wo uld providc a constra il1l be tween the shear 
stress a nd thc ra te of mig rati on of the edge of the ice stream 
but not the individua l quantiti cs. It turned out that a fo rtu­
na te but uncxpected circumstance, the coo ling of the sha l­
low ice by ex tensive creva sing, provided an ex tra pi ece of 
informati on th at p ermittcd both shea r strcss and mig ra ti o n 
rate to be dctcrmi ned . 
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Fig. I. Localion mal}. The bore/toles were drilled at Fish Hook, 
near Oul B camp, and along the line indicated. The coordi­
nates rif0ulB camp are 83°37'0)" S, 138°03'30" W Modi­
fied from Shabtaie and Bentley (1986) and Vornberger and 
r I 'Izillans (1986). 

11. MEASUREMENTS AND RESULTS 

A. Temper ature 

Temperature m easurements were made with thermisrors 
frozen into boreholes dril led with bot water from the Cali­
fornia Institute of Technology dri ll rig. Because of the heavy 
erevassing within the Dragon, the drill rig (which weighs 
about 10 I kg exclusive of fuel ) was stationed outside it and 
the hot water from the rig was pumped to the boreholes 
through hose. The hose was dragged into place and partially 
supported with bamboo poles to limit its melting into the 
surface. A minimum of equipment (about 700 kg) was man­
hauIrd ami carried to the borehole sites: a dri ll tip and dril­
ling hose, a hose-hand ling cap tan, a heater to boost the 
water temperature, a small generator and fu el. 

\ Vc accessed the Dragon from the ice stream in 1992- 93 
and from the Unicorn in 1993- 94 (Fig. I). Finding a route for 
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Fig. 2. An oblique view of the Dragon, looking upstream near' 
the slud)1 area. Th e Unicom is on the right. 
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Fig. 3. Locations of boreholes in and near the Dragon, and the 
transverse derivative of the longitudinal velocity dui dy 
measured over the interval Janua1Y 1994- Janua1Y 1995, 
shown with respect to the structure of the D ragon. The bound­
aries of the chaotic zone are somewhat dijJuse, as seen in Fig­
ure 2. On the Unicorn side, the transition from arcuate to 
chaotic crevasses takes place between roughly 100 and 300 m 
on the distance scale shown. 

the rig from the skiways at Upstream B a nd Out B camps 
(Fig. I) ro the Drago n was a maj or problem, especia lly from 
the ice-stream side. Although the drill rig never entered the 
Dragon, it was broug ht piecewise as close as safety p er­
mitted, through kilom eters of open and hidden crevasses. 
Routes were found by exhaustive hand drilling and probing. 
Sometimes crevasses that were difficult to trace on the sur­
face were entered a nd mapped from below. Transport of 
equipment, fuel a nd personnel was by snowmobile outside 
the Dragon, and by skis and handha uled sleds within it. 
D espite many trips, no crevasse fall s occurred while trans-
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p orting the drill ri g or personnel to a nd from th e Dragon, 
a nd only one o r two minor ones within it. The dangers were 
m ore se\"Cre where the route was not so well studied. For 
example, a m assi\'e snow a nd ice bridge under a ski route 
used for survey ing near the inner edge of the Dragon col­
lapsed between visits; the dime nsions of the collapse were 
comparable to the length of a climbing rope. 

The thermistors were factory-calibrated a t severa l tem­
peratures and checked in ou r labora tory at O°e. After fi eld 
in ta ll ation they were measured d a il y with data logge rs, the 
performance of which \\'as checked da il y using precision re­
sistors as standards. The accuracy was a fe\\' hundredths of a 
kel vin. The data were recovered i nJa nuary of 1993 a nd 199"L 
Equilibrium temperatures were es timated by constructing 
plots of temperaturc \·s rec iproca l time, which for an instan­
ta neous line sou rce are linear (e.g. Humphrey and Echel­
m eyer, 1990, p.296) a nd in practice were usual ly easil y 
extrapolated to infinite time. In m os t cases, equi li brium 
temperatures co uld be est imated to within 0.05 K but, at 
sites such as C haos a nd Remote (Fig. I), where there was 
limited time for data coll ectio n, the acc uracy was closer to 

0.1 K . In a few cases, equilibrium temperatures could not be 
estimated, particularly in the Dragon at about 30 III depth, 
where there was a massive disturbance from the freez ing of 
thousands of liters of return water fl ow from the drilling, 
which did nOt re turn to the surface but apparentl y ponded 
in the bottoms of ClT\·asses. 

The equ ilibrium temperatures a re summa rized in Fig­
ures 4- and 5 (see a lso Ha rri son a nd Echelmeyer, 1994) and 
the borehole locati ons a rc shown in Figures I and 3. The 
sites Remote, Intermediate a nd Pad were drilled in 1992-
93 a nd the others in 1993- 94-, except for Up B, the data for 
which were ta ken from Engcl hardt and K amb (1994·). I n ad­
diti on to these data, summer tempera tures in crevasses were 
obtained by suspended thermi sto r strings a nd by direct 
measurement with thermome ters (Fig. 6). C revasse tem­
peratures tended to \'ary erratica lly with time, poss ibl y 
because of a ir convec tion. 

B. O t h er m easu rem ents 

The posi tions o f the temperatu re-m casu remei1l si tes a nd the 
surface \'e lociti es were determined by o ptical surveyi ng. The 
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0111 B, using data jrom Figure 4. The COli/aliI'S are labelled 
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la tte r were measured a long three profiles cross ing the mar­
g in pe rpendicul a r to its edge. Onc line co ntained the tem­
perature-measureme nt sit es. The la te ra l der i\'at i\'C of the 
longitudinal veloc ity componen t a lo ng thi s line, which is 
a pprox imatcly twice the latera l shear st rain rate, is sho\\'n 
in Fig-ure 3. The \'e loc it y with respect to bedrock of a marker 
just o utsiclc the ice stream (121 near Dragon Pad ) was meas­
ured by geodetic GPS methods a nd fOLl ndto h(\\'C a compo­
nent inward to the ice stream (cr. \\ ' hillans and \'an del' 
\'ee n, 1993). Similar m e thods we re used to Ill easure sLll' face 
slope. \ Vc a lso made monopul se rada I' measurelllel1lS o f ice 
thickness along the \T loci t)' lines; the results agreed with 
the dri lling data a t Dragon Pad (pcrsonal cOlllmunication 
['rom H. Enge lha rdt, 1 99-~) . Those data needed for the 
analys is of the tempera ture data arc summ arized in Table I. 
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Ill. DISCUSSION OF THE DATA 

A. Crevasses and crevasse teITlperatures 

Our experi encc in sub-surface exploration in connecti on 
with route finding and tempera ture measurement indicates 
that the cre\'asses tend to be about 30 m deep or perhaps 
slightly more o utside the Dragon. They might extend deep­
er but they a rc pa rti all y fill ed with coll apsed snow bridges 
and sometimcs la rge fo lded sheets of ice spa ll ed from the 
crevasse walls, wh ich in the course of their slow coll apse of­
tcn resemble gia nt pieces of r ibbon candy. ·Where the crevas­
sing is heavy, it scems completely chaotic on the g round, 
a lthough patterns can be seen from the air (Fig. 2). The 
chaos usually prevents a person from reaching 30 m depth, 
or even from da ngling a thermistor cable to 30 m. Because of 
thi s, the crevasses at B, C a nd D a re certa inl y deeper than 
the temperature data in Fig urc 6 wou ld impl y. That the 
depths in the Dragon are roughly 30 m is indicated by the 
di sequilibrium effects in the temperatures near thi s depth 
at Lost Love and Chaos, which were caused by dr illi ng 
water as noted above. 

Creva se A in Figure 6 was a deep arc uate c revasse near 
D ragon Pad. It was completely covered with a snow bridge 
a nd could only be entered a fte r digging an acccss hole. In 
the analys is of the next section, the temperature at the 
bottoms of the crcvasses (near 30 m depth) between Dragon 
Pad and Lost Love is important. Although the data from 
cre\"asse sites B, C and D do not ex tend this deep, they sug­
gest by extrapola tion a complex pattern of g radua lly de­
creasing temperature at 30 m as thc Dragon is approached 
and entered from the Unicorn side. 

B. Tem.peratures at shallow depths 

The most str iking feature of th e data is the low tempera­
tures at shallow ( < 150 m) depths within the margin. This 
is most appa rent at Lost Lo\"e and Chaos but it is a lso seen 
at Drago n Pad , Remote and Intermediate (Fig. 4). (At Lost 
Lo\"e and Chaos the temperatures above about 30 m depth 
should be disregarded because they arc complicated by the 
drilling a nd perhaps by other effects.) The low temperatures 
are associated with crevass ing a nd arc most pronounced 
where cre\"assing is intense a nd the cre, ·asses a re open at 
the surface. The obvious expla nation is that cold winter air 
is ponded in the crevasses. Upward extrapolation at Lost 
Love and Chaos indicates that the mean annual tempera­
ture nea r the bottom of the crevasses at a depth of 30 m is 
about ~37.0 ° C a t both sites. This is to be compared with 
~25 ° or ~26°C at 30 m depth that is typical of uncrevassed 
a reas such as Fish Hook, Out B and Stage, a nd with the 
ave rage mid-winter air temperatures of ~35 ° to - 40°C 
(H arrison and Echlemeyer, 1994, fi g. Il). The cooling 111 

hem·ily crevassed areas is thus substantial, II or 12 K . 

C. Tem.peratures at interITlediate depths 

One can a lso distinguish cha racteristic types of temperature 
behavior a t intermediate ( > 150 m ) depths. Ou tside the ice 
stream on the Unicorn (Fish H ook, Out B and Stage), there 
is li ttle variation of temperalLlre down to the depths meas­
ured (roughly one-third of the ice thickness ), except for a 
slight cooling with increasing d epth. On the inner edge of 
the Dragon (Remote, Intermedia te and Pad ), there is a pro­
nounced increase of temperature with depth. vVi thin the 
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Table 1. ResultsJrom surface measurements 

Distance (m ) 
Dragon Pad to L ost Lo,·e 

Lost Love to C h aos 

Average surface shear st ra in rale e :ry fa 1) 
Dragon Pad LO Lost Lm·c 

[n\vard component of ice vcloc ily at margin 
V i w ith respect to bedrock (m a I) 

Su rface slope Cl 

I kill below t.o 10 km abm·c thermistor li ne 
I km below to 20 km above th ermistor line 

lee thickness at Dragon Pad (m ) 

469 
621 

0.05+ 

1.1 ±02 

1.3 x 10 3 

1.1 x 10 3 

910 

o uter part of the Dragon (Lost Love and Chaos ), the tem­
peratures tend to be somewhere be tween these two ex tremes 
b ut more simila r to the Unicorn sites. At intermediate 
d epths, tempera tures at Lost Love a nd Chaos indicate a 
warming trend r ela tive to those at Dragon Pad, a n effect 
that will be ana lyzed below in te rms of internal heating. 
Considering both the complicated structure of the these 
temperature profil es and the complicated history of the ice 
stream as noted above, one expects a ll of the measured tem­
peratures to be cha nging with time. 

D. Origin of the ice 

One of the most important facto rs in the analysis of the tem­
p e rature data in the Dragon is the o rigin of the ice there. I f 
the ice at a partic u la r site in the Dragon came from a nearby 
site in the Unicorn like Dragon Pad , where the tempera ture 
is known, then the difference in temperatures at the two sites 
can be interpreted in terms of two processes which occu r as 
Unicorn ice becomes incorporated into the Dragon, cooling 
from the sUl·lace a nd heating interna ll y. Because the ice in 
the Unicorn near the ice stream has a component of velocity 
directed into the ice stream and because, as will be shown 
la te r, the Dragon is migrating into the Unicorn, it is safe to 

ass ume that the ice in the outermost part of the Dragon 
(such as at Lost Love and possibly at Chaos) originated on 
the Unicorn. 

In contras t to this situation, the re arc two reasons indi­
cating that the ice at the other sites (Remote, Intermediate 
a nd Pad) did not o rig inate on the Un icorn. First, they have 
ch aracteristically different temper a tures at intermediate 
d epths, as mentioned above. Secondly, because of the rapid 
acceleration of a parcel of ice from the Unicorn as it 
becomes part of the Dragon, its trajectory soon m akes a 
small angle with respect to the outer edge of the Dragon. 
This means that the ice at Remote, Intermediate and Pad 
probably originated fa r enough upstream that it never had 
the temperatures presently characteristie of ice in the 
Unicorn and, because of this diffe rent origin, it probably 
a lso had a dilferent history of surface cooling and internal 
h eating. It is interesting that between Chaos and R emote a 
shal low, trench-like feature has been identifi ed (Echelmeyer 
and others, 1994). This is in the boundary area between the 
two groups of sites showing the cha racterist icall y different 
temperature behavior and could be another indication of 
their different origin. Even within the group of sites consist­
ing of Remote, Intermediate a nd Pad, the temperature con­
tours of Figure 5 illustrate that the temperature behav ior is 
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complcx . A na lysis o rth e temperature p rofil es a t these three 

sites seem s difficult a nd is n ot aLlempted in thi s paper. 

IV. MIGRATION VELOCITY OF THE ICE-STREAM 
M ARGIN AND LATERAL SHEAR STRESS 

A. Approach 

In thi s secti on, the temperatures at L ost L O\'e and C haos 

a rc a n a lyzed under the ass umpti on th a t the ice therc orig i­

na ted from th c U nicorn a nd initi a ll y h ad the same tempera­

tu re p ro fil e as measured a t Dragon Pad ; the d ata from these 
thrce sitcs a re singled o ut in Figure 7. A s noted abo,"C, when 

the ice e nters th e Dragon from the U nicorn (or as th e 

Dragon mig rates illlo the Unicorn ), it ex periences two 
errec ts: coo ling rrom the urface due to th e new "surface" 

temper a ture (-37.0°C a t a depth of 30 111 ) imposC'd by the 

crevassing, and intern a l heating due to en ergy di ssipa ted 

by ice d efo rm ati on. These errects can b e a na lyzed to g i'"c 

bo th the ycloc ity of mig ra ti on of the edge o f th e ice stream 

a nd the la te ra l shear stress ac ting ac ro s a n approx ima te ly 
verti ca l pla ne pa rall el to the edge of the ice stream. 

The a na lysis requi res se" era l approx im ations, which a re 
di sc ussed in more d e ta il in the next sec ti on. The m os t 

impo rta lll ap proxima tion requires tha t the Dragon a nd 

adj acent p a rts or the Unicorn do not a nd h ayc not " a ri ed 

sig nificantly upstream from the sLUdy site a long the traj ec­
to ri es fo ll owed by the ice now at Lost L ove a nd Chaos. M o re 

spec ificall y, we ass ume tha t there is long itudina l homogene­

ity (no longitudina l tempera ture g radi e nts ) a nd th at condi­

ti ons h ave not changed with time in a re ference sys te m 
m oving tra nsve rse ly with th e edge of the ice stream. [n thi s 

case, it is justifi ed to a na lyze a n cl ement of ice at Los t L O\"C 

or C haos as ir it and the edge of the ice stream had m O" ed 

a long a line perpendi c ul a r to the ice stream rath er tha n 
a long the ac tua l traj ec to ri es. With th e he lp or furth e r 

approxim a ti ons, the ice can be ana lyzed as a simple mO\' ing 
co lumn in onc spati a l dimension. 

Altho ug h the m a rg in-migrati on , "C loc ity a nd th e la te ra l 

shea r stress a rc the des ired res ults of th e a na lysis, it is m o re 
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Fig. 1 T he tlzree temperatllre /lTofiles analy::.ed (s..Ylllbo{s) and 
the model]its (curves). The]its to the L ost L ove da ta were 
made with both the immediate and delayed cooling 1II0dels 
and with two slightl)' different sets if parameters; the ]its are 
indistinguishable on tltis scale. 

conve nient to b egin by ex trac ting t,,·o othe r quantities, 

more directl y rel a ted to th e d a ta, rrom whi ch the mig rati on 

"eloc it y a nd the hea r stress can be easily calcula ted. The 
first qua ntity is the "res idence time" !:It, whic h is the time 

that a column or ice has res ided in the Dragon a nd Lhererore 
the time tha t it has undergone surrace cooling a nd intern a l 

heating, a t least in the approxim ation in which these two 

processes proceed simultan eo usly. The second qua ntity is 
the "il1lerna l h ea ting rate", w hich is the ra te o f temp erature 

change th a t the co lumn would exp eri ence if it we re isolated 

except fo r the interna l heating by ice derorma ti o n. T his is 

equa l to the quo ti ent fl pc where f is the ra te o f vo lumetric 
heat produc ti o n by derorma ti o n of the ice a nd pc is the "olu­
metric heat cap ac ity. 

B. DeterITlination of residence time and internal 
heating rate 

An instruct i"e a pprox im a te a pproach to the problem or 
determining the residence time a nd the inte rn a l heating 
rate fo r a co lullln orice now a t Los t LO\'e is as ro llows. Ta ke 

the "e fTc ni vc surrace" or the ice strea m to b e a ho ri zonta l 

pl ane a t a d e pth o r 30 Ill , th e approximate thic kness of th e 

cre"assed laye r. Ass um e th a t the column initi a ll y had th e 

tC' mpera tllre profile measured a t Dragon Pa d , a nd th at 
when it ent c rcclthe Dragon, th e temperature a t t he e fTcctive 

surrace dro pped to - 37.0°C a nd the int erna l heating ra te 
jumped fro lll ze ro to some consta nt , ·a lue. At re la ti'T ly sha l-

10"· depths, cooling would d o minate. One can then obta in 

an orde r-o r-m ag nitude es tim a te o rhalr a century ro r the re­

sidence time 6.1 , using th e rac t th at the depth of coo ling 

(seen in Fi g ul"C 7 to be cha r ac teristicall y 80- 100 m below 
the crreniw' s llrf~lce ) increases roughl y as vi 4n:6. t where I-i, 

is tlte th e rm a l difT'usi"ity o r ice. At intermedi a te de pths 

( > IjO m ), inte rn a l heating wo uld be domina nt. The tem­
perature inc rease between Dragon Pad a nd L ost Lo\"(" is 

about the sa m e' at a ll intermedi a te depths (Fig. 7), roughl y 

0.8 K. Di"i sio n by !:It gi, 'es a n o rder-or-magnitude estim ate 

or I or 2 K pe r ce ntury fo r the intern a l heating ra te, whi ch is 

approx im a te ly independent o r d epth. 
A m o re acc urate a na lys is uses a simplificati on of th e 

hea t-tra nsp o rt equati on: 

1 ( D ( _aT)) .( Z) uT f aT f}T 
pc Dz J\ az - b 1 - H f}z + pc ~ Vi Dy + at 

(1) 

where T is the tempera ture a nd t is time. The (:r , y, z ) co­
ordina te sys tem is fi xed re la ti" e to bed rock, with th e .r ax is 
ori ented d ownstream, y into the ice stream a nd z , 'C rticall y 
dO\\"Il . Th e o rig in is ta ken to b e a t Dragon Pa d a t the errec­
tive surlace, 30 m below the true surrace. ]{ is the th erm al 
conduc ti"it y of ice and pc is its volumetric heat capacit y; 
th C'y we re ta ken to va ry sm ooth ly with temper a ture acco rd­

ing to th e p a ra m eteri zati o n g i,"C n in Pa te rso n (1994). b is th e 

ba la nce ra te in ice-equi" a lent units, H is th e ice thickn ess, f 
is the " o lume tri c rate or inte rn a l heat produc ti o n a nd Vi is 

th e ve locit y component orth e ice perpendi cula r to th e edge 

(a long th e y ax is) measured with respec t to b edrock. 

In Equa tio n (I) th e first a nd second terms re prese l1l co n­
duct ion a nd a d'Tc ti on in the yertica l direc ti o n, the latter 

with a linea r ve rti cal veloc ity distributi on (or consta nt ve r­

tica l stra in ra te ). There a re no corresponding te rms in th e 
longitudina l direction because of th e ass umed lo ngitudina l 
homogen e ity noted abO\"C. The third term is the interna l 
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heating rate, which is taken to be independent of dcpth 
because of the uniform temperature cha nges at intermed i­
ate depths noted above. Conduction in the trans,·erse direc­
tion is omitted but transve rse ad,·eclion is included throug h 
the fi rst term on the ri ghthand side. Vi is assumed to be i n­
dependent of depth, with the consequence that the two 
terms on the righthand side together represent the tempera­
ture cha nge DT I Dt in a vertical column of ice as it ente rs 
the ice stream from Dragon Pad and proceeds to Lost LO\·e 
or Chaos. As fa r as the column is concerned, only the verti­
cal dimension occurs. The key approximations, which in­
clude Equation (1) itself, the parameterization of the terms 
in it and the application of the surface boundary condition, 
are di sc ussed in section V. 

Equation (I) gO\·erns the dependence of temperature as 
a function of depth in a moving colum n, and it can be used 
to find the \'alues of the residence time a nd interna l heating 
rate which best fit the meas ured temperatures at Los t Love 
and Chaos, using the d ata from Dragon Pad as the initi a l 
condition of the co lumn. The results arc insensitive to initi a l 
temperatures at depths g reater than we m easured at Dragon 
Pad but we did include measurements made there by the 
California Institute of Technology at depths grea ter tha n 
600 m (persona l communication from H. Engelhardt, 
1994). As the lower boundary condition, we a rbitra ril y held 
the temperature gradient constant at the bed; thi s choice 
has no appreciable effec t on the results, because the depths 
of our measured temperatures in the Dragon a re too sha l­
low a nd the res idence ti mes are too shorL. 

In the simplest model, one of "immedia te surface cool­
ing", an immediate drop in effective surface temperature 
from the measured va lue at Dragon Pa d to - 37.0°C "vas 
imposed on the movi ng eolumn. Trial \'alues of the residence 
time !':!.t (the integration time) and the interna l heating ra te 
(f 1 pc) (taken to be consta nt ), were chosen to calcul ate the 
temperature profile from Equation (I), a nd varied to give 
the best fit (in the least-squares sense) to the measu red tem­
pera tures at Lost Love. Because temperatures were meas­
ured at many depths, and there a re only two unknown 
pa rameters, both are well determined . The temperature 
data used are shown in Figurc 7; those at the sha llowest 
depths were not included because we could not remove the 
effec ts of drilling, poss iblc seasonal cha nges or poss ible 
sm a ll temperature inhomogeneities assoc iated with the 
sma ll butfinitc spacing of the CIT,·asses which determine 
the effecti,·e surface temperature. The resulting best yalues 
of residence time and internal heating ra te a re designated 
by the subscript 2 and are in Table 2; the residence time is 
from 1952 to the time of measurement in 1994, loosel y 
referred to as "the present" in our discussion. The errors 
given in Table 2 are those resulting from uncertainty in tem­
perature measu rement and indicate how wcll the two pa ra­
meters are determined by the data if th e model is accurate. 

If one were to apply the same approach to the Chaos 
da ta, the results would be different. This is suggested by Fig­
ure 7, which indicates tha t internal heating has progressed 
significantly at Chaos rela tive to Lost Love (seen in the da ta 
at intermediate depths, > 150 m) but a com mensurate 
downward cooling (seen in the sha llower data ) has nolo 
The la t ter suggests that the residence time of the ice a t 
Chaos has been only slightly longer than tha t at Lost Love, 
so that the internal heating rate (a,·eraged over its residence 
time) must have been large r than at Lost Love. Since the ice 
at Chaos has been in the Dragon somewhat longer than th a t 
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Table 2. Calculated intemalheatingrates (f 1 pc) and cones­
jJonding time intervals !':!.tfor the immediate and delo...yed sur­
face -cooling models, together with the errors arisingjrom the 
errors in temperature measurement. Values Jar the second 
( more recent) interval !':!.t2 are givenJor two different sets of 
jJarameters, as indicated. D etails are in the text 

Sl/ r!aCf-tooling lIIodet IlItmwt heating rate Til1l f inteH1oI Fit rillS ermr 

Ka 1 a K 

Param eters b = 0.15 III a 1 H = 992 m: 

ImmccliateUI pc) 1 = 0.033 ± 0.007 61 1 - 22±6 0.15 

lmnwdia lc(j 1 pch = 0.0163 ± 0.0014 612 = +H±1.5 0.0" 

Delayed (fl pch = 0.0139 ± 0.0013 61~ = 52.5 ± 1.5 0.Q3 

Parameters 6 = 0.09 m a 1 H = 910 m : 

Ddaycd(f 1 PC)2 = 0.0125 ±0.OOI3 6/2 = 56.0 ± 1.5 0.03 

at Lost Love, an interna l heati ng rate that is dec reas ing in 
time is suggested. 

As the simplest test of this tentative conclusion, we 
defined a n earlier inten ·al !':!.td coming just before .6.t2 ) 
during which the ice now at Chaos had entered the Dragon 
but that now at Lost Love ha d not. This would be the inter­
val before 1952. We allowed fo r a different interna l heating 
rate (f 1 pc) I during this eadi er interval. For the more recent 
inten ·al !':!.t2 (from 1952 to 1994), we took the internal heat­
ing rate to be the same as for Lost Love, (fl pch frol1lTable 
2 . .6.t t and (f 1 pc)! were then determined by a least-squares 
fit to the Chaos data, again by integrating Equation (I) 
using the Dragon Pad data as the initial condition. The 
results are inTable 2. !':!.tl bega n in 1930; thi s is the year that 
the ice now a t Chaos entered the Dragon acco rding to this 
model. The internal heating rate during thi s earli er period 
was abo ut twice as large as it was after 1952. H owever, it is 
most realistic to think of these rates as averages over their 
respective time inrervals; it is unlikely that there was an 
abrupt cha nge in that yea r. 

The resulting best fits to the Lost LO\·e a nd Chaos data 
arc shown by the curves in Fig ure 7. The rms error between 
the fitted temperature curves a nd the data a re inTablc 2 and 
are compa rabl e to the measurement errors. The values of ac­
cumulation rate b and ice thickness H used in the fits are 
gi,·en in Table 2; these choices and their consequences are 
discussed in the next section . 

Two questionable aspec ts of this approach a re that the 
column experienced an interna l heating rate that was inde­
pendent of time (but different during the separate intervals 
.6.tj and !':!. t2 in the case of the colul1ln now a t Chaos) and 
that the onset of surface cooling was immedia te. "Vc first 
consider the internal heating. One can see that heating has 
in fact alread y begun at Dragon Pad (compare with Stage 
or Out B in Figure 4), but thi s is of no consequence because 
wc take the measured temperature there as the initial con­
dition of the calc ul ation. The variat ion of the m easured sur­
[ace strain rate (approxim ately half of the velocity 
deri,·ative in Figure 3) with transverse position, and there­
fore with time as far as the moving column is concerned, 
may be indicati,"C of variation in the internal heating rate 
as well. In the model we ta ke it to be constant at the average 
,·alue. However, this probably introduces littl e error into the 
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res ults because, to a good a pprox imatio n, it is the a\'e rage 
\'alue of the intern a l heating rate that influences the tem­
pera ture cha nge. 

The situation with the surface cooling is not as clea r. The 
di sc uss ion of the crevasse temperatures in the previous sec­
tion indicates that the effectiye surface temperature o f 
-37.0°C a t 30 m is not reached just beyond Dragon Pad , as 
assumed in our model. M oreove r, the discussion of the 
structure of the chaotic zone in connecrio n with Figure:1 in­
dicates th a t chaotic crevassing, a sufIi cient but perhaps not 
necessar y eondition for the - 37.0°C tempe ratu re, is not de­
\'eloped until some di sta nce beyond Drago n Pad. It there­
fore seem s more reali stic to use a "dcl ayed surface coo ling" 
model in which the - 37.0°C temperature occurs as a step 
onc-qu a rter of the di stance from Dragon Pad to Lost Lm'C. 
The pos itio n of this step is our estim ate o f where the crfec­
tive surface temperature reaches its average value betwecn 
Dragon Pad a nd Los t L ove. To apply th is bounda ry condi­
ti on, the drop in surface temperature was ta ken to occur a t a 
qua rt er of the residence time, as wo uld be the case for a con­
sta nt inwa rd component of \Tlocit y of the column rela ti\ 'e to 
the m a rg in. 

Th e essenti al features of this delayed surface coo ling 
model a rc summari zed in Figure 8. The results from fittin g 
the Lost L ove data a rc g iyen inTable 2; there a re in facttll'o 
se ts of resu lts for two different fit s, onc for each of t 11'0 d i ffer­
ent se ts o f va lues for the pa ra metcrs 6 a nd H , as indica ted in 
the ta ble a nd disc ussed be low. The best fit using the first se t 
of pa ra m e ters and the immedi ate cooling m odel is the cunT 
shown in Fig ure 7, but the fits using the d ifferent pa rame ter 
se ts a nd cooli ng model s a rc all ve ry good a nd ca nnot by 
themsek es single out o nc se t or model as being superi o r. 
The del ayed cooling m odel was not appl ied to the Ch aos 
data because of complicati o ns disc ussed be low. 

C. Mig r a tion veloc ity and later a l s h ear s tress 

The ave rage outward component of the m ig rat ion \'c1oe it y 
of the ice stream, VII" duri ng the inten 'a l 6t2 can be ca l­
cul a ted from Clt2, the di sta nce betwee n Dragon Pad a nd 
Lost L ove, dDP- LL, a nd the component o f the ice \Tlocit y 
(measured with res pecr to bedrock) direc ted inwa rd into 
the ice stream from the U nico rn, Vi . If Vi were ze ro, the 
res ult wou ld be simply Vm = dDit:il. . Howeye r, because I'i is 
not ze ro (Table I), th e res idence time is de termined by th e 
"rela ti\ 'c veloc ity", VI', wh ich is the \'elocity o f the column re­
lati\T to the migrating edge o f the ice stream: 

actual 
_______ ,~ ___ -:-: __ :-7_ -=-= __ 7. __ ~_ :-:-_ .:-: __ ~ __ -:7_-:1_ INTERNAL 

HEATING 

r---------------_+_~ time or 

-- ----..:....=....-~ .. --:.....::.. .~ --- --

DRAGON 
PAD 

LOST 
LOVE 

distance 

SURFACE 

COOLING 

Fig. 8. Schematic sketch q/tlze internal hea ting ra te and of the 
sll1jace coolingJor the two model scenarios. The Sll1jOCf cool­
illg is the temjJemtllre at 30 m deIJt". 

(2) 

The mig ra ti o n yelocit y is determined by 

(3) 

Taking Vi, cl[W - L L and Clt2 from Tables I a nd 2, wc obta in the 
model-dependent va lue of VIll during the interva l Clf2. The 
corresponding va lue for the earlier interval 6 t j is obtained 
by using the di sta nce betwee n Lost Love a nd Chaos from 
crable I. The res ults a rc in Ta blc 3. :\'ote that Vm » Vi. 

The la tera l shea r stress, T,ry, ca n be estim a ted from the 
Los t Lo\T d a ta fo r the more recent inten 'al Clt2 using 

(4) 

where e.rl} is the la teral shear strain rate (Ta ble I), which is 
ass umed to be the only significant component o f the strain­
rate tenso r. Bo th T.,,!} a nd eJ .y were assumed to be inde pen­
dent or depth a nd tim e, as di sc ussed in the nex t sec lion. For 
e.r !} , we used th e a\'C rage va lue betwee n Dragon Pad a nd 
Lost LmT (Ta bl e I a nd Fig. 3). The res ulting \'a lues of latera l 
shear slress for the modrl s o f i m med iate a nd del ayed surface 
cooling a rc inT~1 ble 3. 

A more CO lllpleX procedure was needed to find T.rIJ for 
the ea rli er intCI'\ 'a l Clt \, because the fl ow regime then, un­
like today's, is unknown. \\'e used a fl ow-l aw app roach, 

ass uming th a t e,r.'l is proporti ona l to T:.'I' with the propor­
ti onalit y co nsta nt dete rmined by the results obtainecl for 
these qu a ntiti es d uring Clt2 . Under these co nditions it is 
straightfo rwa rd to show ['rom Equation (4) tha t 

(5) 

in which the subsc ri pts denote the two time interva ls. This 
res ult is a lso g i\Tn in Tablc 3. The datcs of the inten 'als in 
Table 3 co rres po nd to the \'a lues of Clt \ a nd Clt2 in Tabl e 2. 
In both ta bles th e unce rta inli es arc those es tim a ted f'rom 
measurem ent er rors alone; the effects of sho rtcomings in 
the models a rc no t included . 

V. UNCERTAINTIES 

The \'a lues o f' mi g ra ti on \'C loe it )' a nd shear stress in Ta ble 3 
a rc afIrclcd by a \'a ri et y of facto rs. The first is the eflrc t of 
errors in th e tempcrature mea 'urement s, which is rcl a ti\Tly 
slI1 a ll (Table 3) a nd needs no furth er di sc ussio n. The others 
a rc di scussed under the following three headings. 

Tr.lble 3 . . l l'fmge lI1igratioll velocifY al/d lateral shear stress 

• ~'" ~jfl(t'-('()()I ill.t: 'rill" ill/en'tlt Reta/i,'e Jligmtioll Shetlr J/re,\\ 

mndd l'e/ori{ )' l'r l'f'/ori{l' I Till Tyy 

III a ma 10; I'a 

Paralllf/fr.! 6 = (J.IS m a I 11 = 992 111 : 

Immediate 19:10 52 2R±R 27±8 3.1 ±(J.7 

Imllled iate 19.)2 9 1 11. 1 ±O.+ IO.O±O. 1 2.6±0,3 

Dela> ed 1<) 11 9-1 R5 ±O.+ 7. I±OA 2.2 ±().3 

Pam'Jl(,/f r,\ 6 = (W9 m a t /-t = 910m: 

Dclay('cI l 'nH 9-1 R I ±O.'[ 7.3±0. [ 2.0 ± 1l.3 

621 
https://doi.org/10.3189/S0022143000002112 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000002112


J ournalofGlaciology 

A. The heat transport equation - transverse con­
duction, vertical advection, thermal properties and 
ice velocity 

The omission of the conducti on term in th c transve rse di­
rection from Equation (I) can be ju tifi cd on dimensional 
g round s. The cha rac te ri stic conduction leng th in the tra ns­
\'crse dircction is "Ivr , where" is th c therma l diffusivit y. 
This is about 4 m, wh ich means that tempera tures within a 
few m eters of the edge of th e ice stream would be influenced 
by tra nsverse conducti on but not a t th e much greate r dis­
ta nces cha racte ristic of Lost Love or C haos. 

The simple pa rameterizati on of the vertical advection 
term in Equation (I) a lso needs to be justified. One 
approach is to compa re the cha racteri stic depths to which 
heat is transported by conduction a nd ad"ection during 
the ti me 6,.t , which we take to be J 4,.,;6,.t a nd b6,.t , resp ec­
tively. At both Lost LO\'e and C haos, the conduction d epth 
exceed s th e advection depth by an order of mag nitude, 
wh ich suggests tha t the a.dvection tcrm, and therefore the 
va lues of the pa ra meters band H in it, a re not critical. This 
is borne out by sensitivity tests using the del ayed cooling 
model in the Los t Love a na lysis. Ana lyses which we carried 
out using preliminary values of b = 0.15 m a 1 a nd H = 
990 m are useful in these tes ts, when compa red with ana­
lyses using the more rea li stic values of 0.09 m a 1 (measured 
by A lley a nd Bentley (1988) at a site l:i km to the north ) a nd 

• 1 
910 m (T.:'lble I). D ecreasing b from 0.15 to 0.09 m a de-
creases T.ry by about 7 %, a nd decreasi ng H from 990 to 
910 m , dec reases Tcy by about 4% . The net result of varying 
these pa rameters can ~e secn inTables 2 a nd 3. \Ve used the 
preliminary " a lues ofb and H a nd on ly the immedia te cool­
ing model in th e Chaos a na lys is, because we judged more 
effort to be ut~ustifi ed given the la rge uncerta inty in the 
histo ry of the Chaos co lumn, di scussed below. 

Our choice of thermal properties a lso needs to be j usti­
fi ed. \Ve used a value of therm a l conductivity K charaCleri s­
ti c of pure ice. The accuracy of thi s approx imati on dep ends 
upon how closely the density below the 30 m refercnce sur­
face approachcs tha t of solid ice. Judg ing from m easure­
m ents made near the center of the ice stream (Alley and 
Bentley, 1988), this occurs a t abo ut 15 m below ou r effective 
surface, but th e depth is probably less between Dragon Pad 
a nd Lost Love because the densification rate is likely higher 
near the edge of the ice stream due to its stra in-ra te d epen­
dence. vVe thercfore judge tha t this is not a m ajor source of 
error. Even less important is the poss ible error in the \ 'olu­
metric heat capacity pc, for which we used the weak but 
correct temperat ure dependence in th e solution of Equ ation 
(I), and th e single value at -28°C for convert ing the resulting 
best values of f I pc to f. 

Fina ll y, the use of the m oving-co lumn model requires 
tha t the horizontal velocity of the ice in the tranS\'ersc direc­
ti on, Vi, is independent of depth. This turns out to bc o flittl e 
consequence because Vi is sm a ll compared with thc mig ra­
tion veloci t y V m . 

B. Longitudinal and temporal changes in the config­
uration of the ice stream 

Two effects noted in thc previous secti on a re morc serious 
tha n those just considered. The first is th e assumptio n of 
longitudinal homogeneity, which leads to th e omiss ion of 
the long itudina l conduction a nd advec tion terms in Equa-
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tion (I), a nd the second is thc ass umption of time indepen­
dence in the configuration of the ice strcam. These effects 
could cause uncerta inti es in the surface coo ling a nd internal 
hcating hi stori es orthe L ost Love a nd Chaos columns. 

To treat thc poss ible effec ts of longitudina l variations in 
the ice stream, wc begin by assuming th a t they a re sma ll 
and that there is no tempora l vari ati on in the configuration 
of the ice stream except for uniform trans la tion. Then we 
determine the "entry points", which a re th e points upstream 
of Los t Love a nd Chaos where the ice columns now at these 
sites entered the Drago n. Fina lly, we consider whethcr it is 
reasonable that the properties of the ice stream could be un­
changing o n such longitudinal spat ia l scales. The version o f 
the mod el w ith immedi a te surface cooling is used for simpli­
city. 

If the longitudinal (d ovvnstream) velocity component, 
V.f , is approx imated by 

aV.I" , 
V .£ = ay' y (6) 

~ 2eJ·uY' 

in wh ich y' is the tra nsve rse coo rdinate measured into the 
ice st ream from its moving edge a nd e.r y is taken to be con­
stant near y' = O. it follows tha t the rate of cha nge of the 
longitudina l position X of a column of ice is g iven by 

dX . , ( ) - = 2e.cvY 7 elt . 

where Y' is th e distance of the column from the edge of the 
ice stream. Also 

elY' 
--=Vr dt 

(8) 

where Vr is the transve rse velocity of a co lumn measured 
with resp ec t to the mO\'ing ed ge of the ice stream (Equatio n 
(2)). Integra lion of Equations (7) a nd (8) g ives 

X (t) - X (t = 0) = e.ryV rt2 (9) 

in which the column entered the Dragon a t t = O. The left­
hand siele is the di sla nce upstream lo the entry point. The 
approx ima lions leading to Equation (9) a rc consistent with 
those m a de in the immedia te coo li ng model when it was 
appli ed to the Losl Love lemperatures, with t correspond­
ing to the residence time b..t2. 

Using Equalion (9) and th e necessary information from 
Tables 1,2 a nd 3, the entry point of the column now at Lost 
Love is found to be ab oul 1.0 km upstream . The sam e 
approach, but a llowing fo r the longer a nd m ore compli­
cated modelled history, g ivcs roughly 4· km upstream for 
lhe C haos entry point. Th e unce rtain hi stor y of the stra in 
rate produces some uncerta inty in lhese values, pa rticul a rly 
in the case of the C haos co lumn. Over a d istancc of I km 
upstream , casual observatio n indicales no cha nge in the ice 
stream, so the requirem e nt of latera l homogeneity for Lost 
Love is probably well sati sfi ed. The situa tion is not quite as 
good for C haos, because on a scale of 10 km, at least, thc 
Dragon does change, becoming less crevassed upslream . 

Wc still hm'e to consider the effects of poss ible time de­
pendence in the config ura tion of th e ice stream. Fo r 
example, il was noted a bove thal the head of the ice stream 
is migra ting upslream. If th e Dragon has a lso been doing so, 
the Chaos column mighl have had an ac tual enlry point 
nea r what was then the upper end of the Dragon (Fig. I) 
and wou ld have encounte rcd different conditi ons. In thi s 
scena ri o, it would be pa rtic ula rly importam to ta ke into ac-
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count th e delayed commencem ent of surface cooli ng, 

because it ta kes time for cre\'asses to deve lop, not o nl y as 

the margin mi g ra tes la tera lly but as it mig rates upstream. 
This a lone could explain th e limited d epth La which cooling 

seem s to have pen e tra ted at Chaos, a nd th erefore why the 
intern a l heating ra tes (Table 2) and migration \'clociti es 

(Table 3) for th e intervals /::" t l and !':It"2 were so difre rent. 

C onsidering th ese two problem s, which toge th er cause 
uncerta inty in the histori es o f the ice columns, it seem s 

wisest La \'iew the results for the earlier inten 'al /::" t [ with 

su spicion. At b est, they a re less accu ra te than those for th e 

m ore recent inte rval; a t \\'o rst, the e rro rs a re la rge beca use 

o f the co nsidera ble uncerta inty in the hi story of th e Chaos 
column. This is the sa me problem (a lthough less seve re) 

tha t prevented us from a ttempting a n a nalys is o f the tem­

p er a tures from Pa d , Intermed ia te a nd R emote. The result s 

fo r th e more recent interva l a rc conside ra bl y le s se nsitive to 
these efrects. Neve rtheless, e\'en in thi s case wc judge that 

the basic problem , the unce rta in surface cooling a nd stra in 

histo ry of the L ost Love column due to longitudinal a nd 

tempora l changes in th e co nfigu ra ti o n of the ice stream, 
m ay be significa nt. A related possibilit y, tha t th e mig r a ti on 

ve loc ity may ha lT va ri ed in time, seem s less importa nt ifo ur 
mig ra tion velocity is co nsidered a n ave rage ove r the time 

inter val/::,.t2· 

C. Internal heating rate and the upper boundary 
condition 

R egardless of the problem o f" long itudina l a nd tempo ra l 

changes in the confi gurati on of the ice stream, we need to 

conside r in more de tail our treatment of illlern a l heating 
and surface coo ling used in the ana lysis of the Lost L O\"C 

d a ta . Considering first the inte rna l hea ting rate, we reca ll 

that it was ta ken to b e independent o f"d epth. The hig h qua l­

it y of th e fits indicates th at thi s is a n excell ent ass umption. 
This is not surpri sing at intermedi a te depths, a t leas t, 

because of the unifo rmity o f" the tcmperature differ ences 

b etwee n th e Drago n Pad a nd Los t L O\'e profil es (Fig. 7). 
The situa tion is less ob\·ious a nd prob a bl y not so we ll deter­

mined a t shallow d epths because of the complicati o ns o f sur­

face cooling, a lthoug h the fits he re a l"e a lso exce ll ent. 
C onsidering the surface bo unda ry conditi on, Table 3 

shows th at the e. ti m a ted \'a lues o f mig ra tion \'elocit y andla t­

era l shea r stress a re sensitive to the surface-cooling m odel. 

The difrerences be t'vveen th e immedi a te a nd delayed cooling 
m odel s a re typica ll y 20% a pplied to the recent time inten 'a l 

!':lt2. The \'alues obta ined \I·ith the del ayed model a re m ore 

rea li stic but unce rta inti es rema in: the use of a delayed step 
ra ther th an a m ore rea listic fun c tion (Fig. 8), unce rta inty in 

the timing of the step a nd the rel a ted effect of a time-de p en­
dent migration ve locity. "'e judge tha t th e unce rta int y in the 

cooling model contributes a n error 0 (" a bout 15% to mig ra­

tion \'eloc ity a nd la tera l shear stress; thi s is onc of the m a in 
contributions to the net error as disc ussed beloll". 

D. Independence of lateral shear strain rate on time 
and depth 

Because of Equatio n (4), the la tera l shea r stress T ry depends 
upon both the inte rna l heatin g r a te a nd th e shea r stra in 
rate. Since our best va lue for th e inte rn a l heating r a te is a n 

average over the time interva l ["ro m a bo ut 1938 to 1994-, our 

\ 'alue for th e la te ra l shea r stress should be \'iell'ed the sa me 

way. H oweve r, thi s requires the stra in rate ex peri enced by 

the m oving column to have been similar to wha t one wo uld 
compute from the present strain rate with a consta nt mi gra­

ti on velocity. The unce rt a inty in thi s assumption is a m aj o r 

conside ration in the esti mation of net errors, as noted a bove. 

A parallel question is the depth dependen ce of the stra in 
rate, previ o usly conside red theoretica lly by E chelmeyer a nd 

othe rs (1994), R aymond (1996) a nd J acobson a nd R ay mo nd 

(1998). The strong coo ling which we observed in the sha ll ow 
ice uggests th at it is rel a tively s till~ and thus that the shear 

stra in r a te, a nd therefo re th e \'elocity, wo uld increase w ith 

depth. Then the indep ende nce of the inte rna l heating ra te 

on d epth (with the limita ti ons di sc ussed a b ove) would im­

pl y by Equa ti on (+) a d ec reas ing shea r SlI-eSS with depth. 
Onc might think tha t the va lue of"th e shea r stress inTa bl e 3 

is bes t interpreted as a n ea r-surface va lue, because it is es ti­

m a ted using the measured surface stra in rate. On the other 

ha nd , the intern a l heating rate which d e te rmines it is best 

known at interm edi ate d epths. Tt is proba bl y b est to conside r 

our value to be representa ti\"C of th e top third of th e ice 
stream , which is the m ax imum depth o f the tempera ture 

mea. urem ents a t Lost L ove. 

E. Best values and net errors 

Thc a na lysis of th e L os t Luve data , using th e delayed cool­

ing m od e l a nd the bes t p a rameter va lues, can be summ a r­
ized as [0 11 Oil'S. From a b o ut 1938 to 1994, the latera l shea r 

stress in the upper third o f th e ice-stream thi ckn ess averaged 
abo ut 2.0 x 10.1 Pa and the edge of th e ice-stream mi gra ted 

outwa rd into the ice sh ee t a t an ave rage sp eed of a bo ut 

7.3 m a I. Although th e re a rc many unce rt a inti es, \\'e beli eve 

th e ne t e rror is domina ted by tll"O prim a r y contributi on s, 
the uncerta int y in th e a ppropriate surface cooling model 

(15% ) a nd a compa ra ble contributi on fro m the unce rta inty 

in the hi sto ry of th e mO\'ing column. Treating these contri­

butio ns as independent, we obta in an es tim a te of about 20% 
fo r the ne t uncertaint y in I he shea r stress a nd the migra ti o n 

veloc it y. Th e la tter seem s less se nsiti\ 'e to stra in rat e a nd its 

unce rta int y may in fact b e so mewha t less. 
The res ults from the C haos ana lysis a re much more se n­

siti ve to these efrec ts a nd a rc not conside red reli able, 

althoug h at face \'a luc they suggest th a t the migra tion 
\'cloc it y was higher som e decades ea rli e r. 

VI. DISCUSSION AND SUMMARY 

A. Force balance 

Our a nalysis indica tes tha t th e latera l shea r stress in the 

uppe r third of th e ice stream a\"eraged 2.0 x 10-" Pa over the 

las t h a lf century. This p ermits us to address onc of th e key 
questions disc ussed in th e first sec ti on: the extent to which 

th e d ownstrea m compo nent of th e weight o f th e ice stream 

is suppo rted by it s sides. In thi s di sc ussion it is cOI1\'eni ent to 

use th e idea of th e "dri\ 'ing stress" Td defin ed by 

Td= pgH sin o' (10) 

where p is the density o f the ice, 9 is the g r a \ 'ita tional accel­

era ti o n, and H and et a rc the average va lues o f"th e ice thi ck­

ness a nd surface slope. Ifl ong itudina l fOlTes a re negli g ibl e, 
fo rce bal a nce is expressed in th e furm 

(11) 

in w hi ch H ili is th e ave rage thickness a t the m a rg ins, 11 ' is 
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the width of the ice stream , Tb is the average basal shear 
stress a nd Try is the lateral shear stress ave raged 0\"Cr depth 
a long each margin. The idea is to ill\'estigate hO\\· the dri\'­
ing stress (the lelihand side of Equation (11 )) is partitioned 
between basa l drag and side drag. 

To estimate the driving stress, we used o ur measured 
value et = 1.3 x 10 3 for surface slopc (Table I) a nd the \'a lue 
H = 1050 m for the average ice thickness. There is poten­
tia llya la rge uncertainty in et, because et is sm all and the 
surface of t he ice stream is irreg ular, but ou r value agrees 
with the va lue obtained by E chelmeyer and others (1994) 
from the m ap by Retzla ff a nd others (1993). This \'alue is ha lf 
that quoted by Alley and othe rs (1987). The resulting dri\ 'ing 
stress Td is 0.1 2 x 105 Pa. 

To estimate the side-drag term, ~T.,.y . we use a \'a lue of 
0.9/31 for H IIl / 1V. which is consistent with the measured 
thickness near the margi n (Table I), a nd o ur ya lue of 
2.0 x 10''; Pa to approximate the ave rage latera l shea r stress 
Try . The result is 0.12 x 105 Pa. This is the same as the dri\'ing 
stress, which at face va lue m ea ns that the average basal 
shear stress is essenti a ll y ze ro; a ll of the driving st ress is 
taken up by the sides of the ice stream. However, one needs 
to keep the unce rtainti es in mind: the 20% which we as­
signed to the lateral shea r stress, a compa ra ble unce rtainly 
in the surface slope, the fact that we have de termined th e 
latera l shear stress on ly in the upper third of the ice thick­
ness at only one site and on only one side,andthe ass umption 
of negligible longitudina l forces. Nevertheless, it is clear that 
side drag is important a nd that it seems to support the most 
of the driving stress, in agreem ent with all o ther estimatcs. 

Our estimatc of the late ra l sh ea r stress is 10'1.) lower than 
tha t of Jackson and K amb (1997), which is pe rhaps fortui­
tously good agreement g ive n the difficult y a nd uncerta inty 
inherent in a ny method of stress mcasurement. Our latcra l 
shca r stress and side drag a re highcr than those estimated by 
Echclmeye r and others (1994), but perhaps not surpri singly 
so when one considers our unccrt ainti es and the fact tha t 
their cstim ate. wcrc made on the basis of surface mcasure­
menLS a lone a nd the a 'sumption of constant tempcrature. 

B. Migration of the edge of the ice s tream 

Our ana lysis indicates that the m argin migrated outward at 
a n ave rage rate of about 7 m a I betwcen about 1938 and 
1994. This is in reasonabl e agreement with a recent estimate 
by Hamilton and othcrs (1998) based on crevasse shapcs. A 
century or two ea rli e l~ the mal-gin was moving morc rapidly 
in thc othcr direction (Clarke a nd Bentl cy, 1995). From a 
theorctical po int ofvicw, there is rcason to do ubt whethcr a 
ma rgin could c\"Cr be sta tionary, unless there is an cxact 
compensati on by ice inf10vv or somc compe nsating factors 
at thc bed Uacobson and Raymond, 1998). 
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