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Seistnic-reflection evidence for a deep subglacial trough 
beneath Jakobshavns Isbrre, West Greenland 

TED S. CLARKE * t\l\"O K EITH ECHEUIEYER 

GeolAvsira/ [lis/ill/le. Universi[JI of ALaska, Fairballks, ALaska 99775-7320, US.A. 

ABSTRACT. Seismic-reflecti on m e thods \lTIT used to d e termin e th e ice thi ckn ess 
a nd basa l topography o f J akobsha \'ns lsbne. a large , fa st-m oving ice stream/ou tlet 
glac ier in West G ree nland. A method of data a nalysis \\"as de\Tloped w hich im'oh'es 
th e point\l'ise mig ratio n of data from a linea r se ismi c a rray and a sing le explosi\'e 
so urce; the meth od y ie lds the depth , hori zon ta l positi on a nd slope o f the basa l 
refl ec tor. A deep U -shaped subglacia l trough II'as ro uncl beneath th e entire length o[ 
th e well-d efin ed ice stream. The trough is incised up to 1500 m in to bedrock, and its 
base lies 1200- 1500 m below sea leve l for a t least 70 km inland. Center-line ice 
thi c kness a long most of the cha nnel is a bout 2500 m , or a bout 2.5 times that of" th e 
surrounding ice shee t. This prominent bedrock trough \\"as not appa ren t in ex istin g 
rad io -echo-so unding data. R efl ection coeffi cients ind ica te that mu ch of the basa l 
interface is probably unde rl a in by compacted , non-d efo rming sediment. Th e large ice 
thi ckn ess, coupled \\"ith relat ilTly steep surface slopes , lC'ads to hi gh basal shea r stresses 
(200- 300 kPa ) a long th e ice stream. Th e large shea r stresses and lack of a d eformable 
bed impl y that intern a l d eformatio n plays a dominant rol e in th e dynamics of 
j a kobshavns lsbrce. 

INTRODUCTION 

j akobs ha\"l1s Tsbrce is o ne of th e la rges t a nd fastes t outl et 
glac ie rs draining th e Greenland ice sheet. For 70 km 
inland it has the sudace ex pression of an ice stream (Fig . 
I ) , w ith heavil y crevassed shear ma rgins between the ice 
stream a nd the slower-m ol'ing ice sheet in II'hi ch it is 
embedded. No bedrock is ex posed a long its margins except 
nea r the 10- 14 km long floatin g termin a l area. The ice 
tongue is 600 1I00m thi ck, fl oats in a 1000-1500 m deep 
fj ord a nd is bounded b y gneissic wa lls ex tending up to 
300 m a.s. l. . Speeds o[ up to 7 km a I a re reached nea r the 
terminus of this glacier , leading to a ca king flu x of 
app rox imately 60 l\It d I. At 75 km inland the ice is still 
mO\' in g 800 m a I. and the O\'e rall surface slope is 
rela tively steep, dropping 1600 m in 100 km (Echelmeyer 
and H a rri son, 1990; Echelmeyer and others, 199 Ia) . 

An und erstanding o f th e mechanism s hehind thi s fa st 
fl ow is importan t because much o[ th e Greenland ice shee t 
is dra ined by outlet glaciers of simi lar surface express io n . 
Whil e there has been considerab le in vestiga ti on of th e 
long, comparatil'e ly fl at ice streams draining the \ Ves t 
Anta rc tic ice sheet into th e R oss [cc Shelf (e.g. Bentl ey, 
1987; Shabtaie and oth ers, 1987; Alley a nd Whillans, 
1991 ) , th e unbuttressed ice streams dra ining into the 

Presen t add ress: Geoph ys ica l and Pola r R esearc h 
Cenrer, Unil'ersity o[ \ Vi sconsin , 1215 \V. Da\"lOn St., 
i\ la di son , \\'isconsin 53706, U.S .A. 

Amund se n Sea, such as Pin e Island and Thll'a ites 
Glac iers, a rc re la til'ely unknown . T hese latter glaciers 
and man y of the large o utl e t g laciers of" Eas t Antarctica 
ha\'e s urf~lcc characteristics which resemble those of 
j akobsha v ns l sbrce (i\fclntyre, 1985). S imil a rly, model 
st udies of the L a urentid e ice sheet show that there ma y 
hal'e ex isted outlet glaci ers w hi ch fl oll'ed from the central 
ice shee t th ro ug h th e d ee p fjord s to the cas t; these may 
have played an importan t role in th e rap id demise of that 
ice shee t in th e pas t (Denton and H ughes, 198 1) . Thus, 
an unders tand in g of the fast-fl ow m ec h a nism a nd 
dynam ics o f J akobsha\'ns I sbrce may be helpful in 
undersia nding the dynamics of both past and present­
day ice strea m s a nd ice shee ts. 

To understa nd the flo\\' mechanism of J a kobsha\'ns 
Isbrce, knowledge of its ice thickness, basa l topograph y 
and tempe rature distribution is required. Fieldwork and 
modeling by Iken and others ( 1993 ) and Funk and others 
(1994) g ive e\· id ence for a 200- 400 m thick basa l laye r of 
lemperate ice O\'erlain by a cold core of ice w hi ch has 
been ca rri ed d own fi'om th e upper drainage basin by the 
rapiC! no\\". In this paper \I"e describe seismic meas ure­
ments of ice th ickn ess in the J akobsha\"ns drai nage basin , 
and pro\ 'id e a comparison with the a irborne radar 
measure m e n ts made pre \ 'ious ly (Gudmand sen , 1970, 
1977 ) by the T echnical U ni vers ity of Denm ark (TUD). 
The se ismic expe riments we re conducted in part to 
provide detail ed ice-thickn ess informa ti o n needed (or 
the plan ning o f hot-water dri ll ing a nd assoc iated ice­
temperature m easurements (Iken and ot he rs, 1989; 
HUll1phrey a nd Echelm eyer , 1990). 
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Fig . l. Location maf) oJ Jakobslwvl1s !sbrtE . Ice-slream boundaries are shown as solid lines where well defined, dOlled in the 
up/JU reaches where they are less well defined. Seismic traverses are shown as heaV)1 solid lines wilh labels tliat are riferred 
to ill the lext; small dots represent point seismic measurements, and Imge dots indicate satellite-derived swface velocil)' 
measurement locations described in EcheLmeyer and H aITisoll ( 1990). ELevation contours ill meters are derived fi'om H. 
Breclter and T. H ughes ( jJersonal communication, 1988) . Bedrock /I1C11gins are stifJI)led, and the calvingJronl is showll as a 
hashed line. SUlface eLevation and ice-stream boundaries near the grounding zone are appro ,imale. 

Th e m ethod of pointl\'ise migration of se ismi c­
reflec tion d a ta d eve lop ed here, to our knowledge, h as 
not b een d esc ribed previously in th e g lae io logical 
litera ture. Simple formulae a re developed which give 
depth , hori zo nta l pos ition a nd slope of th e basal refle c to r 
from a linear geop hon e array and a single exp l o~ive 

so urce. The method has proven useful in other cases 
where radi o-echo sounding has yielded unsatisfactory 
results due to a la rge thi ckness of tem perate ice o r 
complex geometry, o r both (e.g. Ruth Gl acier, Alaska (K . 
Echelmeyer, unpublished ), a nd T a ku G lacier, Alaska 
(No la n and o th ers, 1995 )) . 

W e first d esc ribe th e radio-echo-sounding d a ta for th e 
J a kobshay ns region which ex isted prior to our seismic 
meas urements. Th e seismic meth od s and ana lysis are 
discussed next, foll owed by a presen ta tio n of the seismic 
resu lts with a synthes is of th e radio-echo a nd seismic data. 
The m easured ice thi ckn esses are then used to es tim ate 
the basal shear stress a lo ng the ice stream . L as tly, 
refl ection coefficients are used to in ves tigate the nature 
of th e g lacier bed. 

RADIO·ECHO SOUNDING OF JAKOBSHA VNS 
DRAINAGE BASIN 

Prio r to the joint Eidgenssische Technische H ochschule 
(ETH ) and Unive rsity of Alaska hot-wa ter drilling 
program on J a kobshav ns Isb rce, a compila ti on was made 
ofpre-ex isting d a ta on ice thi ckness a nd basal topogra phy 
in the region. No descri ption of ice thickness of sufIicie n t 
d e ta il for p la nnin g a drilling program had b ee n 
publi shed . M a ps of the entire Greenland ice shee t were 
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presenter! by R adok a nd others (1982 ) . Some coarse 
details of the J akobs havns dra in age basin were tabula ted 
by Bindsc ha dl er ( 1984) using the maps of R adok a nd 
o th ers. The so urce of these ice-thickn ess data was th e 
a irborne rad io-ec ho soundings made by TUD in th e 
1970s (Overgaard, 1981 , 1982, 1984a. b) . 

The T U D system was a 10 k\V ice radar operating at a 
frequenc y o f60 MHz . Th e r a d ar was mounted on a n LC­
l 30 a i rcraft and f] O\\' n over m ueh of Green la nd at a l ti tude 
of 500- 1000 m above th e su rface. Some of the nigh ts 
passed over th e ocean , sea ice or land , in a dditi on to th e 
ice sheet. Horizon ta l navigation was done b y a n inertial 
na\' igatio n sys tem of m od es t acc uracy, a nd a ircraft 
a ltitude was determined by pressure a ltimetry. Z-sco pe 
traces were prese n 'ed on a photographic film record er 
with timing li nes (Gudmandsen , 1977 ). 

Beca use th e drillin g progra m required a much more 
d etail ed picture of ice-s trea m thi c kn ess than was 
availa bl e from th e existing maps, we initi a ted a search 
for th e ac tu a l TUD ice-radar data (Overgaard , 198 1, 
1982, 1984a, b ). Such data were ob tain ed from the 
W orld D ata Center A - G lacio logy (vVDCA ) in 

Boulder, Colorado, U.S .A., in th e form of ta bul a ti ons 
for each fli g ht path ove r Greenl a nd. Th e tabula tions 
consisted of lati tude, lo n g itude (both to 0. 1 ' ) , surface 
elevation a nd bed elevation at abo ut 1.6 km intervals 
a long pa rts of each flig ht. The data were e nte red into a 
database, from which con tour maps of J ako bshav ns 
drainage basin we re construc ted. Tra nsverse and long ­
itudina l profi les of ice thickn ess and surface a nd bed 
topography were a lso cons truc ted . Coverage over th e 
basin was limi ted , as is shown by the fli g ht pa ths 
depic ted in Fig ure 2. 
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Two [ea tu res o f the rada r d a ta a re a ppa ren t fro m 

Fig ure 2. First, th ere exist la rge sec ti o ns o f most fli ghts in 

thi s region where no b asa l returns we re id entifi ed . ~1a n y 
of th e d a ta ga ps a re over th e ice stream o r neighbo rin g 

shea r m a rg ins; pres um a bl y, heavy c re \'ass ing caused 

sca tte ri ng loss o[ th e ra dio signa ls tra nsmi [(ed from the 

re la tive ly high fl ying a ircra ft . Secondl y, th ere were a few 

crossing points \\'he re b asal rcturns we re r ecorded o n b o th 
pro fi les . Examination o f th ese cross in g points gives a n 

es tim a te o[ the erro r s in th e T U D d a ta, bo th in the 

p os itio ning sys tem a nd in th e ra d a r itself. W c have 

a na lyzed th e cross ing p o ints fo r w hi c h d a ta points fro m 
th e two fli ght pa th s a re within I km o r less of eac h o th e r. 

In so m e cases th e b ed and sur face e le\'a ti ons w e re 

inte rpo la ted a long the intersec tin g p a ths to th e exac t 

c rossing point. Th e m ean di!Terence in e le\'a ti on o f th e 
basal re fl ecto r was a bou t 150 m; simil a r difTe rences ex isted 

be t ween th e t\\"o surface e1 e\·a ti ons. In addi ti on, som e 

ele\'a ti o ns fo r the ocean surface a nd th e neigh boring ice 

shee t w e re reco rd ed as 100- 200 m b elow sea . Thus, w e 

ta ke 150- 200 m to b e a reaso na bl e es tima te of th e 
sta nd a l-d e rro r in th e el eva ti ons a nd a co n 'ery a ti ve 

es tima te of th e erro r in ice thi ckn esses d e ri ved from the 
ra d a r d a ta . A smoo th ed contour m a p o f ice thi ckn ess is 

shown in Figure 2. 

O\'e rl aying the ice-strea m bound a ri es onto th e ice 

thi ckn ess m a p shows no a ppa rent subg lacia l ex pressio n of 

J a ko bsh m'ns ice stream (Fig. 2) . This a ppa rent lack o f a 
stron g subg lac ia l ex press ion for thi s ice strea m was 

be li cved to be simil a r to wha t was fOLlnd benea th so m e 

of the \\'es t Anta rct ic ice strea ms, from bo th ice rad a r a nd 
se ism ic m eas u reme n ts (e .g . Sha bta ie a nd o th ers, 1987; 

Atre a nd Bentl ey, 1993; R etz la !T a nd o th ers, 1993 ) . F o r 

pl a nning purposes, a n ice dep th o f 1250± 200 m vv as 

es tima ted from Fig ure 2 fo r th e drill si tes nea r and on th e 
ice stream a t a bo ut 48 .4 \\' long itud e . No depth s in 

excess o f 1500 m \\-e re ex pec ted . 
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SEISMIC METHODS 

Seismi c-re fl ec ti on da ta ""'e re coll ected during th e summers 
of 1986, 1988, 1989 a nd 1990. In 1986 a few spo t 

measure m e nts were ta ke n as tim e allow ed be twee n ice­

mo ti on su rveys. The 1988 season consisted o f a sing le 7 km 

tra \'e rse acr oss th e ice stream . Th e traverse was ori ented 
perpendic ul a r to fl ow a t a loca ti on d ownstream of where 

the ice stream is clea rl y d efined by intense sh ea r m a rgins. 

This loca ti o n \\"as pro fil ed in a n c!To rt to d e te rmin e where 

th e ice s t ream bed co uld be reac hed w ith th e ho t-wa te r 

d rilling sys tem . The 1989 season co nsis ted of se\'era l 
pa rti a l tra nsve rse pro fil es o n th e lower ice s tream , aga in 

in a n e ffo rt to d etermin e where th e base of the ice co uld 

be reac h ed b y hot-wa te r drilling. The 1990 effo rts we re 

aimed a t d e te rmining th e inl a nd ex tent of the su bglacia l 
trough whi ch had bee n di scO\'e red in 1988 . 

O ne o r t\\·o EG &G Geomerri cs 12 10F 12-channel 

se ismogr a ph s were used d u ri ng th e vario us field pro­

g ra ms. I f t\\'O instrum ents were used . the a rrays were 

occas io n a ll y p laced a t r ig ht- a ng les, with th e first 
geop ho n e o f each a rray a t th e a pex . The two-dimen­

siona l a rray was necessary fo r depth d e te rmina ti ons on 

th e lo\\'er ice stream w h e re bot tom to pogra ph y was 
ex pected to be so mewhat m o re comp li ca ted th a n th a t o f 

th e inl a n d ice strea m , a nd because th e a rray-sho t point 

a rra nge m e nts were se\'e re ly res tri cted b y surface crevas­
sing in th e hig h-stra in-ra te e lwironm ent o f th e lower ice 

strea m . Geoph one spacing w as 15 m, except in 1990 when 
30 m spac ing was used. F o r th e spot m easurements in 

1986, 14 H z geo phones w e re used ; th e 1988 a nd 1990 

tra \"C rses e mployed 28 H z geophones , a nd bo th 14· and 
28 H z geo ph o nes \\'ere used in 1989 . Th e geopho nes were 

a rra nged o ne per ta ke-o ut a nd ori ented \T rti ca ll y. The 

number or sa m ples pe r c ha nn el on th e G eom etri cs 
ITCe l\'e rS is fi xed a t 1024. All 12 cha nnels \\'e re reco rd ed 

a t ei th e r 1000 o r 2000 sa m pies per second. The res ul ti ng 

I 
- 48.0 - 47 .2 

LONGITUDE (degrees) 

Fig. 2 . .Ifap showing TeD ice-radar sOlllldillgJ7ighl /Ja lizs and smool!7ed conlours rif ice Ilz ickl/ess deril'edfrom l/tese dala, 
in melers. Dols denole focaliolls where basal rell/ms U}fre recorded. lee-slream boundaries, calvillg f rolll and bedrock are 
show/{. 
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sampling window was ra th er short and often had to be 
delayed by up to 1200 ms in order to coincide with the 
a rrival of botto m or wall reflections. In th e abla ti on a I-ca, 
small (0. 15- 0.5 kg) explos ive cha rges were drill ed 2 m into 
ice; la rger cha rges (u p to 2 kg) were placed 3- 4 m in to th e 
fi rn of th e accumula tion a rea. An ana log high-pass [llter 
wi th a corner freq uency of 35- 60 Hz was applied to th e 
incomi ng signa l. D a ta we re recorded on paper prin to u ts 
direc tly [,-om the se ismographs. Examples a re shown In 
Figure 3. 

Wh eneve r poss ibl e the a rray was o ri en ted pa rallel to 
th e dip di rection of the refl ector. I f a single a rray was 
employed , this was usua lly accompli shed by firs t 
visua lly es tima ting bottom topograph y from surface 
topog ra ph y. The a rray was th en oriented perpendicul a r 
to the es tima ted slope of th e bed . (\ Ve re fe r to this type 
of a rray as a "s trike a rray". ) A single sho t was the n 
de tona ted off the imm edi a te end of the a rray, a nd 
devia ti ons fro m the exp ec ted time d elay ac ross th e a rray 
(fo r a surface-pa ra ll el refl ec tor) were used to determine 
th e true strike and dip directi ons. If the a rray was no t 
pa ra lle l to the strike o f the refl ec to r, it \\'as reo ri en ted 
a nd a no ther sho t was d e ton a ted to be sure the strike 
direc tio n was correc t. Th e fin a l a rray was then ro ta ted 
90° so it would be o riented pa rallel to true dip in a " dip 
a rray" . This a rray ori enta tion was then m aintained as 
th e a rray was m oved ac ross th e ice stream. The 
ori enta tion of the dip a rray was occasio na lly checked 

with a strike a rray and assoc ia ted shot. T his ensured 
th at the d epth profil e m ainta ined a transve rse ori enta­
ti on. 

Once the dip a rray was pro perl y ori ented , a shot was 
d etona ted ei ther 15 o r 30 m from each end of th e 
geophone spread, depending upon geopho ne spacing 
along th e line of the a rray. After these initi a l shots, two 
different shoo ting techniques were employed . In 1988 the 
a rray and sho ts were moved ac ross the ice stream one 
a rray leng th a t a ti me, stepwise, after shoo ting off each 
end of th e array. In 1989 and 1990 the array was left in 
place while the shot was m oved across the ice stream in 
either direction up to 3 km from the a rray . After seve ra l 
bed echoes were obta ined fo r a pa rticula r a rray, the a rray 
was then reloca ted 0. 5- 2 km fa rther across th e ice stream , 
and se\'era l shots ~\'ere again d e tonated up- a nd down-dip 
from th e a n-ay. Where bed topograph y was rel a ti vely 
sim ple, this shooting technique was found to be expedient 
in definin g the channel sha pe, because it in volved mini­
mum set-u p time. Offse ts were ne\'er la rge enough to 
acq uire subglacial refrac tio ns. 

Trigge l-ing of the seism ogra ph \I'as acco mplished by 
two me th od s. The [lrst utili zed a thin trigge r wire 
lI'l-apped a ro und the explosive charge. Upo n d etona ti on 
th e open circ uit of the broken wire tri gge red th e 
seismogra ph . \"hile effec ti ve a nd reli able, m a nagement 
of long trigger wires was, a t times, clifli cult. The second 
method u tili zed an Fl\I radio tri gger system , which, whil e 

-...,.--- ;---0----

, I 

~ -jI-r- ~ IT;-
~-......j..t~,..-

--'-- ---

--,--~ .... +-.... ..,.-.. ~, I-:-~ 

,I (.\'; f 
~~_~:JL 

I I' i( ),1 
I () . 

. ~--~---- ----- ----
\ 

--, ,--~~ 

----'-----r---t- --;-

, i 
__ ,..o.....L-_..iI..--

_-r--

~ 
~~-

_~~~ _i.~ 
-+------ --~,~-.""-'- - -~- ~ 

222 

~ \ . . 
---~m. -

Fig. 3. SamjJle seismogramsJrom near the center of the S TR profile. Several returns are shown, including P-waves rrjlected 
.from the north and south walls ( P B1J P p~, respectively) and the P-wave rrjlectionfrolll the center oJ the trough ( P Pb ). 

Timing lilies are 25 ms apart . Numbers neaF the bottom oJ each seismogra771 indicate horizontal distance along the stl1jace. 
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less cumbersome th a n th e trigger wire m e th od , \I-as mu ch 
more pro ne to fa lse trigge rs a nd fa ilure. 

Th e sample ra tes usua lly a ll ol,-ed firs t a rril -a ls to be 
determined within I m s (a bout 2 m in d epth ). In so m e 
cases a mbig uous returns r es ulted from hig h bed roug h­
ness, g lacie r seismic n o ise, noise res ulting from surface 
wave e nergy trapped by c re\-asses, w eak ec hoes, o r 
interferi ng echoes (i'om differen t refl ec to rs. The red uced 
ela rit y o f th ese ec hoes inc reased the erro r in picking the 
first a rri\ 'a l to 2 or 3 m s. Tbe worst-case e rro r occurred for 
twO sho ts o n th e lowes t profil e, S8 in Fig ure I , where 
se\'era l o f th ese facto rs combined to crea te a picking error 
of about5ms (a bout 10m in d epth ). 

DATA ANALYSIS 

~I e th od s h ave been devel o ped to asce rtain complex basa l 
topogra phy using difTe rent types of two-dimensio na l 
geoph one a rrays on a g lacie r; these hm'e been described 
bv Doe ll ( 1963 ) and R o thli sberger ( 1972 ) . H O\\"eve r, if 
the geo ph o ne sprearl s ca n be positioned in a linea r a rray 
para ll e l to th e dip of th e refl ec tin g bed , as we ha \'e done, 
th en a simplifi ed formul a tio n for pointwi se migra ti on o f 
d a ta fro m a single sho t a nd a single a rray can be gi\·en . In 
this sec ti o n we de\"C lop thi s fo rmula ti on . Inputs a re tra \'e l 
tim e a nd shot-to-geo ph o ll e offse t for a n y two geophones 
in a dip a rray . T he me th od yields a na ly tica l exp ress ions 
for th e ho ri zo nta l pos iti o n, depth a nd slope of the 
refl ec to r, ass uming a ho m ogeneo us iso tro pi c medium 
O\'e r a slo ping ha ir-sp ace . The fo rmul a ti on is easil y 
programmed into a poc ke t elec troni c ca lcul a tor whi ch is 
useful fo r in-fi cld mi g r a ti o n of seismi c d a ta a nd 
su bsequ e nt shot/a rray loca ti on planning. 

If th e \'c rti ca l p la n e d efin ed b y th e a rr ay is 
perpendi cul a r to the re fl ect ing surface, as for a dip 
a rray, th e n mi gra ti o n b eco mes a t \\'o -d im cnsiona l 
proble m. An image po int is located eq ua l-di sta nt below 
th e refl ecto r a long a bed-perpendi cul a r lin e (Fig. 4). This 
dista nce, h, from the sho t po int to the im age poilll is gi\"C n 
as th e so lution of 

z, 

1 
BED 

J-------- S2 - - -

SURFACE 

X SHOT POINT 

I IMAGE POINT 

• GEOPHONE 

Fig. 4. A skeldl oI ray-path geomell)! alld image /)oillt Ior 
a homogeneous isotropic medium over[).ing a tilted fta(f­
space, showillg the /J(trallleters lIsed in the two-dimensional 
determinatioll oI tfte rif/frlor locatioll and s/o/Je. 

(1) 

where vp is th e P-wa\'e velocity, t is t\\'o-way trave l time 
for a gi\'en geo phone, s is ho riz o nra l dista nce a long the 
surface from th e shot to th e geophone, and {3 is the bed 
slope. A simil a r equa ti on ca n be written [o r a second 
geo phone wi th the sa me im.age point , a nd the two 
equa tions can be soh-ed simulta n eo usly for h : 

Subsc ri p ts"' I" a nd '"2" desig nate th e t\\"o differ en t geo­
phones: th ey a rc usua ll y ta ke n to be a t th e ends of th e 
a rray . Gi ve n h from Equ a ti o n (2), (3 can be o bta ined 
from Eq ua ti o n ( I ). The a ng le o f incid ence for th e ray 
arri\'ing a t geo phone 1 is give n by 

(3) 

a nd th e \'e rti c-a l ice thi ckness a bo ye th e point o rre!1 ec ti on, 
Z I , for the ray a rri ving a t geo ph o ne I can be d e te rmin ed 
from 

(4) 

Simila rl y, th e hori zont a l dista nce from the sho t to the 
point of re fl ec ti o n, XI, for th e ray a rriyin g a t geophone I 
is giIT n by 

hsill ({3 - 8 1) 

2 cos 8 1 
(5) 

With th e sho t point a t th e o ri g in. x is pos iti\-e towa rd 
th e geo pho nes, a nd Z is positi\T c1 o \\-n\\"a rd . Equat ions (4 ) 
a nd (5) ass um e th e a rray is ho ri zo llla l. A pos iti\'e bed 
slope implies sha ll o\\"er ice und e r th e shot th a n benea th 
th e geo pho nes: nega ti\"C j3 is th e re\·e rse . For stee p bed 
slopes th e unkn o\\-n para me te rs a re sensiti \T fun cti ons of 
th e travel-tim e di!1erence be t\\"Ce n geo phones (tJ - t2 ), 
a nd th erefo re ca re must be exe rcised when m easuring 
tra \-e l times. Th e q ua llliti es Z a nd :r may o f course be 
d e termin ed fo r a ny geoph onc in th e array if a differelll S 

a nd co rrespo nding ti me a re used . Sp ec ifi ca ll y, if th e travel 
tim es a nd di sta nces to the geo ph o nes a t oppos ite ends of 
th e a rray a rc u sed se pa rate ly in Equa ti ons (3 ), (4 ) a nd 
(5), th en th e cnd-points orth e lin e segment al o ng th e bed 
\\'hi ch is illumin a ted by th e re fl ect ion can be loca ted a nd 
plo tted . 

In our a nal ys is, P-lI'a \-e veloc it y \I-as ass umed to be 
th a t of ice a t 15 C: vI' = 3830 m s I (R ti thlisberge r, 1972; 
K o hnen, 19 74 ) . This is based upon th e resul ts o fIk en a nd 
o th ers ( 1993 ), wh o found th e ice tempera ture near site 
STR (Fig . I ) to \'a ry betwee n a bo ut O°C a t th e surface, 
- 22 Ca t 1200 m d ep th, a nd m e lting point aga in nea r the 
base or th e ice strea m. 

Exce pt a t th e fa rth es t inl a nd seismic loca ti o ns, shots 
were drill ed direc tl y in to ice , a nd therefore mig ra ti o n of 
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these d a ta required no firn cor rec ti on. The geophone 
spreads were a lmost always wi thin 1° of horizon ta l, a nd 
neve r exceeded 4° from horizon tal. As discussed p re­
vio usly, the a rrays were a lways o ri en ted as close as 
possible to the dip direction of th e refl ec tor. 

The rela ti ve pos itions or the sho t points and geophones 
we re d etermi ned by op ti cal surveys; th ey are accurate to 
a bout ± 2 m. Absolu te pos itions [o r mos t arrays ",'ere 
d e termined by \ I[agnavox Geoce iver satellite D oppler 
posi tioning-sys tem methods; they a re known to a bout 
± 3 m . The abso lute loca ti ons of the two short trave rses 
o n th e lower ice stream (S8 and L 15 in Figure 1) we re 
d e te rmined by air-photo interpre ta tion, and their bea r­
ings we re determined by compass . Th ese latter a rrays 
have a n es tim a ted a bsolute ho rizo nta l acc uracy of 
± 200 m . 

SEISMIC DEPTH PROFILES 

In thi s section we present the results of the measurem ents 
m a d e a long each of the trave rses shown in Figure 1. Th e 
se ismograms shown in Figure 3 illustra te th e qua li ty and 
varying amplitude of the basal refl ec tions. 'Where possible 
we compare th e seismic results with th e T UD a irborne 
rad a I' da ta. 

Des cription of profiles 

In 1988, seismic measuremen ts were made a long the 
profile designa ted STR (Fig. 1) . Th e stepwise shoo ting 

proced u re res ulted in detailed cO\'erage of m os t of the bed 
beneath th e transec t, with rays of near-norma l incidence 
a t a ll poin ts along the bed . Shot points, a nd thus the ends 
of the an ay, a re shown as X 's along th e surface in Figure 
5, where surface and bed to pography a re di splayed with 
no ve rti ca l exaggera tion . No basal retu rns \" ere recorded 
from th e d as hed region of the bed profil e du e to wha t 
appears to be a very steep ( > 50°) tra nsve rse bed slope. 
T he pro fil e shows a d eep subglacia l trough direc tl y 
benea th the ice stream , with a center- lin e thi ckn ess of 
2560 m and a thi ckness of a bou t 930 m a lo ng the margins. 
Th e base of th e ice stream is a pprox ima tely 1500 m below 
sea level a t this loca ti on . The data show n in Figure 3 were 
coll ec ted from nea r th e cen ter of thi s profil e. Also 
provid ed in Figure 5 is a profil e of su rface \'elocity, 
showi ng th e correspond ence of ice veloci ty a nd ice-stream 
geometry. 

Th e centra l bo rehole shown in Fig u re 5, drilled in 
1988, did not reach th e bed owing to the la rge ice 
thi ckness there. The bo reholes on the north and south 
marg ins of the ice stream were drill ed in 1989, after the 
d rilling eC[ u i pment on th e su rface had ad vec ted down­
stream a bout I km from the original 1988 profil e location . 
Short seismic profi les were made a t eac h m a rgina l zone 
benea th th ese 1989 borehole locati ons to d etermine the 
expec ted d epth for drilling . These resul ts a re indica ted by 
the heavy lines and th e term " Bed d own-glacier" in 
Figure 5. The boreholes reached the bed at both the north 
and so uth margins, and the seismi c d epths agreed with 
their actua l depths to wi thi n ± 30 m (2% ), th us providing 
an es tim ate of the combined errors due to timing, 

Transverse Line Through Stream Drill Site 
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Fig . 5. L ower panel shows the seismicalLy derived cross-section at the STR Jlrofile. Shots are shown by X 's, and flags 
represellt motion sllrvq poles. T he dashed lille indicates the area where no basal retutlls were acquired. T hree borehole 
locations are shown. T he two marginal sites were driLLed ill 1989, after the drilling equipment had advected downstream 
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es timated wave speed and mi gra tion methods o f the 
survey. 

A compa rison o f this se ismic pro fil e \\'ith a TUD ice­
rad a r profile is shown in Fig ure 6. Outsid e the ice s tream 
the ice thickn esses agree within th e error where they can 
be co mpared . H O\\'ever , o nl y o ne rada r r e turn is 
indi ca ted wilhin th e bound a ri es o f the ice strea m , and 
this depth is less th a n ha lf lh a l determined seismi call y . A 
Doppkr pos i ti oning-sys tem CO ll tro l poinl was su rveyed 
a lo ng the rada r profile as part o f the motion sUI"\'eys; the 
TUD surface ele\'a ti on was round to be a bout 150 m 
lowe r th a n th e co nlrol-point e leva ti on and surface 
el e\ 'a tions a l th e STR profil e. The radar-deri\Td surrace 
a nd bed eleva ti o ll s were therefore adjusted b y thi s 
a m o u n t. 

A 2 1 km long sec ti on was pro fil ed in 1990 a t L 25 , 
located 12 km upsLream li-om STR (Fig. I ). This profile 
was acq uired bo th to determine whether the troug h \\'as 
uniqu e to th e ice stream, a nd to d e termine the innux of 
ice into the STR pro fil e where th e boreholes were drilled. 
Th e shear ma rg ins of the iee stream were not as in le nsely 
cre\ 'assed here as th ey were rarther d ownstream, a nd yet a 
tro ug h was round beneath the ice SLream which was 
simil a r in dep th (2580 m ) a nd width to tha t found a t STR 
(Fig. 7). Ice thickn ess outsid e th e trough was found to be 
fairl y consta nl a t a bou t 1000 m. 

An additi o nal se ismic profile was made at L27 , a bout 
24 km upstrea m of ST R (Fig. I ) . The renec tions were of 
poore r quality, a nd no renee ti ons ,"vere ob tained from the 
ch a nnel (en ler lin e at thi s location e\-en after seve ra l 

at Lempts. Shooting near the eenter o r the ice stream at 
thi s loca ti on res ulted in an aud ible c,I\' ing so und. Th ese 
sho ls \\'e re detonated in \\'hat was probably a se \'Cral­
meter- thick layer of o ld la ke ice that had been advected 
dO\\'Ils tream from a nearby surface la ke, which m ay 
partially exp la in the unusua l so und s a nd lack of returned 
energy. Th e eS limated basa l topograp h y slill shO\\'s a d ee p 
sub-ice-stream trough (Figs 8 a nd 9a ) . The es tim aled 
cenler-line ice thi ckn ess is a bout 2800 m , \\'hi ch is grea le r 
th a n that measured anywhere downstrea m . 

Two TGD radar profiles crossed th e ice stream 
between L25 a nd L27 , as indi ca led in the inse l in Fig ure 
8. Considering that th e radar night lin es \\'e re not as close 
lO the se ismic lin e as th ose described in Figure 6, \\'e find 
reason ab le agreement between se ismic and radar ice 
thi c knesses (wilhin 400 m ) oUl side of th e ice stream . 
H owe\, e r , there is again onl y one rada r refl ec ti o n 
indicated owr the ice stream itsclC a nd this re turn sho\\'s 
no subg lac ia l cha nneL 

1 n 1989, measurements were made a t S8, a pprox i­
mate ly 30 km downstream of STR (Fig. I), again in 
pre para li on for poss i ble drilling there. Thi s location is 
abo ut 6 km a bo\'C th e grounding zo ne a nd has a surface 
ice speed of abo ut 3800 m a I . Hea\'y cre\'ass ing in this 
region placed seve re res tri ciions on the loca lion a nd 
mobility of th e a rray th e re. A right-ang le 24-geo phone (2 
se ismog rap h) a rra y \~'as located nea r the ce nter of the ice 
Slream , a nd se \'era l sho ts were deto na ted up to a few 
kilometers a\\'ay \\'ith the use of a heli copter. The 
resu lting surface and bed profil es arc shown in Figure 
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Fig. 7. Seismic IJrojile at [ 25, wilh distallceji-olll ice-stream center line. Sltol IJoinls are showlI as X 's ; geopllOlIe arrIJ..YS are 
short heavy Lines along slliface; dots wil/i fille segmenls Iltrollglt l/zem indicale a reflectioll /Joilll al/d associated rejleclor 
sLope: lite lengl/z oJ Ih e associated lille segment illdicates Ihe sectioll d tlte bed i//uminaled b)' l/ie rejleclioll. "\ '0 vertical 
e\{/ggeralioll. Ice-slream boundaries are located at abOlll 2.6 km sOllliz and 3.5 km 1I0rth oJ lite ceIIler Lil/e . 
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9d . Basa l re turns a re shown as dots, with short lines 
through th em representing the corresponding bed slope. 
A prominen t " tra nsverse" ice fa ll \\'as obse rved to be 
flowing sub-perpendicul a rl y into th e ice strea m a bout 
1.5 km no rtheast of th e a rray. This icefa ll overli es the step 
in th e bed which defin es the northern m a rg in of the 
subglac ia l trou g h. T his basa l step was well d efined by 
refl ections from th e top a nd bottom of th e step , a lth ough 
no re turns fl-om th e face of the step itse lf were o bserved . 
Center-lin e thic kn ess was fo und to be a bout 1760 m , with 
a surface eleva ti on of a bout 500 m. No basal returns \\'ere 
obta ined from. the southern ha lf o f the cha nn el, e\'en after 
repea ted a ttempts . Thus, the sh a pe of th e bed to the south 
\\'as es tim a ted from the tra nS\'e rse surface m orphology of 
th e ice stream a t the SS profil c; thi s es tim a te is sh own by 
the das hed line there. 
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Fig . 9. FOllr seismic cross-sectiolls q[ J akobslzavlls ice 
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are ShOl(,1I aJ X's: dots with line segments through tit em 
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areas where 170 reflections were acquired. i ce jl.ow is il1 to 
Ihe page: Ilorth is to the right. All profiles are to tile same 
scale wiliz 110 vertical exaggeratioll . 

Ice thickness distribution 

In Figurc 9 we plot, to the sa me sca le, the surface a nd 
basa l to pograph y a long each of th e profi les d esc ribed 
a bove _ Fro m th e inla nd ice a t L 27 (60 km upstream of th e 
g round ing zone) towa rd SS (6 km upstrea m of th e 
gro unding zon e), th e cha nn el na rroll'S m a rk edly, a nd 
ice thi ckn ess in th e center of th e stream d ec reases fi 'om 
a bout 2S00 m to 1760 m. The eleva tion of th e base of the 
tro ugh increases slight ly fro m a bout 1500m to 1260 m 
below sea leve l, wit h a n entrenchment into t he surround­
ing bedroc k d ecreasing from 1600 m to 900 m. 

The spo t se ismic measurements mad e at \'an ous 
loca ti ons a lo ng the ice strea m (Fig . I) we re com bined 
with th e pro fil e d ata to ob tain a n ice-thickn ess m a p of th e 
ice strea m as a whole. \Ve h a lT ass um ed th a t th e ice­
radar data a re reli a ble outside the ice stream (which our 
li mited comparisons justify a t the ± 200 m le\'e l) to 
produ ce a conto ur ma p of th e ice thi ckn ess o\ 'e r much 
of the lower J a kobsha\' ns dra in age (Fig . 10 ) . 

Th e ice st rea m follows th e subglac ia l tro ug h along its 
length . T wo bra nches of the trough coa lesce a t abo ut 
4S U W, a nd this is mimicked in th e surface m orph ology, 
a lthough well-d efin ed shear m a rgins a rc no t present a t 
thi s loca ti o n . The onse t of o bvio us ice-stream motion 
begins a t ro ug hl y the sam e position as th e poin t of 
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coa lescence . Outside th e ice stream, ice thi ckn ess is on th e 
o rd er of 900- 1400 m, with a g r a dua l thi ckening toward 
th e interi o r o f th e ice shee t. Th e ice-shee t e lc\ 'a ti ons 
shown in Fig ure I indica te th a t th e bed of th e ice stream is 
more th a n 1000 m below sea leve l al ong its entire leng th. 
.\To reli a bl e ice-thickness d a ta ha \'e bee n o bta ined a long 
th e north ern bra nch of th e ice strea m which e nters just 
a bO\'e th e Qo rd (Fig. I ), bu t su rface morph ology, no ta ti on 
le\'e l a nd speed o r this bra nch indica te that it is no t likely 
to be as thi c k, nor is a subg lacial trough like ly to ex tend 
ve ry Ca r inl a nd to th e north. 

BASAL SHEAR STRESS ALONG THE ICE STREAM 

Th e la rge ice thickn esses a lo ng th e ice stream , co upled 
with th e re la tively steep surface (E chelmeye r a nd o th ers, 
199 Ia ), lead to la rge basa l shear stresses a nd , co nse­
quentl y, a sig nifi cant comjJo ne nt of ice defa rm a ti on 
\I'ithin th e ice strea m. Th e d eepl y inc ised bedroc k troug h 
a nd o\T rl ying ice complica te th e ca lcul a tion o f th e basa l 
shea r stress, Tb , within th e ice stream . Just as vall ey wa ll s 
pro\'ide drag a long a \'all ey g lac ier, th e \\'a lls of th e 
bedrock tro ug h produ ce drag o n th e ice strea m . In 
additi on, th e ice outsid e th e ice strea m, whi ch has a 
diITerent tempera ture a nd thi c kn ess, prO\' id es some dra g 

o n th e ice strea m. 
The simple formul a Tb = pgH sin 0', \I'he re p is th e 

d ell sity of' th e ice. y is th e a cce lerati on of grm·it y, H is th e 
ice thickn ess, a nd a is th e surface slope (\I'he re H a nd 0' 

a rc suita bl y a \'e raged a lo ng th e ice strea m ) , must be 
modifi ed by the incorpora ti o n o f a n eITe('li\ 'e sh a pe fac to r, 
F , which accounts fa r thi s wa ll drag: 

Tb = pgFH sin a (6) 

where, now, H is th e cente r-lin e thi ckn ess a nd F E (0 , 1], 

F d e pends on the sha pe of th e troug h and th e r e la ti\'e 
stiITness and thi ckn ess o f' ice within th e trough a nd o f th e 
ice o utside it. Th e ice a longsid e th e ice strea m d oes 
pro \ 'icl e some d rag o n th e strea m as is e\·idenced b y th e 
n o n-zero transve rse shea r strain ra te obsc n 'cd in the 
vcl oc it y profil e a t STR (Fig . 5 ) . T o accoullt fo r thi s 
a dditi ona l drag, \IT ma ke t\l'O es tim a tes of an e ITec ti\ 'C 
s hape fa ct o r. Firs t , we ass um e that th e ice -sh ee t 
surro undin g strea m is essenti a ll y ri g id (like th e va ll ey 
w a lls \I'ould be) . a nd th en \I'e fit a pa r a bolic shape Lo tlt e 
tro ug h a nd extend it through th e o \ 'e rl ying ice to th e 
s Llrf~l ce (Fig. Il a ) . Th e ha lf-width (Hf / 2) lo center-line 
ice-thi ckn ess (H ) ra ti o fo r this eITen i\'C pa raboli c ch a nnel 

(a) 

c 

Fig . //. Sketch showillg the geometl) 1 a.w llned ill 
calwlal illg Ihe sh ([/Jefacto rs . ( a) FI ( b) F2. Parameters 
are el/llailled ill the tnt . 
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can then be used to determine th e shape fac tor, F1, for 
each cross-sec tion using th e results of Nye (1965) . Th e 
second melhod utili zes an in tui ti ve defini ti on of th e shape 
factor: 

(7) 

\\·here 5 is th e total cross-sec tion a rea of the chann el plus 
the ice a bove (ABCDEA, Fig . 1I b), a nd P is lhe 
"wetted" perime ter of the cha nnel which provid es drag 
on the ice stream (BCD, Fig 11 b ) . r n this case we assume 
that th e ice a longside th e ice stream does not produce 
additional drag on the iee stream. Ass uming the trough is 
parabolic in shape, with d epth hT and width vVT , and 
d enoting the thickn ess of th e o\'erl ying ice by hi (Fig. 
11 b ), we have 

H = (hi + hT) 

5 = (hi+ ~hTr)WT 

P = 21~W' V1 + 4a2x2 dx 

where a = 4hT / W T2 . 

(8) 

(9) 

(10) 

FI will be a minimum value of the effective shape 
factor because ice alongside the ice stream is ass umed 
(unreali sti ca ll y) to be immobile a long the pa ra boli c 
shape, and F2 is a maximum in that it pl aces a ll of the 
drag onto th e "welted" bedrock trough. The \' a lues so 
calcula ted are gi\'en in T a ble I , along with basal shea r 
stress calcul a ted from Equa tion (6) using FI and F2. 
Surface slope has been es tim a ted from Echelmeyer and 
others (199 Ia ) . 

Tb is uniformly la rge a long th e ice stream; it is well in 
excess of th e generall y assumed 100 kPa . These la rge 
values of Tb lead to a la rge component of interna l 
d eform a lion. If we ass um e that the moti on of J a kobs­
ha\'l1s Isbrx is entireh· du e to deforma ti on within the ice 
stream, then an independent es tima te of th e basal shea r 
stress, To, can be obtained from the cen ter-line surface 
velocity, U o , using the formul a 

[ 
2u ] ~ 

To = (AlI) (11) 

where A is th e flow-law parameter, and we have taken th e 

flow-l a w exponent to be 3. 
The \'alue of th e fl ow-law pa ra m eter in Equa ti on ( 11 ) 

requires a choice of the mean ice tempera ture in th e cross­
sec tio n. This value o f A is bes t d ete rmined by a \\'e ig hted 
m ea n o\'C r the center-lin e ice lhi ckn ess, with th e 
weig hting fac tor d e te rmined by th e ra te of deform a lion 
a t eac h depth. This is because Equ a ti on (11 ) reli es on lhe 
ass umpti o n s th a t E~(du/2dy);::::: AT3, a nd T;::::: 
pgFy sin a., where E is th e verti cal shea r stra in ra te, T is 
th e shear stress a nd y is taken \ 'erti ca ll y downward. The 
appropria le weighted mean of A can be shown to be 

4 rH 
(A) = H 4 Jo A (y)y

3
dy. (12) 

U sing the ice tempera ture gi\'en b y !ken and o lhers 
(1993) and the valu es of A as a fun c tion of tempera ture 
gi\'en by Paterson (1981 ), we find th a t (A) = 9 X 10- 8 

kPa 3 ai, corresponding to a d efo rm a tion all y weighted 
m ean tempera ture of - 3°C for th e STR profil e; this 
relatively warm va lu e shows th e effec t of the 200-400 m 
thi ck temperate la yer a t th e base . Th e mea n ice 
tempera ture is like ly to be colder upstream beca use the 
tempera te laye r will be less w ell d eveloped th e re . 
Similarl y, the ac tua l mean tempera ture within a cross­
sec tion may be cold er because th e tempera te laye r is 
obse rved to be thinn er near th e sid es of the cha nn el. 
Consid ering th ese points, we es tim a te To fo r th e 
tempera ture range - 3 to - 8°C (A = 9.0 to 2.2 x 10 8 

kPa 3 a I). Using th e center-line velocity from Echel­
m eyer and H arri son (1990), Equ a tion (11 ) gives th e To 

va l ues li sted in T a ble I. 
Th ese values agree well wilh th ose evalua ted using 

Equ a ti ons (6)-( 10) , except at S8. lfTo is grea ter lh a n Tb, 

then either basa l sliding is impo rta nt or the ass um ed 
tempera ture is too cold , while if T iJ is grea ter th a n or 
eq u a l to To th e n basa l sliding is not importa nt. 
Exa mina ti on of T a bl e I shows th a t basa l sliding is 
proba bly onl y impo rta nt near S8 , whi ch is loca ted close 
to th e grounding zone. At and upstream of STR th e 
domin ant flow mecha nism is intern a l d eform a ti on of the 
ice und er the large dri ving stresses present. This findin g 
is furth er supported by th e lack o f a n y seasonal va ri a tion 
in speed, such as m ig h t be expec ted if surface mel twa ter 
w e r e to influ e n ce th e a mount o f basa l s lidin g 
(E ch elmeyer and H a rri son, 1990) , a nd by the prelimin­
a ry finite-element modeling of Echelmeyer and o th ers 
( 199Ib ), who fo und that in te rnal deform a tion is 

T able 1. Parameters Jo r calculation of effective slla/le fac tors and basal shear stress, as described in text and shown in 
Figure 1 J. Range of Tb is that obtained ]rom F J to F2, and the range in To is that for a weighted mean ice temperature oJ 
- go to - 8°C 

L ocation W H hi hT vl1T Uo Fl F2 Tb T o 

km km km km km km a kPa kPa 

L27 10.8 2.80 1.40 1.40 7.1 0.011 0.50 0.64 0.91 178- 253 158- 25 1 
L25 7.4 2.58 1.00 1.58 5.8 0.01 6 0.80 0. 55 0. 68 206- 253 190- 302 
STR 7.0 2.56 0.93 1.63 5.2 0.018 1.05 0 .54 0.65 2 18- 264 2 10- 332 
S8 3.8 1.76 0.86 0.90 3.4 0.023 3.80 0.48 0.71 175- 258 36 1 5 78 
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sulIi cient to prov id e for th e o bse rved ice mo tio n a t the 
STR pro lil e g ive n th e o bse rved geo m e try th e re. 
Numeri cal calcu la ti o ns usi ng th e o bsen 'ed tem pe ra ture 
li e ld a nd ac tu a l bedrock to p ogra ph y will furth er 
in ves tiga te the ro le of intern a l d efo rma ti on. 

BASAL REFLECTION COEFFICIENT 

Severa l reco rds sh owing mul ti plc re turns were e ncoun­
tered a long the STR tra \'erse, so m e of which a re sh own 
in Figure 3. EYe n a curso ry g la nce a t these seism ogra m s 
reveals ma rk edl y stronge r wa ll refl ec ti ons th a n those 
fro m the cente r o f the troug h. \\Then mo re tha n o nc 
re tu rn occ urs o n the sam e se ism ogram, t h e ec ho 
s treng ths a re eas il y compared , since difIi culti es ari sing 
fro m va ria ti o ns in geo phone co upling, shot coup lin g a nd 
sho t size a re e limin a ted ; and beca use the C eom e trics 
12 10 opera tes w i th a fixed ga in se tti ng, a mpli tud e can be 
d etermined direc tl y from th e se ismograms. In 1988, 
sho ts were neye r d e tona ted fa rth er tha n 15 m fro m the 
end of the a n-ay, which resulted in nea r perpendi c ul a r 
incid ence fo r a ll re llec ti ons, so compli ca ti o ns a ri si ng 
fr o m refrac ti o ns a nd S-lI'ave conversio ns a re a lso 
e limin a ted . Befo re th e ec h oes ca n be co mp a red 
qu a nti ta tively, ho we\'er, th e a mplitudes of each re turn 
must be mod i li ed to account fo r spheri ca l di ve rgence, 
bed refl ec tivity a nd geophone direc ti vity. 

Corrections 

If it is assum ed th a t P-wa \'e a ttenu a ti on In co ld ice is 
sm a ll (Rothli sberge r, 1972; Be ntle y and K ohn en , 1976), 
a nd th a t density a nd wa\'e speed a re consta nt. then 
spheri ca l di\'e rgence can be acco unted for using the 
rela ti on As ex Ao/(6t ). \I'here 6t is th e trave l time from 
th e so urce to th e receiH r, A" is the amplitud e o f the 
o rig ina l pulse a sho rt tim e a ft er d e tona tion, a nd A s is the 
a mplitude of the wa \'e after trave l time 6 t. 1 r a re fl ec ti on 
occ urs a long th e tra \'e l pa th , th e rela ti on becomes 
As ex AoI RI/ 6 t, w here R is th e refl ec ti on coe fll c ient of 
th e ice/bed contac t. For a d ownwa rd -tra \T li ng \\'a \'C 
norm all y incid e nt o n the bed , 

(13) 

where I u and h a re th e acoustic impedances of th e upper 
a nd lower medi a, res pec ti\·e ly . (The aco usti c imped a nce 
o f a medium is the product o f th e compress io na l wa\'e 
ve locity and th e d e nsit y.) :\Io te th a t IRI has been used in 
th e rela ti on im m edi a tely a bo\ 'e Eq ua ti on ( 13) because As 
is a n inh erellll y pos iti H numbe r, whereas R is no t. The 
\ 'e rti cal com po ne n t of A, measured by the geo ph o nes. 
d enoted A" is g i\'en approx im a tely by A,. = A s cos a , 
\\·here a is the a ng le of incid ence o f th e ray a t th e surface . 
Although no t s tri c tl y co rrec t, th e use 0 (' cos a is a good 
a pprox ima ti o n fo r rays intersec ting the surface a t a ngles 
o f less tha n 50° fro m verti ca l, as is shown in th e Appe ndix . 
For a given sho t, a va ri es across the array, but , fo r th e 
geometry und e r considera ti o n here, this va ri a tion is 
a lways less th a n 3 0 For the geo phone nea res t th e shot, 
a is equal to th e slo pe of th e in terface (within a few tenths 

of a d egree ) and , therelo re, (3 from Eq ua ti ons ( I ) a nd (2 ) 
ca n be used in p lace of a . Th e relationship between the 
amplitud e of the initial pul se a nd th a t measured by th e 
geoph o nes then becom es: 

Aol RI 
A v ex ~cos(3 . 

u t 
(14) 

Th e qu a ntity A ,. is take n to be th e maximum amplitud e 
of th e- re turn pu lse, a \ 'e raged O\'e r 12 cha nnels \\·heneve r 
possible. :\lean t\l'o-way tra \'el time ac ross the spread is 
used for 6 t. 

I n Equa ti on (14 ), bo th Ao and R a re unknown, but 
for m ore tha n one ech o o n th e same record , Ao is commo n 
to bo th a nd may be elimina ted using t\\·o different re turn 
a mplitud es; spec ili ca ll y th e a mplitud e of th e wall 
refl ec ti o n (subsc ript "w" ) and that o f th e refl ection fro m 
th e center of th e tro ug h (subsc ript " c" ) : 

(15) 

Th e ratio of' rcOeni o n cocfIi cients, R ,,/ Rr, is a direc t 
meas ure 0 [' differences in bed type a t th e two locati o n s. 
Seve ra l such ra ti os ha \'e been calcul a ted from th ose 
se isJ11 0g rams acquired a lo ng the STR profil e \I'hich sh o w 
mu lti pl e echoes; th e ra ti os are shown graphicall y in 
Fig ure 12. 

Fro m Figure 12 it is clear tha t th e magnitude o f th e 
refl ec ti o n coefIi cien t o r the wa lls is ge nera ll y abou t 2- 3 
tim es th a t of'th e cente r. The two la rges t d evia ti ons, la belcd 
S I a nd N3 in Figure 12, were both ca used by a changf' in 
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echo streng th from the lI'a ll ra ther than (i'om the center of 
th e troug h. Alth ough th e p ossible explana tions for 
ya ri a ti oll s in refl ection streng th a re numero us, it may be 
th a t a convex a nd CO nG1.\T bed , respec ti\'e ly, contributed 
to these devi a tions. Note th a t bed slope of the south wa ll 
increases from 38° to 53° bet wee n the S2 and S I r efl ec ti on 
points (Fig . 12 ) , and is then los t. Also, the refl ecti on 
causing the la rge :\3 ra ti o ori g ina tes in th e middle of four 
other refl ec ti o n loca tions on the north \\"a ll (Fig . 12 ), all of 
which show a bout half th e refl ec ti on streng th of ~3 . 

H O\\'e\'er, beca use the sample po pula tion is small (n = 7), 
the S I a nd N 3 ra ti os canno t be trea ted as sta tisti cal 
outli ers. If th ey are kept, th e m ean of th e ra tios is 2.4; it is 
2.3 if they a re not. The respec tive standard d evi a tions are 
1.1 and 0.2. W e therefore ta ke the possible range of 
IRw/Rel to be 2.4 ± 1.1 , but inelude the possibility that 
IRw/Rel may lie in the more res tri cted ran ge of2 .3 ± 0.2. 

T o determine the sign o f R w / Rc, th e phases of the 
refl ec ti ons must be exa min ed . If o ne refl ec tio n is r e\'ersed 
in phase \Vi th r espec t to the o ther, R".j Re is n egati\'e; 
o therwise it is positi\·e . U nfo rtuna tely th e sig n a l/noise 
ra ti o was such tha t the first m o tio n for the refl ections from 
th e ce nte r of the trou g h co uld not be acc ura tely 
d etermin ed (Fig . 3) . W e th e refore mu st carry th e 
possibility tha t R".jRc may be eith er positive or negati\ ·e . 

Calculation of acoustic iInpedance 

If the aco ustic properti es of the wa ll can b e es tima ted, 
R".j Rc ca n be used to il1\ 'es tiga te the na ture of the ice­
stream bed. Between 50km no rth a ndlOOkm south of the 
J a kobsha \'ns Gord the ex posed bedrock is comprised 
la rge ly o f g ra nodi orit e g n e iss, a nd the la rge -sca le 
structura l fa bric of southern Gree nl and trends eas t- wes t 
(G eologica l Sun'ey of Greenl a nd , 1971 ). Also , a sample 
recO\'ered from th e bed during th e 1989 drilling opera ti on 
a t a location a bout I km dow nstrea m or the S2 refl ec ti on 
point was composed of qua rtz, hornblcnde, plagioclase 
a nd biotite, whi ch is consistent with a granodio rite gneiss 
source. \Ve th erefore ma ke th e ass umptio n th a t the 
bedroc k in th e vi cinity o f STR is co mpri sed of 
g ranodio ri te g neiss or a simil a r ma teri al, a nd tha t the 
lI'a ll echoes a re from a rela ti vel y clean in terface. 

Althoug h som e\\·ha t \'aria bl e, 5.0 km s I a nd 2 .7 M g m 
3, a re reason a blr es tim a tes o f ve locity a nd d ensit y, 
res pec tively, for granodiorite g neiss (Cha rmich a el, 1982 ). 
It is importa nt to note tha t, beca use IR v/ Rei is la rge. the 
calcul a ti ons th a t foll oll' a re no t sensiti\'e to the specifi c rock 
type ass umed . If velocity a nd densit y are ta ken to be 
4.0 km s I a nd 2.4 l\Ig m 3, respec ti\'ely, or 6 .0 km s I and 
3.0 Mg m 3

, there arc no essen ti a l changes in the co n­
clusions. The base of the ice stream in the a rea of the 
refl ec ti ons is temperate (Iken a nd others, ]993 ), thus the 
velocity a nd d ensity of the ice a t the interface a rc taken 
to be 3.60km s- 1 and 0.92 M g m 3, respec tively. From 
Equa ti on (13 ) we find Rw = 0 .6 1. If Rw/Rc= 2.4 ± 1.1 , 
aga in using Equ a tion (13), we find that 4 .6 :::; l e :S; where 
l e is the aco ustic impeda nce o f the subglac ia l m a teri al in 
th e ce nt e r o f th e tr o u g h. If Rw/Re= 2. 3 ± 0. 2, 
5.3:S; l e :s; 6. 0. If Rw/ Rc is nega ti ve, the two ra nges arc 
1. 2:S; l e :s; 2.3 a nd 1.8:S; l e :s; 2 .0, respectively. 

The loci of \'eloeit y- d e nsit y pairs whi c h li e in the 
possible ra nges of l e are shown in Figure 13 as shaded 
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a reas. If RI\" / Re is p os i ti\'e, th en the most reaso na ble 
ra nge fo r the P-wa \'e ve loc ity of th e bed is a bout 2-4 km 
Si, \,'ith a corresp o nding bulk d e nsity range of 2 .5- 2 .0 
~Ig m 3 \\,ithin thi s ra nge li e common \'elocity- d e nsity 
pa irs for lodged till s a nd other compac ted sedim ents 
(C h armichae l, ] 98 2) . The ra nge is furth er res tri c ted if th e 
SI a nd N3 ra tios a rc exclud ed , hut the result is s till a 
compacted sedime nt. If R ,·/ Rc is nega ti\ e, th en th e 
m a teri al a t th e bed in th e centra l pa rt of the ch a nn e l has a 
velocity and d ensity onl y sli ghtl y g reater tha n th a t of 
w a ler, implying th a t th e bed is fluidized. 

The bed benea th the centra l pa rt of the ice stream is 
m o re likely to be composed of lod ged till or som e simila r 
m a teri al tha n to be fluidi zed , because the results of 
E c helmeyer and others ( 199 1 b), a nd the close ag ree men t 
be tween To a nd Tb a t this site (T a ble 1), indica te th a t basa l 
sliding acco unts for , a t mos t, a minor proportion o f the 
surface "elocity . H o wever, it is interesting tha t lken a nd 
o th ers (1993) found th at all three o f th eir borehol es o n the 
so uth side of th e ice stream conn ec ted to a subg lac ia l 
dra inage system , a nd in each o f them the wa ter level 
ta bilized a t a bout 195 m below the ice surface . The \,'ater 

leyel required to reduce the effec ti ve stress of the ice o n its 
bed to zero under th e thi ck ice in th e center of th e stream, 
1.2 km to the north , is a bout 212 m below the surface. It is 
likely from this considera ti on, a nd because the slopes o f the 
surface and bed a re toward th e center of the stream 
(S hreve, 1972) , th a t the hydra ulic gradient a lso has a 
component of its slope toward th e center of th e strea m, 
which would tend to support any ex isting suhglacia l wa ter 
sys tem there. Furth er, a simple calculation of a nnu a l 
po ten tial energy loss, giw'n W , H , et, a nd Uo listed in T a ble 
1, a nd assuming average sec ti ona l velocity is cv (2/ 3)uo 
(N ye, 1965), yields roughl y 1 90~1Jm 2 a I for th e ice a t 
site STR. This is equi\'a lent to 0 .62 m a I ice melt. This is a 
m a ximum since som e energy is a bsorbed by the cold ice, 
a nd a ll th e water prod uced does no t necessarily r each the 
bed , but it does d em onstra te th a t a fluidi zed bed is not 
e n tirely unreasona ble. Wee rtm a n ( 1966) has suggested thi s 
as a possible expla n a ti on for J a ko bshaU1s' fas t fl ow. 1t 
sho uld be noted , howe\'er, tha t th e borehole on the north 
sid e, \\'hi ch a lso reached the bed , did not encounter a 
subglacia l drainage sys tem. 

For comparison , the es tim a ted d ensity a nd se ismic 
ve loc ity for the m a teri al found b en ea th a consid era ble 
a rea of l ee Stream B, \Ves t Anta rc ti ca, are also sho wn in 
Fig ure 13 (B1ankenship and o thers, 1987 ; R oon ey a nd 
o th ers, 1987 ; Kamb and Engelhardt, 1991 ). These values 
li e between the two estima tes for materi a l b en ea th 
J a kobshanls ice s tream. 

CONCLUSIONS 

Seismi c-refl ec ti o n m eas urem ents show th a t a d ee p 
subg lacial troug h und erli es J a ko b shavns l sbrce fo r mos t 
o f its length (Fig. 10). Using the migra tion m e th od 
d eveloped here, w e find center-lin e ice thi ckn esses to be 
a bo ut 2500 m , whil e th e surrounding ice sheet is a bout 
1000 m deep. The ice thi ckn esses within the stream va ry 
m a rk edl y from those shown in Fig ure 2. Outsid e the 
stream, th e thicknesses arc in agreement with those 
d e ri ved by Fas took a nd others ( 1995 ) but a re no t in 
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Fig . 13. D iagram oJ acollslic impedallce as cOlllollrs ill lite 
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eSlimaled l'eloei[l' del/si[)' fo r malerial beneatlt Ice Stream 
B is also shawl! ( BlankensltijJ and otlien . 1987: Kamh 
and Engellwrdl. 1991) . 

agreeme nt \\ 'ith those deri\ 'ed \I' ithin the strea m . The 

onset of ob\·io us ice-stream motion co rrespo nds to the 

beginning o f th e main subglac ia l cha nnel. Th e b ed of th e 

ice stream is m o re than 1000 m belo\l' sea le\ 'e l a lo ng m os t 

of its leng th . 

Althoug h w e ha\'e not exa mined th e orig in a l records, 

thi s subg lac ial feature was not o bse rl'Cd in the radar d a ta 

a \'ailable to us. Th ese d a ta sh o\\' on l\' a fe\l ' returns O\ 'e r 

th e ice strea m , a nd those prese nt \I'e re less th a n half th e 

se ismica ll y deri\'ed ice depth. This is du e in part to the 

energy loss at thc hi g hh- crevassed surface , in part to th e 

abso rpti o n loss in th e thic k ice of th e strea m , a nd in pa n 

to the broad spread oC th e \I'a\'(' fi'on t afte r passage 

thro ug h 2000 m of a ir a nd ice , which can res ult in the first 

re l1 ec ti o n coming from the uppe r edge o f th e troug h. 

Clearly a irbo rn e radio-ec ho so unding, \I·hen l1 o\\'n at an 

a l ti tud e o f 500- 1000 m abO\T a h ea\'ih- crC\ 'assed su rface, 

must be inte rpre ted \I' ith ca re . Simi la r co nclusions ha lT 

been rea c hed in Antarc tica Iw C. S\I'ithinbank (person a l 

communi ca tion, 1993 ) . 

R el1ec ti on coe ffi cients indi ca te th a t a laye r o f lodged till 

or sim ila r sediment is present near th e bOllom o f th e 

troug h. lln like th e rela ti\ 'e il- thin and l1 at ice streams th a t 

drain thro ug h the Siple Coas t in Wes t Anta rctica, a 

sedim ent layer need not pl ay a c riti ca l role in the d y na mi cs 

of J a ko bsha \'l1s I sbra:: (Bla nkenship a nd o'th ers, 1987 ) . This 

is because the large center-Iin e ice thi ckn ess a nd rci a ti\ 'e ly 

steep surface slo pe a long th e ice stream lead to basa l shear 

stresses on thc o rd e r 01'2 .0- 2.6 x 105 kPa . Consequently, wc 
expec t rap id interna l d eformation of th e ice. I nd eed , th e 

close agreement (Table I) bet\l'een th e basal shear stress 

calc ulated using cha nn el geo m e try a nd surface s lope , Tb, 

and th a t d e te rmined from th e cen ter-line surrace speed, 

ass uming internal d eform a ti o n on ly, To, indi ca tes th a t 

intern a l deformation (an account for most o f th e rap id 

motion of this ice stream . As expec ted, sliding or o th er 

basa I motion contri bUlcs more strongl y to the speeds 

o bse r\'ed near th e g ro unding zo ne (4000- 6000m a I ) . A 

simi la r Oow m echanism has been found to play a n 

impo rta nt role in th e dyn a mics or Byrd Glacier, Antarc­

ti ca ( co fi eld a nd o th ers, 199 1) , and may in fact be 

important in many other ice strcams and outlet g lac ie rs 

dra ining the Greenland ice shee t. parts o f W es t a nd East 

Anta rc ti ca, a nd , possibly , those iee s treams \\'hi ch drained 

th e Laurentide icc sh ect through d ee p bedrock cha nnels. 
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APPENDIX 

DISCUSSION OF APPROXIMATION IN 
EQUATION (14) 

I n es timating acoustic impedan ce we have assumed that 
the vertical compon ent ofa wave incident on a geophone 
at the surface can be approximated by a simple cosine 

function. The va lidity of using a cosine can be shown as 
follows. For a non-ve rti ca ll y incident P-wave, the surface 
disp lacement is th e sum of the d isplacements ca used b y 
the incid ent P-wave and by P- and S-waves refl ec ted a t 
the free surface. For a p la ne-wave approximat ion, the 
ti me-harmonic d isp lacemen t (freq uency w) can be 
written 

U= = [( A s - Ar ) cos(i) + B r sin(T)]e-j",1 (AI) 

where U z is the vertical displacement, As and Ar are the 
a mplitudes of the incident and refl ected P-wa\ 'es, B r is the 
ampli tude of the reflected S-wave, i is the angle of 
incidence and refl ection of the P-wave, T is the re l1ected 
a ng le of the S-wave, and j = 0. The ratios of incident 
to reflected waves at a free surface a rc 

Ar sin(2i) sin(2r) - K,2 cos2 (21') 
As sin(2i) sin(2r) + K,2 cos2(2T) 

(A2) 

Br 2K, sin(2i) COS(2T) 

As sin(2i) sin(2T) + K,2 cos2(2T) 

where K, is the ra tio of vp to the S-wa\'e speed (Aki and 
Richards, 1980, sec. 5.2 ) . Combining Equations (A I ) and 
(A2 ) gives 

Uz 
(A3) 

K,2 cos(21') + sin(2'i) tan(2r) 

The ri ghthand side of Equation (A3) is the fa ctor th at 
our sim pie cosine correction in Eq ua tion (14) ignores . 
This fa ctor is plotted in Figure 14, where we have 
assumed that K, = 2.0 for ice and we have made use of the 
relation T = sin-1 [K,-1 sin(i)]. This figure shows that th e 
rightha ncl side of Equation (A3) is essentiall y constant for 
0<i <40°, and thus Equations (14 ) and (15 ) are valid 
approximations over that range. (Th e factor 2 is a free­
surface effect; it cancels out when amplitude ratios a re 
taken, ) For 40° < i < 60° the error introduced by ignoring 
this factor is between I % and 11 % . The largest value ofi 
in our study was 53°. 
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Fig . 14. The correction Jactor Jor non-verlical incidence as 
calculated from the righthand side oJ Equalion ( A3) . 
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