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ABSTRACT. Subg lac ia l inta ke 111 a tunn el sys tem undernea th Engabreen, 
no rth ern N orway, provid e access to the underside of a 200 m thick glacier. D etail ed 
obse rva tions a nd measurements were nl.ad e in se\'e ra l ice tunnels melted out a long the 
g lacier bed. A 20- 200 cm thi ck basa l sedim ent laye r is o\"erl a in by clean glacier ice . 
Stra tigra ph y is complex, with a lterna ting sedim ent-ri ch a nd sedim ent-free layers, a nd 
peryasive shea rin g . Throug hout th e basa l ice a re numero us spheroid a l wa ter poc kets, 
whi ch increase in both size and d egree o f' elongatio n with di sta nce from th e bed. I ce 
co res were retrieved from ice- tu n nel wa lls for sedi men t, ca ci o n a nd iso tope a na l ysis. 
Our obse rva ti o ns a nd measurements provid e evidence fo r bo th acc re ti on in a nd wa ter 
movement throug h th c basa l ice . Th is supports th e modifi cati on to class ica l rege la tio n 
th eo ry proposed recentl y by Lliboutry in wh ich wa ter fl ow in the ve in netwo rk is 
req uired to ac hieve net acc retion of rege la ti o n laye rs. 

INTRODU CTION 

Studi es of fronta l ice a nd ice co res ha\ 'e shown th a t pola r 

ice m asses typi call y have a laye r of basa l sediment-ri ch ice 

measuring tens of meters. D ebris-rich basal ice is a lso 
found in tempera te ice (So uchez a nd Lorrain , 1978; 
Lawson, 1979; Souchez a nd d e Groo te, 1985; Sh a rp a nd 
others, 1994) , but th e d ebris-ri ch laye rs a re genera ll y 
thinn er (d ecim erer- to meter-sca le) th a n in po la r ice 
masses . 

Incorporati on o f sedi~ll ent in temperate ice is th o ug ht 
to be pred o mi na n tl )' thro ugh rege la ti o n , a process 
orig ina ll y proposed in conn ec ti on with basa l sli d ing 
(\V ee rtm a n, 1957 ) . Pressure-induced mclting of basa l 
ice o n rh e stoss sid es of bumps produ ces wa ter whi ch fl ows 

a long th e ice/bed interface to th e lee sid e. Th ere it freezes 

aga in , inco rpora ting an y sediment present on the bed. 

Sedim ent acc reti on is limited , howeve r, by th e size of th e 
la rges t bump a round which th e basa l ice is regelat ing; 
sedim ent-ri ch ice laye rs form ed in th e lee or one bump a re 
presuma bl y melted a way a t the nex t bump of simila r size . 

R o bin ( 19 76 ) pointed o ut th a t pressure-m elting 

should occ ur throughout a ce rta in thi ckn ess in tempera te 
basa l ice, no t just a t rh e ice/ bed interface . Furth erm o re, 
th is water should be free to move thro ugh th e \ 'ein 
netwo rk between ice crys tals. Lliboutry (1993 ) quantita 
ti ve ly cl em o nstra ted th e cfTec t o f wa ter perm ea ting 
throug h basa l ice; instead of meltin g th e rege la ti o n laye r 
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created by th e prev ious bum p, wa ter is sq ueezed ou t of 
th c ice in front of th e bump a nd forced to th e low-press ure 
zo ne on th e lee side o f th e bump, where it freezes aga in . 
The importa nt difference between \Veertm a n a nd R o bin

L1ibo utry regela tion theo ry is tha t th e la tter a ll ows net 

acc re ti on of basal regela tion ice a nd sedim en la ry la ye rs as 
th e ice fl ows down-glacie r. 

T o differenti a te between regela ti on and unrefro zen 
ice, previous studi es (summ a rized in Souch ez a nd Lorra in 
( 1991 )) have a na lyzed basa l ice samples fo r sediment 

concentra ti ons a nd size cha racteristi cs, oxyge n- a nd 

hydrogen-i so topi c content , a nd ionic content. ~1a n y of 
th ese studies, howeve r, use ice retri eved from loca ti o ns 
near th e ma rg in , a nd a tmospheri c conditions m ay affec t 
regela tion processes. 

In this stud y, we use basal ice samples coll ec ted from 

benea th th e center of a 200 m thi ck tempera te g lacier, 

Enga breen, in north ern No rway. Engabreen is one of th e 
o utle t g laciers dra ining th e Svarrisen ice cap. It li es in a 
na rrow vall ey that chann els ice from th e pla teau a bove 
(max imum a ltitud e ~ 1 5 7 5 m a.s .l. ) down to the terminus 
a t ~90 m a .s. l (0 strem a nd others, 1973; Fig . I). Th e 

N orwegian "Va ter R esources a nd Energy Administra tion 
(!,\VE) has es ta b lished a resea rch facility, th e Sva rtisen 
Glaciologica l Observa tory, in a bedrock tunn el sys tem 
used to ta p subglac ia l wa ter for energy produ cti on. A 
sid e-tunn el of[ the main tunn el sys tem is rese rved fo r 
glaciologica l resea rch , emerg ing a t the g lacier bed a t 
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FI~£? I. ( a) Localioll map. ( b) ToIJograjJhic mal) oJ 
ElIgabrfm. ll'ilh sl/bglacia! slIIJace r1elermilledji-olll radar 
III fa,) I/rI' lIIf11 l.l , iCe-.l IlIJa(f cOlllol/r,) ( dashed fill e!! ) , 11111111'1 
, ~) ' .)I e lll (grCC l' lilies ) al/d 10[({lioll oJ Ih e research 1IIIlllel 
( black circle ) . 

630 m a .s. l. , in an a rea w here th e g lac ier is a pproximately 

200 m thick. From this \'antage point, ice tunnels ca n bc 
me ltcd o ut alo ng th e g lac ier bed us in g ho t ",a ter. Fig urc 2 
shO\\'s th c basa l topog rap h y a roun d the research tunne l 

(\\ ' 11 sun'eyed in th e noo r o ri cc tunnc ls me ltcd in ea rli e r , 

unpub li shed iJl\·est iga ti o ns. I ce nO\\' at the surface a nd a t 

the bed is ro ug hl y para ll e l. Surface \ 'e loc it y is abo ut 

1.0 m d I. a nd basa l sliding is about 10- 20 c m d I . 

Th e bed roc k in this a rea cons ists mainl y o r sc hi st a nd 
g nei ss , \\ ' i th calci te-filled cracks and \'e i ns th ro ug hou l. 

Whil e th e bed d oes ha\ 'C pa tches o r thin till , it co nsists 

predom ina ntl y or bare roc k. Topogra ph y is stee p a nd 

undul ato ry. Bumps, a s such , h(1\ -c \\ '(1\'Clengths o rro ug hly 

1- 10 m and he ig h ts or o. I 1.0 m. A stC'ep \\'a ll to th e 
no nh\\'Cst or the \\' 1 o pe nin g ri ses stra ig ht up at leas t 5m, 
a nd is underc ut near the base to lo rm an o\'Crha ng. 

In February 1994. se\'e ra l ice tunn els we re m elt ed o ut 

und e r Engabreen m'er a I week period (Fig. 2). \ \ 'e 

m apped ro ug h st ratig raph ic profi les or th e basa l d ebris 

la\'cr b y measurin g, photog ra phin g a nd sketching th e 
tunn cl \\·a lls . \\' e retr ieved ice "co rcs", \\ 'Cd ges of' ic e c ut 

rrom the ice-tunne l \\'alls \\' ith a cha in-sa\\', ro r isoto pi c 

a nd c hem ica l ana lysis. Additiona l ice sa mples we re taken 

rrom th e g lac ier margin . and water samples \\'e re taken 

]all ,)J OII ([lid olhers: Characleri!!lic.) oJ b(IJal ice al ElIgabreell 

'- \ 

\ \ 
\ 

o 10m , , 

Fig . 2. Bed IO/JOgrapl!), ill Ihe l'icillil)' oJ Ihe research tUllnel 
( he(l1~ J' dashed lille ) , o/)ellillg where Ihe tllllllel eJlwges al 
Ihe bed ( 11 'J) alld Sllrll ~) ' l)Oillls liSI'd 10 (Oll slw(/ the 
.l llbgl(l(ial loIJOgrajJ/~)' collloll),,\ ( while dOls) . . \ orlh is Ill) . 

rrom the proglacia l st rea m a nd rro m water po uring o ut o r 

cracks a nd bo reholes in t he roc k tunne ls. 

BASAL STRA TIGRAPHY 

Upo n m eltin g a tunn el, we en CO UJ1lc r a complex suite oC 
sed im cn t-ri ch ice lavers o\ 'e rl a in b y clear sedim e nt-free 
and bubble-ri'Ce ice . Tota l thi c kn ess o r th e sedim ent-rich 
ice typ ica ll \' n ll'ies fro m abo llt 0 .2 to 2 m. w hen m cas ured 

perpend icu la rl y to th e bed . ~ea r th e steep \\ 'a ll , to the 

\\'Cst or \\'1, th e sedime nt la\,e rs dra pe O\'er th e \\'a ll in 

suc h a \\'ay that a ll th e ice in th e overhang is fi ll ed \\' ith 

sed im ent-ri ch ice . 
Ident iry in g distin c t strati g ra phi c units in th e basal ice 

is probl em a ti c, no t on ly because or th e often smooth 

g radat io n be tween layers whic h arc diffi c ult to cha rac te r

ize rro m thcir ap peara nce, but a lso beca use oC co nCu sion 

in the te rmin ology used in the li te rature. 

In p laces the finer- g ra in ed rrac ti o n or th e sedime nts is 
ga thered ill small c luste rs o r " c lots". as descr ibed ea rli e r 
(e.g. Kni g ht a ncl o th ers , 1994 Elsc\\'here \\'C iden tify a 

"dispersed" laye r , co nsist in g or sing le-sed imen t partic les 

ill a m a trix or clean ice (no te tha t o ur di spersed layer is 

different rro m La\\'son 's ( 1979 )) . The re a re a lso extensi\'!" 

ba nd ed laye rs, co nsistin g o r a lte rn a tin g lave rs o r clolled 
a nd rel a ti \'ely sedim e n t-rree ice . In so m c pl aces the bands 
arc sub-pa ra ll e l to th e bedrock fl oor, in o ther p laces th ey 

arc hea\' il y contorted and ro ld ed. C lo ts a re ge nera ll y 

e lo ngate in the flow direction, a nd a t hig her sedim en t 

co n ce ntra ti ons form roughl y co ntinu o us sub-para ll e l 

bands o r sed imen ts. 
Sed iment conten t ranges li'om clo ud y ice, which is 

a lm os t com pleteh- sedime nt-liTe, to debris-rich la ye rs 

\\ 'ith \'Cry large sed ime nt clas ts up to roughl y 10- IOOcm 

ill d iame ter. Th ere is a n es pec ia ll y hig h co ncentratio n or 

la rge r c las ts ill th e basal layers close to th e stee p \\'a ll a nd 
in the O\'Crha ng . 

:-\ rea ture not noted befo re in th e lit era ture is a 

pen'as i\'C co n\'o luted la ve l' found a bou t 5- 25 cm be low 

the tra nsiti o n be t\\ 'een sedim ent-ri ch a nd clea r ice . The 

Im'('r is c ha racte rized by ( l ) cO )l\'o lut ed banding, (2 ) a 
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ma rk ed increase in sedim ent content a nd size, (3) a large 
number o f wa ter-fill ed \ 'oids irregul arl y di stributed a long 
th e laye r, a ll of which have a mo re deformed a nd 
irreg ul a r sha pe th a n th e sph eroida l wa ter pockets fo und 
elsewhere in the basal ice, a nd (4 ) clea r-ice " a uge n" 

fea tures a round some of th e la rge r sedim ent p a rticl es, 

typi call y small gravel to grave l in size. The latter features 
a ppea r simil a r to those found a round ph enocrys ts in 
shea red rocks. The ori enta ti on o f th e pressure shadow is 
consistent with th e now direc ti o n a nd th e sense of basa l 
shea r. 

WATER POCKETS 

A rema rk a bl e fea ture of th e basa l ice is th e presence 0 (" 

num erous wa ter-fill ed vo ids, or wa ter pockets. These a re 

found th roughou t the \'e rti cal seq uence, from th e bed to 

as far up as we melted , 4- 5 m a bove th e bed. Th ey a rc 
mu ch mo re commo n in the clea n-i ce layers, a ltho ug h 
limited numbers a re fo und in th e sediment layers as well. 
They a re sma ll (a bout I cm ) a nd ge nerall y spheroida l 
nea r th e bed , but in c rease in size a nd b eco m e 

progressiyely more elonga te with dista nce a way from 

the bed . They a re elonga ted in th e ice-now direc ti on a nd 
seem to be g rouped in swarms. The la rges t wa ter pockets 
we observed a re 2 m long or more a t a heig h t of a bou t 4 m 
from the bed , a nd conta in a bo ut 20 I o f wa ter. M os t arc 
free of sedim ent , a ltho ug h som e have a laye r of fin e 

pa rticl es se ttl ed ou t on the bo t to m. 

ICE CORES 

Analysis 

Three ice co res were extracted from the tunn els. N one of 
th e co res reached exac tl y to th e bed , fo r during melting
ou t o f th e ice-tunnels a certain thi ckn ess of the lo werm os t 
laye r was un a \'oidably los t. Th e thi ckn ess of the co re we 
desc ribe here, core B, is a bout 2 cm , Th e locati on of con ' B 

is shown in Fig ure 2 , 

Core B \\'as divid ed into 86 samples, each a pprox
im a tely 15 mm thick, to be a na lyzed fo r sedim ent, isotopi c 
a nd ca ti o n content. V erti ca l thin sec ti ons were also ta ken 
from the core fo r crys ta llogra phic a na lysis (no t reported 
here), ph o togra phic doc um enta ti o n a nd detail ed stra ti

gra ph y (Fig . 3) , 
Th e 86 ice sampl es were weig hed , a nd th en melted 

a nd filt ered throug h Munktell pa per filt ers to retrieve th e 
sediments. Th e wa ter was refiltercd throug h 45 j.im filters 
before iso tope a nd ca ti o n a na lys is. Isotope a nalysis was 
pe rfo rmed a t th e Institute of Ea rth Sciences, U ppsa la 

Unive rsity, with errors of 0.1 %0 a nd 0.03%0 for 6180 a nd 

6D , res pec ti ve ly. Ca ti o n a na lys is was performed a t the 
Depa rtment of ?\II e teorology, Stockh o lm. Fig ure 4 shows 
the results o f th e sediment, ca ti o n a nd iso tope an a lyses . 

Results 

Sedimen/s 
As disc ussed in the basa l stra tig ra phy sec ti on , we identify 
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Strati
graphic 

Layer description column 

Clean ice ® 

Dispersed, 
sharp upper boundary 

Clotted bands, high conc. 

Larr~~ ~~~i~~~~ 

Clotted bands, high conc. 

Clotted bands, low cone. 

Clotted, high conc. 
Sharp lower boundary 

Dispersed 

Small water pocket 

s~~W~gc~~rsd~! 
clean ice 

Dispersed 
Sediment pocket, 

elongated in flow direction 

Clotted bands, 
layers oriented 10-15' 

from horizontal 

Clotted 
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Sediment cone. 
(wt. %) 

160 

140 

120 

100 

BO 

60 

40 

20 

Fig . 3. Description of the sediment Layers ill core B , with 
stratigraplzic C011l1l111, locatioll oJ uni/s .~J-D and the 
convoluted layer (k) . alld sedimfllt concentration, all as a 

jime/ion of co re length. Glacier bed is at about - 2 cm. 

fi ve cha rac teri sti c ice types : cl ea n ice, c lo ud y ice, 
di spersed sedim ents, c lo tted sedim ent , a nd ba nd ed 
laye rs. Fig ure 3 is a plo t of th e sediment concentra ti on 
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Fi/e; , 4, SedimellL ('on tellt, ca tion cO l/cmtra tiol/ al/d isotope COlltfllt /Jlo lled agail/ st rare lel/g th, Glacier bed is at about 2 cm , 

a nd a summ a ry of th e deta il ed stra ti g ra phy, \\'e id entif\' 

fo ur m aj or units (sta rting from th e top ): 

(A ) Sediment -free g lac ier ice , d own to 158 cm, U nit A 
has no sig nifi ca nt sedime nt co ntelll , a nd is in sharp 
contac t with unit B. 

(H) A sediment-ri ch la yer , from 55 to 158 cm , containing 

a co mp lex asse mb lage o f' sedim e nt s tru c tures , 
in cluding th e con\ 'o luted laye r a t 140- 145cm, Unit 
B shows g reat d iversity in sediment concentration 
and in th e a ppeara nce of th e sedim cnt. It consists o f: 
(a ) clo tted la \'ers; (b ) ba nd ed laye rs, a t \'a rious 
a ng les to th e bed ra nging ri 'om sub-pa ra ll el to about 

20- 50 ; (c ) dispersed la yers; (d ) a wa ter-filled \'oid ; 

(e ) a scdiment poc ket , elonga ted in th e direc tion of 
Oow; a nd (I) th e convoluted laye r (k in Fig , 3 ) , 

(C) A laye r of c lo ud y ice, from 13 to 55 cm , U nit C IS 

cha rac teri zed by ge nera ll y low sediment co ncentra 

ti o n , increas ing som ew hat up-co re , Sed iment is 

pred o min a ntl y th e fin es t frac tion, whi ch g i\ 'es th e 
ice it s milk y a ppea r a nce , Sedim ent occ urs as 
di spersed g ra ins except a t 58 cm , wh ere th ere IS a 
di stin c t shee t of c lo tted sediment 1- 2 mm thi ck, 

(D ) A 100,'er sediment-rich laye r, from 0 to 13 cm, Unit D 

is cha rac teri zed by clo tted sediment (clo t diameter 

a bo ut 5 mm ) with some inte rspersed single grains in 
th e ice ma trix, C lo ts seem to lie in " ba nd s" 45° ri'om 
th e hori zonta l p la ne, but indi vidua l clo ts are on ly 
wea kl y elongated in th e direc ti on of Oow, Th e upper 

bound a ry of this unit is di stinct , a nd th ere are no 

a ppa rent g radi ents in sedim ent content. 

Catiol/s 
Concentra ti ons of th e m aj or ca ti ons (:\ a + , K + . J\ Ig~ + 
a nd Ca 2 +) ha \'e been used to di stin guish un a lt ered basa l 

ice from ice th a t has bee n refrozen a t th e g lacier sol e 

(So uchez a nd Lorra in , 199 1) , Th e ma in so urce of Na + 

a nd K + is th oug ht to be ri'om sea sa lt \ 'ia a tmospheric 
prec ipita tion , whil e i\1g2 + a nd C a 2 + a rc alka line-earth 
meta ls, d eri ved predomina ntl y from wea th e red ro ck, 
Th erefore, I\ a + a nd K + sho uld ha \'e hi g her cO ll centra -

I " I 'I ') + I C ') + ' ti o ns in un a ltered g aCle r Ice , a nc ;, g- a nc a- JJ1 

rege la ted ice , 

[n co re B. th e distributio n of Ca2 + a nd i\lg2+ fo ll o \\'s 

th e sediment concentra ti on , \\'hil e ~a + concentra ti on 

d ec reases a \\'a\' from th e bed a nd is no t co rrela ted \\'ith 
sedim ent conc'entra tio n a t a ll (Fi g , + ) , K + is inte rm ed 
ia te; \\'h e re th e re a re hi gh concentra ti on spikes in :\'a + , 
th ere a rc likewise spikes in K + , but o th erwi se I, + 

ge nera ll,' Co ll ows th e sedim ent concentra ti o n, C once ntra 
~ion s oC' C a2 + , I\ Ig2+ a nd K + fa ll o fT rap id ly a t th e 

tra nsiti on be tween sediment-r ich and c lean ice , th a t is, 
be t\\'een units B a nd A and be tw ee ll units D a nd C, 

It is no t unlikely th a t a t least pa rt of th e Ca2 + a nd 
\ lg2+ sig na l is due to seco nd a ry leac hin g o f ions from 

sedim en t during melting a nd filt ering o f th e ice sa mples, a 

procedure \\'hi ch ta kes 5- 10 min, La bora tory ex perim ents 

ha \'e d em onstra ted signifi ca nt a nd ra pid disso lution in 
compa ra bh' short tim es , using mi xtures of pure wa te r a nd 
silt- a nd c lay'-sized prog lacia l sedim ellls (Brown a nd 
o th e rs, 1994) , If the ice surro undin g th e sedim ent 

pa nic les was extrem ely poo r in io ns to beg in with , th en 

leac h i ng wo u Id prese nt a sig n i fi ca n t probl em, On c 

so lutio n \\'o uld be to a pp ly a co rrec tion fac tor fo r 
second a ry leaching , This is beyond th e scope of this 
pa per, howc\,e r, and instead \\'C restri c t our disc ussion to 

th e rela ti\ 'C \ 'a lues of ion concentra ti ons in th e co re , 
All ca ti o ns in core H ha \'e sig n i fi can tl y hi g her 

concentra ti o ns in basa l unit D th a n in unit B. d espite 

simil a r sedim ent con centra ti ons in th e two units, Pea k 
a nd a \'C rage concentra tions of Ca2+ , J\Ig2 + a nd K + a re 
roug hly two t im es hig her in un it 0 th a n in unit B (Fig , 4; 
T a ble I ) , Furth ermore, it is signifi ca nt th a t the clea n-i ce 

sa mpl es just a bO\'e th e tra nsition be t\\'een units A a nd H, 

a nd betwee n units C and D , conta in rclati" ely hig h 
, re ') + d \1 ,) + C ' concentra l1o ns 0 a- a n . g- , oncelllra tlons g ra-

du a ll y dimini sh a way from th e co ntac t. a nd reach 
" norm a l" c lea n-ice le\'e l, a t 3 a nd 10 cm a\,'ay from th e 
contac t fo r units A a nd C , res pec ti\ 'el y, 

Fin a ll y, wa ter from wa te r pockets In th e c lear ice 

(equi va lent to unit A , but from a dif'rerent a rea ) has io ni c 

\'a lues th a t a re low compa red w ith th e a ve rage fo r co re B 
but sig nifI cantl y hig her th a n th e a \'erage \ 'a lues fo r unit A 
(T a b le I ) , 

isoto/m 
All co re H sa mples \\'ere a na lyzed fo r 6 180, For \'a ri ous 
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Table 1. Characteristics oJ the ice and water ill and around Engabreen . nortizem JVorw{I)' 

Sam/Jle 8180 8D Sed. conc . e'l/a + K + 2/\1/+ C 2+ ,a 

%0 %0 weig h t % ~leq I 1 
Meq I Meq I 1 

Meq I 
1 

Core B max . -4.95 - 22 .30 24.6 147.93 235. 19 153.48 877.08 
mill. - 12.43 - 71. 30 0.0 19.77 1. 69 0.23 10.35 
avg. - 8.54 -43 .90 4.3 49 .10 31.70 22 .1 2 159 .31 

U n it A avg. - 9.05 - 50.06 0.1 23.9 5.0 5.2 27 .7 
U nit B avg . - 7.93 - 42 .05 8.5 44.3 34.9 26.3 225.3 
U nit C a \·g. - 8.71 -44 .1 7 0.4 5 1. 3 18.6 10.5 51.3 
U nit D avg . - 9.38 -47.80 8.6 82 .2 101.5 70.6 48 1.3 

Marginal ice l max . 8.95 - 53.8 
n1Jn . - 11.1 6 - 71.5 
avg. - 9.85 - 62.2 16.5 1 1. 1 1.1 5 5.5 

Basal glacier ice2 max . - 8.98 - 53.7 
ml n. - 10 .49 - 62.1 
avg . -9.87 -58 .2 

Va ll ey water3 max. - 10.29 -67.4 
ml n. - 12.00 - 79.9 
avg . - 11.05 - 73.3 

Subglacial water 4 325 .8 67 .3 58.6 284 .4 max . 
mIn. 184 .4 12.0 23.7 5 1.5 
avg . 228.4 42 .6 4 1. 2 150.4 

W a ter pocketsS - 18.76 - 121.5 108.74 43 .48 24.68 43 .4 1 

1 Isotopes measu red o n six sampl es, ions on two sam ples. 
I so topes meas ured on four samples from tunnel roof a nd walls of wa ter pockets. 

3 I sotopes measured on one sampl e from the proglacial stream, two samples fi-o m two non-g lacia ted valley side -strea ms 
a nd one sample from the lake in fro nt of Engabreen . 

. \ 
I ons measured on one sample of wa ter flowing from cracks in th e rock tunn el, two sa mples of water from subg lac ia l 
intakes a nd one sample from th e proglac ia l st rea m. 

5 I so tope a nd ion anal ysis performed on different water pockets. 

reasons , the 8D a na lys is is incomplete . Both isotopi c 

signals are qui le va ri a ble, a nd show similar trends (Fig . 
4) . The co-isotop ic diagram (Fig. 5), howcver, shows 
more sca tter th a n ex pected in the relalion between the 
two iso lopes. ' Ve have reason to suspeCl thal some of lh e 
8D sa mples may ha \'e been a ltered by evapora tion. ' Vc 
present th e 8D d ata [or com parison, but res tri ct di sc ussion 

of down-core iso topic varia ti on to th e 8 180 d ata . 
Low-frequenc y trends in the distribution of 8180 

permit us to iden tify three sequences. First, in units C a nd 
D, there is a linea r trend of more depleted ice toward th e 
bed. Secondly, at the contac t between units C and B th ere 
is a sha rp change in iso topic content. At the base of unit B 

the ice is quite depleted, becoming ra pidly more enri ched 

up-core. Thirdly, somewha t below the con tac t between 
units B and A, in the convo luted laye r, th e lin ear trend is 
reve rsed , with unit A more deple ted in the upward 
direc tio n. 

In addi tion , there a re high-frequency variations in the 

8180 signa l, sequ ences o[ dep leted- enriched- dep leted ice. 

Th ese may co rrespond to indi vidu a l regelation layers, a 
point we return to below. There are 12 SLl ch identi(j a ble 
sequences made up of more tha n three data points. High-
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Fig. 5. Co-isotojJic comjJosition oJ basal ice ]ram cores B 
and C, water-jJocket samjJle, ice )i'om neaT the water 
jJocket, marginal-ice samples and wa ter sam/JLes in the area 
oJ Engabreen . 
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frequency va ri a tio ns are more frequent a nd of g rea ter 
mag nitud e in unit B a nd in th e upper pa rt of unit C , 

w hil e th e signa l in unit A is relati\ 'c ly . moo th. 

Disc uss io n o[ co-i sotopi c \'a ri a ti o n in co r e B is 

ha mpered by th e uncerta inty in th e d euterium a nal ysis, 
Th eo re ti call y th ere is a linear rela Li on be twee n 5 180 and 
5D, with distin c tl y diffe rent slopes fo r ice d eri, 'ed sol ely 
from meteo ri c wa ter a nd for ice th a t has bee n melted and 

refrozen (Souchez a nd Lorra in , 199 1), but th e scatter in 

th e d a ta m a kes such a conclusion tenuo us. What is quite 
a ppa rent, howe\'e r , is that th e ,,'a ter sa mple from one of 
th e wa te r poc ke ts is g rea tl y d eple ted in bOLh iso topes . 
O xyge n-i so tope con ten L of th e waLer is d epleLed by a bo u t 
8% compa red with adjacent ice sampl es, a nd by a bo ut 

6% compa red with th e mos t d eple ted ice sa mpl es in co re 

B (T a ble I ). 

DISCUSSION 

There is a bund a nt evidence fo r regela ti on in th e basal ice 

benea th Engabreen , Th e hi gh-frequency \'a ri a ti ons in 

iso to pi c content in units B, C a nd 0 resembl e simula ted 
iso to pe sig na tures obta in ed by Hubba rd a nd Sh a rp 
( 1993 ), who mod eled regela t io n process ove r a fi eld of 
bumps o f diffe re nt sizes . E ac h bump produ ces a 

cha rac te ri sti c iso tope signa l in th e rege la ti on laye r whi ch 

is enri ched a t th e top and progress ively more d epleted 

towa rd th e base , Beca use Hubba rd a nd Sh a rp consid ered 
onl y \\'ee rtm a n rege ia tion , th e compos ite iso tope signa l of 
ice Oo\\'in g over a se ri es of bumps consisLS of se, 'e ra l 
superimposed cha rac te ri sti c rege ia ti o n sig na tures, o r

d e red by th e di stributio n of bump sizes , Th e signa ture 

of th e la rges t bump is a ltered by th e nex t la rges t bump, 
a nd so o n , \\' hil e it is un clea r how R o bin- Lliboutry 
rege la ti o n wo uld a ffec t th e " mas te r" pa tte rn of a sing le 
rege la ti o n laye r, ne t acc reti on would a llow d own-Oow 
prese n 'a tio n of th e isotopic sig na l in each rege la ti on laye r. 

There is a lso evid ence for a pprec ia ble wa ter move

ment in th e basal layers, This is sugges ted bo th by th e 

" e ry presence o f wa te r pocke ts, a nd by th e presence o f 
signifi ca nLl y d eple ted wa ter in th e poc ke ts. Whil e bulk 
melting no rm a ll y d oes no t res ult in li'ac ti onatio n. passage 
of ,,'a ter iso topes th ro ug h th e \'ein network may permit 

fr ac ti o na ti on a t th e c rys ta l bo und a ri es, leading to 

progress ive ly lighter wa ter linding its way in to th e wa te r 
poc ke ts. Th a t th e wa te r pocke ts ha ve hi gher di sso lved-ion 
, 'a lues th a n th e surrounding ice a lso sugges ts th a t th ere is 
ne t m ig ra ti oll of ion-ri ch pore wa te r towa rd th e pockets, 

W a te r mO\'em e nt is a lso impli ed b y th e io ni c 

signa tures o[ th e different units. U nit A a ppea rs to be 

rela ti\'e ly un a ltered glac ier ice, " 'ith a n ioni c sig na ture 
renec tin g a tm ospheric prec ipita ti o n, i. e" hi g h in :\a + 
a nd low in Ca2 + , :\[g2 + a nd K + . U nit A has sim.ila r 
ca ti o n , 'a lues to th ose of th e ice-m a rgin sa mpl es taken 
from hi g her up in th e \'e rti ca l co lumn (T a ble I ) , 

C lose to th e contac t be tween units A a nd B, a nd 

betwee n units C a nd D , C a2 + a nd rvrg2 + begin to increase 
g radu a ll y towa rd th e contac t , \ Ve intCl'pre t thi s to be due 
to diOllsion of ca ti ons from th e sediment-ri ch laye rs, with 
cati ons t ra nspo rted throug h th e intra -c rys ta llin e \'ein 

ne two rk . 

U nit B is clearl y distin c t from th e sedim ent-poor unit 

] al1ssol1 alld others: Characteristics oJ basal ire at Engabreell 

C bo th in sedim ent co nce ntra ti o n a nd in iso topi c 
. 0 + ?+. + 

sig na ture. Ca- , :\Ig- a nd h. show a weak but 

id entili a ble step increase m oving up-co re from unit C to 

B, Th e fac t (h a t thi s bounda rv is diITuse a nd th e fac t th a t 

C ,) + i\ I· .) + I IT + . ' I ' I ' . Cl' h a- ,I l g- a ne \.. a re qulte llgl lnunIl , e espIte t e 
rela ti" ely low sedim ent concentra ti o ns, again sugges t 
leaching a nd diffu sion of th ese ca tion s from th e sedim ent
ri ch unit B, This implies sig nifi ca nt do ,~'mva rd movem ent 

of wa ter thro ug h th e basa l layers, as d oes th e in crease in 

N a + to" 'a rd the basa l ice . 

U nit C may thus ha \'e been a t onc time simila r to unit 
A, a nd is sim p ly fo ld ed und er th e sedim enta ry laye rs of 
unit B. E"id ence fo r fo lding a nd shea rin g is b y no means 
un comm on in th e basa l laye rs a ro und \\' 1. H owe, 'e r , th e 

possibilit y a lso exists th at th e cloud y ice in unit C is 

simpl y rege la ti on ice o rig ina tin g from th e lee sid e of one 

o r mo re rela tively clean bumps. C ert a inl y some of th e 
sed imenta ry partic les we o bse rve in unit C a re too la rge to 
ha ve bee n tra nsported a long three-g ra in inte rsec ti ons, a 
ph enomenon predic ted b y Llibo utry ( 1993 ) a nd obse lTed 
by Kni g ht a nd Knight (1994) fo r fin e r sedimenta ry 

frac ti ons. 

U nit 0 a ppea rs to have been fo rm ed mo re recentl y 
th a n U ni t B, based on th e hi g her concen tra ti o ns of Ca2 + , 
J\[ g2+ a nd K + rela ti, 'e to th e sedim ent concentra ti on, 

Th e d ec rease in th ese ca ti ons mo\'ing up into unit C is an 

indica ti on that up\va rd difTLI sio n is limited a nd th a t th e 

ne t mo ti on o f ,,'a te I' in th e lower basa l laye rs is towa rd th e 
bed, 

CONCLUSION 

Sedim ent benea th Enga bree n is frozen onto th e basal ice 
throug h th e regcla ti on process . T o ta l thi ckn esses of th e 
sedim ent-ri ch basa l laye rs, however, a rc g reate r th a n 
th ose " 'hi ch it would be poss ibl e to ge nera te in th e lee of 
th e la rges t "controlling" bedrock bump in \I\' ee rtm a n 

rege la ti o n th eo ry. This co uld be ta ken as evidence [or ne t 

accre ti o n benea th this pa rt of Enga breen, as could th e 
prese nce of ,,'a ter pocke ts whi ch in c rease in size a nd 
d egree of elonga ti on " 'ith di sta nce from rh e bed , I oni c 
sig na tures, th e prese nce of ,,'a te r poc ke ts a n d th e 
iso topi ca ll y d ep leted a nd rela ti \'ely ion- enri ched \l'ater 

meas ured in one of th e poc ke ts prO\ 'ide e\'iden ce fo r 

signili ca nt ,,'a ter mo\'Cm ent in th e basa l layers, \\'e 
conclude, th erefore, th a t regela ti on ice benea th Enga b
recn is composed o r \I'a ter th a t mo\'es a t leas t in pari 
thro ug h th e intra-crys ta llin e , 'e in sys tem , in th e ma nner 

proposed by R obin ( 1976) a nd d e\ 'elo ped furth e r by 

Llibo utry ( 1993), ra th e r th a n so leh' throug h mig ra tio n of 

,,'a te r a long th e basa l wa te r lilm d escribed by \\'eertm a n 
( 1957 ), 
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