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ABSTRACT. Seye n basa l icc fac ies ha \"(' bce n d efin ed o n th e bas is of resea rc h a t 
ele\'e n g lac iers in th e \\"('s te rn /\ Ips. The co ncentra ti o n a nd texture of the d e bris 
incorpo ra ted in th ese rac ies a rc d escribed. G ra in-size di stributi o ns are c ha racte ri sed in 
te rms o r th eir: (i) m ea n size and dispnsio n. ( ii compo ne nt Ga ussia n m od es, a nd (iii ) 
se ll~ s j milari t \' . 

Firnifi ed ' g lac ie r ice conta ins 10 \\' co ncentra tio ns (>:::::0 .2 g I I ) o f' we ll-so rt ed a nd 
pred o min a ntl y rin e-g ra in ed d eb ri s th a t is no t sc ll:simil a r O\T r th e ra nge of" pa rti cle 
di a m e te rs assessed. I n contras t. basa l ice co nt a ins rela li\T h ' hi g h concen tra ti o ns >:::::{ 
·WOO g I I by fac ies ) o f po I)' m od a l b~ ' size fi 'act io n aga inst \\:eig l; t ) d e bri s. th e tex ture of 
\\'hi ch is co nsiste nt \\ 'ith in co rpo ra ti o n a t th e g lacie r bed. i\ na h-sis by g ra in -size aga inst 
number o f' pa rti cles sugges ts th a t th ese basa l f ~l c i es d e bri s tex tures a re al so se lr-simil a r. 
This a ppa re nt co ntradi c ti o n ma\' be expl a in ed b\ ' th e inse nsiti\' it l' o r th e assess m ent o f' 
se lf-simila rity to \'a ri a ti o ns in m ass dis tributi o n. Compa ri so n o f' typica l size \\'e ig ht 
\\ ' ith size- number di stributi o ns indica tes th a t neithe r \ 'isua l no r sta ti s ti ca l assessm ent 
o f" th e la tte r m a \' be sufTi cie nth- ri go ro us to id e n tir) se lf:sim il a rit \·. 

Appa rent fracta l dim e nsio ns ma y ind ica te th e re la ti l'L' impo rta nce of fin es in a 
d e bri s di str ibutio n. Suhg lacia lh' d eri\ 'ed basa l fac ies d e hri s has a m ea n fi~ac tal 
di me nsio n oC 2.74. This \ 'a lue sugges ts <1n excess o f fin es relati\ 'e to a se lf'-simil a r 
d istributi o n o f' c ubes , \\,hi c h has a rrac- ta l dim ensio n o f' 2 .58 . Subg lac ia l .-ediments 
sa mpled fi 'o m th e fo refi eld o f S ka la fellsj o kull. I ce la nd , ha\'e rra c ta l dime nsio ns o f 2.9 1 
(A-h o ri zo n ) a nd 2 .8 1 B-h o ri zo n ) . D ebri s from th e .\ -h o ri zo n. \\ 'hi c h is int e rpre ted as 
ha\' ing bee n pen 'as i\'e l) de fo rm ed , bo th mos t close h- a pproaches se lf: s illlilarit ~ , a nd 
has th e h ig hes t fr acta l dim e nsio n o f a nI' o r th e sa mpl e g ro ups an a h ·zed . 

INTRODUCTION 

La \\"so n (1979) firs t presented Lt I ~l c i es-based c lass ifi ca ti o n 
o r ice forms a t i\l a ta nuska G lac ie r. Alas ka , Altho ug h thi s 
taxo nom\' has bee n \\'id ely ad o pted in studi es of'sub-pola r 

g lac iers e.g. Kni g ht, 199+ ), no such sys tem a ti c reponing 

o f ra cies charac te ri stics has bee n m ad e [o r th e rclati\'e ly 
thin basa l ice seq ue nces th a t c ha rac terise Alpin e g lac ie rs, 
Suc h a n a pp roac h. hOl\'n'n , is d esira hl e sin ce Elc ies 
(o rm ed b\' spec ifi c p rocesses ma) be used as a p rox\' fo r 

subg lacia l conditi ons at ot her g lac iers \\' here th ey a rc 

o bse n 'ed . In ad d iti o n , ,'a ri a ti o ns in fac ies sedim en tology 

ma y hay e impo rt a nt co nseque nces fo r ra tes a nd pa ttern s 

o f' basa l defo rmatio n (see H ubba rd a nd Sh a rp , 1989 ) a nd 
suhg lac ia l a bras io n e .g . H a ll e t. 198 1 C ha racte ri sti c 
fac ies sedim e nt o log ies m ay a lso be tra ns la ted in to 

di s tin c ti IT til l s tyles . A cc ura te sp ec ifi ca ti o n or th e 

co nce ntra tion a nd texture o f th e d ebris entra ined within 

Alpine basa l ice rac ies mal' th erefo re info rm o ur und er

sta ndin g o f' th e mo tio n . eros io n a nd d e positi o n of'such 
g lac iers. 

In this pa pe r we d escribe th e sedime nt o logies o f se\'(' n 
basa l ice fac ies th a t hm'e bee n id entifi ed o n th e bas is of 

resea rc h a t elc\'C n pred o min a nth' te mpe ra te-based , 

Alpine g lac iers (ro r loca ti o ns see Hubba rd a nd Sh a rp , 
1995 ) . Th ese sedim ento log ies a re compa red \\' irh th ose o f 
o th er g lac ia l a nd p rog lac ia l sedim e nts. 

BASAL ICE FACIES SEDIMENTOLOGY -AN 
INTERPRET A TIVE FRAMEWORK 

.\Jos t basa l ice is easih- id entifi ed by its hi g h d e bri s 
conte nt rela ti\,(, to th at 0[' th e cleaner g lac ier ice th a t 

OI'C rli es it. H o\\T \ 'Cr. th e di spositi o n , co ncentra ti o n a nd 

tex ture o r th e d ebri s entra in ed \\'ithin basa l ice m ay \'a r : 
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su bsta n ti a ll y. Eac h o f th ese cha ra cte ri sti cs m a \' be 

illl(')'pre red in te rms of spec ifi c mod es o r el1\·ironm ents 
o f' ice form a ti on. 

Debris disposition 

D ebri s may be inco rpora ted into basal ice e ith er as layers 

o r dispersed thro ug ho ut the ice m ass. The seasona l 
mi gra ti on o r a fi~eez in g rront in to subglac ia l sediments 
(\Y ee rtm a n, 196 1) a nd the enlra inm ent o r d ebri s onl y 
o\ 'C r ce rta in zo nes of th e g lacier bed (Bo ul to n , 1970) ma y 

res ult in a basa l ice sequence th a t is fo li a ted a t a sca le of 

d ec imetres to metres . At a sma ll er scale. \\ 'eertma n 

rege la tion (\ \ ' ee rtm a n, 1964) res ults in fo li a tha t ma ~I be 
su b-millim et re-lhick (K a mb a nd LaC ha p e ll e , 1964; 
Hubba rd a nd Sha rp. 1993 ). In conlras t, th e fo rm a ti on 
or hasal ice conta ining di spe rsed d ebris suggesls inco r

pOl'a ti on th a t is tempora ll y continuo us. Such ice types 

ma y re nec t th e o pe ra tion o f continu o us ne t basa l 
adfreez ing o r th e in co rpora tion o r fin es fi 'om th e g lac ie r 
bed \·ia th e inle rgra nul a r \'C in system (Kni g ht and 
Kni g ht , 199+). 

The dispos itio n of basa l d ebri s may cha nge subsequ ent 

to initial incorpora ti on: g ra \'ity a nd basa l melting ma y 

ca use c las t mi g ra ti on towa rds th e basa l inte rface (e.g . 
R o thlisberger, 1968); rec umbent fo lding may repea t a nd 
thi cken basa l ice layers (e.g . Hudl es ton , 1976); co ntin
uous simple shea r close to th e g lac ie r bed may rOla te ice 
struc tures such that lhey progressi\ 'eh ' a pproach pa nllle

li sm \\'ith ice Oow (H ooke a nd Hudles to n, 1978 ); and 

intense a nd \'a ri a b le d eforma ti on close to th e glac ie r bed 
may di sperse a nd thi cken basa l ice laye rs, di srupting its 
fo li a ti o n (Sugd en a nd o th ers, 1987; Hubba rd and Sha rp , 
1995) . 

Debris concentration 

\ 'a r ia ti ons in th e concentration o f d ebris inco rpo ra ted in 
basa l ice may renee t a number of controls, including: 

The nal llre of l/ze sllbslrale. In ge nera l, ice fo rm ed O\'e r 

un eonsolid a ted sedim ents will be cha rac ter ised by hi g her 

d ebri s concentra ti ons th a n ice fo rm ed o\'e r bedroc k (e.g . 

Bo ulton , 1970). 

T ltf ([1'ailabili!J' of ll'aler al Llle basal illlel/ace. Basa l ice 
ro rm a ti on may be rest ri c ted by wa ter a \'a il a bility a boye 
permeable substra tes (Kni ght , 1988). 

Tile rale oJ basal ice fo rll1alio ll. L a bo rato ry (,reez ing 

ex perim ents d emo nstra te th a t clas ts may be rej ecred 
mo re effec ti\ 'C ly rrom freezing fronts a t lower freez ing 
speed s (C orte. 1962 ) . 

T lte acculIlulalioll of debris al lite basal illlel/ace. D e bris-ri ch 

basa l ice may be recycled during multiple m elting

re freez ing eve nts o \'e r a h a rd g lacie r bed (Hubbard 
a nd Sharp , 1993) . Du ring each e\ 'C nt , th e sed i ment 
a ln'ad y in co rpo ra led in the ice is supplem e nted b y th a t 
erod ed loca ll y . N e t basa l m ellin g a lso causes thi s d e bri s 
to drift lo wa rds th e icc/bedroc k interface . Thus, in 

gene ra l, th e lo nge r th e up-g lacie r novvline a nd th e 

g rea te r th e integra l o f the rate o f ne t basal m e l ti ng , th e 
g rea te r th e ne t d ebri s concentra ti o n w ithin basa l ice 
laye l·s . 
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Debris texture 

Subg lae ia l sedim ellls a r c la rge ly produced by. and /or 
subj ec t to, e ros io n a t the g lac ier bed . Th e frequ entl y 
po ly m o d a l tex ture o f suc h sedim e nts is th e re fo re 
explain ed by the o pera ti on o r diffe rent subg lac ia l e ros ion 

processes (Boulto n . 1978: H a ld o rse n, 198 1) . On ce 

prod uced , howe\'C r , th e tex tu re of su bg lac ia I sed i men ts 
ma y e\'o h-e furth er as th ey deform a t th e g lac ier bed. 
R ecent resea rch has foc used on th e se I f- si m i la ri ty o f' 
subglac ial sedim ent tex tures (Fise her, 1995 ; H ooke a nd 

1\'e rson , 1995 ). Accordin g to this h ypoth esis, sed imen ts 

th a t d efo rm IJ\' th e fi'ac ture of c las t-to-c1 as t bridges 

d e\'C lop g ra in-size di stributio ns th a t prO\'id e th e max
imum support fo r a ll cl as ts. Such a di stributio n is sclr
simil a r (o r fraCl a l) a nd o beys th e rela ti on 

(1) 

!H ooke a nd I ve rson , 1995 ), \\·here N" is th e number or 
pa nicl es 0 [' size d, No is th e number or pa rti c les or 
reference di a mete r do, a nd 111 is thefraclal dill/msioll, g in' n 
by th e nega ti\ 'C slope of a d o ubl e loga rithmi c p lo t of' 

number o f pa rti cles aga inst particl e di a m cter. Th e " a lu e 

of m th e refore reOec ts th e ra ti o o f sm a ller to la rge r 

pa rticl es O\'e r th e size ra nge an a lyzed . A se lf-simila r 
di stributio n of'tesse ll a tin g cubes has a f'rac ta l dim ension 0 [' 

2.58 (Sa mmis a nd o th e rs, 1987 ). 
Th e tex ture o f'd ebri s in co rpo ra ted \\'ithin basa l ice 

ma y, hO\-\'e \'e r, d e\·ia te from that o f th e subg lac ia l 

sedim e nt suppl y, since c1 as ts ma y be prefe renti a l'" 
incorpora ted or rejec ted a t th e freez ing front during 
basa l ice fo rm a ti o n (C ort e, 1962; Hubba rd , 199 1) a nd 
c las ts may fracture during tra nsport withi n th e basa l ice 
(Sl a Lt a nd E yles, 198 1) . 

METHODS 

Bloc ks o f basa l ice we re l'Cco \'C red fi'om subg lac ia l a lld ice
ma rginal loca ti o ns, \,vashed d own to rem o\'(' su rfacc 

d ebri s a nd a llo\\Td to melt in co\c red runn els lined with 

(\\' h a tm a n 54 ) filter pa pe r. D e bri s textures \\T IT 
d e termin ed fo r ove r 150 sa mpl es a t I q; int en 'a ls, fi 'om -
:) to 3 q; by dry sie\'ing a nd [i'om 3 to 9 q; by lase r 
g ra nul ome try. R es ults a re presented in three ways : 

( I) As th e mea n gra in-size q; and di spe rsion (sta nd a rd 

d e\'i a ti o n ) o f th e \I eig ht fra c ti o ns co mpri sin g eac h 

sa mple. These a rc a \'e raged b\' facies a nd plo tted aga inst 
each o th e r (fi g . I ) . 

(2) As plo ts o f size (q; ) aga inst weig ht (percentage ) (Fig . 
2) . Th ese a re a na lyzed qu a ntitati ve ly b y Ga uss ia n 

component a na lys is (CCA ) (Sh crid a n a nd o th e rs, 198 7; 
Sha rp a nd o th ers, 1994) whi ch tun es the m od es a nd 
sta nd a rd d e\'ia ti o ns o f component G a ussia n sub- po pul a
ti o ns to fit th e pa rent sa mple di stributi ons (T a bl e I ) . 

(3 ) As d oub le loga rithmi c plo ts of particle di a me te r (cl ) 

aga inst number of pa rticl es Nrl O\'e r th e fi\ 'e o rd ers of 

magnitud e ra nge of d ebri s sizes sampled (0.003- 23 mm ). 

Samples th a t d o no t inc lud e all th ese size fracti ons 
(ill\ 'ariabl y due to a n absence of coarse r c las ts) are 
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Fig . 2. ~)'pi((t1 si::.e weighl dislribulioll.l oJ debris 
illror/Joraled l('illtill: (a) glacier ice ( T mllj/fllroll) . (b) 
dear-facie:; ice ( Fer/Jerle ) . ( (' ) famillal ed-facie.) ia 
( Fer/Jecte ) . ( d) di;/Jmed:/arie; ice ( T;allj7eUI"OIl ) . ( e) 
solid-f([cies ice ( Halll .J ralla ) . (J) .llralijler/:/arie:' ice 
( T ltjiore .\ al/1'e ) alld (g ) /Jlallar:/ariesice ( Halll. lralla) . 

Hubbord alld alltns: Sedimmlologies if .-II/Jille ba:,al ice feu'ies 

Table 1. (;([IISS;([1I {omjJollel!l ([lla~) 'si.1 .I/IIII IIW}) ' dala .JiJl" 
seleeled debris .)(III/ple:,· referred 10 ill lel l 

Farie; (glarier ) .I l ode 
2 3 

.\lean cp size (% exp la in ed ) 

Glacier ice 0.+ 57 5.7 45 
Haut Arolla 

Clear 3.2 13 0.8 .'il 1.8 (3S , 
Fcrpcc lc ) 

Intcrfacia I la yC' recl - 5.1 63 ) -1. -1 114) 3.-1 5 , 

Tsa nfl ellron 
Laminated 2.5 12 1. 6 46 6.0 ++ 

Bosson, 
I.a minated 2.5 82 , 2.+ J Ul 10 

TUrLmalln ) 
Di ' pcrsed 1.6 72 -1-.7 i 17 (jS 10 

Tsanflcuron 
Dispersed 3.7 +6 1.1 4·0 1.6 8 5.0 

T SLl nll curon 
Solicl 2.0+ 19+ , 5.63 7 

Hallt .\roll a l 
Subglacia l sediments 2. 12 93 1 .1 .99 .~ 

Haut .\roll a 
Stra tifi ed 1.29 65 5.73 36 

Tsiji ore :"-iOlll"(, ) 
Planar 2.6 18 ) 6.3 (80 1 

I HaUL Arolla i 

6 , 

coclIi cient th e c loser th e sample approximates se lf~ 

similarity . \\ 'here a tend enCl' to sclf-simi larit:· is demon
strated. th e IIcgaril 'e slope of th e diam eter number plol 
indicates a sa mple's franal dimension abOlT Correla
tion-coelTi cie llt and slope srati srics for indil 'idual debris 
samples arc a\'eraged by facies a nd plotted against each 
o th er as a summary or thi s information (Fig. 3) . 

BASAL ICE FACIES IN THE WESTERN ALPS 

SelTn basal ice racies hal 'e been id entified on the bas is of 

being both \'isually di stin c ti" e and ohse lyed repeated l:' at 

onc or more of the g lac iers studied T a ble 2 . Th e 
delinitions presenrecl hel oll' relate prin cipally to the 
strati g rap lll" a nd seclimeIlLOlog~' of' th ese r ~1c i es. Lnless 
ot her\\' isc stated. debri s tex tures arc inlerpre ted in tCJ'ms 
of' size- \\Tigh I di s[ri buti ons. Genetic in terpreta ti ons of thc 

iso topic composi ti on. ionic composition and CI"\'s tallogra

ph\" of th ese f'aries a re presented else ll"here ,Hubbard. 
1992; Hubbarcl and Sharp, 1995 ) . 

( i) Clear facic.1 
Clea r-fa cies ice is composed o f'd ecimetres [ 0 Illetres o f' 

massilT. debri s-poo r ice that is d e\'oid of' internal 

la yeri ng . Th is facie s co n la i ns occasiona I c louds of 
fl attened bubbles and small debri s agglomerations th a t 
may gin' the ice a translu cent appea rance. This faci es is 
present at th e bases of a ll the g laciers studied, and oftcn 
forms the matrix \\'irhin \\'hich layers and pods of'other ice 
f'acies are included. 

The mean concent ra ti o n of c lear-fi1c ies debri s is 
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T able 2. Summal), oj tlte stratigrajJ/lies and sedillleJI/ologies ~f tlte basal ire jacie.> idel//ijied ([imijied glacier ice iJ 
/JreseJlted jor cOIII/Jarisoll ) 

Facies/l ce ~},/Je 'T.}'pical thickl/eJS P/~l 's i{'(/1 character Debris cOl/centration Debris telture 

G lac ier ice 

C lea r 

La min a ted 

1 n terfacia I 
la \'ereel 

continuo us 

Dispersed 

So li d 

Strat ifi ed 

Pl a na r 

.\/eal/ a 
m g l g l I 

., 
to 10- Bubbl e-ro li a ted a t 10 ~ to 10 I m . Conta ins 

di spe rsed uni- /bim odal d e bri s. 

0.2 

10 I to 10° Translucent layers conta ining d ispersed +. 1 

po lym od a l deb ri s nodul es a nd pockets o f 

na ttened gas bu bbl es 

10 2 to 10 I C lose ly-spaced (10 :l m ) po lymod a l debris 262 

la min ae , sepa ra ted b y c lean , bubbl e-rree 

Ice 

10 2 to 10 I Ice layers on beclrock 1100 rs; bed -para ll el 
laye ring defin ed by pl a na r crysta l bo unda ri es 

10 I Ice units enc losed wit hin bedrock ho ll ows; 
sub-yerti ca l bubbl e linea ti ons 

10 I Bubble-free ice conta ining di spersed po ly- 47 

m odal d ebri s; crudely laye red by co nce n
tra ti o n a t 10 :2 In 

10 ~ to 10 I Clast-supported units of' hi ghl y \ 'a ri ablc HIO 

rrozen d ebri s 

10 1 In tercalated laye rs ( 10 I to lOom ) of +5 
po lym oda l deb ri s-ri ch ice and g lac ier ice 

10 3 Thin p lanes o r fin e, ullimoda l debris; 
ri 'Cqu ellll y cutting ac ross o th e r ice ro li a 

0. 1 

236 

29 

89 10 

43 

J/eall a 

3.6 

1.0 0.4 

0. 1 1. 3 

0.7 1.8 

0.3 1.4 

0.2 0.9 

-kO 0.8 

4 .1 g l I (number or samples (n ) = 3). T hi s debris is 
po l\' m od a l (Fig . 2 ) a nd has a mean g ra in-size 0[' 1. 0 qy 
(F ig . I ) . CCA best d escri bes a typ ica l size- \\'(' ig h t 
di s tri bu ti on in terms o r th ree modes, located at 3.2 qy 
(cx pl a in ing 13% o f th e sa mple) , -0.8qy (5 1'1'0 ) a nd 4 .8 qy 

(38 % ) (T ab le I ) . Pa nicl e-d ia m eter- a bundan ce p lo ts 
indica te a m ea n fracta l d imensio n 0 [' 2.73 (R = 0.995 ) 
(Fi g. 3) . 

tenths of a millime tre to a millim e tre thi ck, th at arc 
ge ne ra ll y becl -co nrc) rm a bl e , but w hi ch often p inch-out 
a nd m erge late ra ll y. Layers o f lami na ted -fac ies ice som e 

ce ntim e tres to dec imetres thic k we re o bse l'l 'ecl in 
immed ia te contac t with th e g lacier bed a t lo ur o f th e 

g lac ie rs studi ed (Bossons, Ferpcc le, Gruben and Turt
mann ). L a mina ted-facies debri s occ urs in re la ti\ 'c1 y hi g h 
co ncentrat ions (m ean = 262g 1 I; n = 6 1) , has a m ea n 
g ra in-size o f - 0.1 qy (n = 46) a nd is commonl v po lymod a l 

(Fig. 2 ) . H o \\·e\·er. a hig h d egree of tex tura l \ 'a ri a biliry 

\\'a s reco rd ed bet\\ 'Ce n samples. For example, a compos itc 

sa mple of lamin a tecl-facies d ebri s from Glac ie r d es 

Bosso ns is dominated by silt-sized d eb ris \\· hilsr a simila r 
sa mple from Turtmannglersehe r is a lmost cl e\'o id o f deb ris 
fin e r th a n fin c sa nd (T ab le I ) . Pa rti cle-di a m e ter 
a bund a nce p lo ts indi ca te a m ea n rrac ta l dim ension of 

( ii) Lamillatedjacies 
This facies is composed of d eb ri s lam in ae , eac h so me 

g 
.~ 
~ 

0.98 

Self-similar cubes 

X 

l aminated . 

• Clear 

Subglaciat sediment A·horizon 
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2.68 (R = 0 .968) ( Fig. 3 ) . 

( iii ) i llteljacial jacies 
In terfac ia l- fac ies ice fo rms \\'ithin basa l ca\'iti es, \\'he re it 
ma )' be d eposited as laye rs on bed rock noors o r as units 
enclosed \\'i thi n bed roc k ho llo\\·s . Ea ch is d efin ed as a su b

fac ies, the fo rm er as illtflfaciaL lc~vered sub-fac ies ice a nd the 

la tte r as illtfljacial (01l1i1l1101lS sub-fa cies ice. 

I nte rf~lCi a l laye red sub-fac ies ice is domin a ted bv 
acco rd a n t, sub-h o ri zo nta l crystal folia , each spaced so m e 
millim e tres to centim C' tlTs apa rt. Th ese layers, a nd th e 
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upper surface o f th e sub-faci es, undula te with th e la rge
sca le ro ug hn ess o f th e und erl ying bedroc k. The sub-faci es 
is genera ll y d ebri s-free . 

I nterfacia l continuous sub-fac ies ice is cha rac terised 

by a hori zonta l upper surface and conta ins sub-\'e rti cal 

bubbl e linea lions that a re occasiona ll y associa ted ,,"ith 
lin e d ebri s. No d ebris samples were recovered from thi s 
su b-fac ies . 

( iv ) Dispersed facies 
Dispersed-fac ies ice is present as a continuo us layer som e 

d ec imetres thi ck a long th e fronta l ma rg in of Gl ac ier d e 

T sanfleuron. This facies is ge nera ll y bubble-free a nd 
conta ins d ebri s th a t is d ispersed throug ho ut th e ice a l a 
m ean conce lllra ti o n of 4 7 g I 1 (n = 26 ), a l thou g h a 
tend ency to wa rds crude con centra ti o n layering over 
centim etres was o bserved . This d ebris is ge nera ll y coarse 

(mean size = 0.7 q;; n = 14; Fig . I ) but va ri a ble. GCA 

indi ca tes that di sp e rsed-fa c ies d ebri s m ay bes t be 
d esc ribed by three o r four mod es, d epending on th e 
prese nce o r a bsence of grave l-sized pa rti cles (T a ble I ) . 
Pa rticl e-di a me ter- a bundan ce pl o ts indi ca te a m ea n 

fr acta l dimension of2.80 (R = - 0 .948 ) (Fig . 3 ) . 

( v) SoLid focies 
This fac ies is composed of cl as t-suppo rLed , frozen d ebri s 
within w hi c h ice is pred o min a llll y inle rstit ial and 
occas iona lly forms small lenses . D ebri s concentratio ns 

a re correspondingly high (mean = 44 10 g 1 1; n = 20) . 

The fac ies is ge nerall y irreg ul a r in size a nd geometry, 

commonl y occ u rring ei ther as laye rs coa ti ng ice surfaces, 
irres pec ti\ "e of th e ir ori entati on , o r as pod s inte rstra tifi ed 
wi th other fac ies . Bo th of th ese forms ma y be cen timetres 
to metres thi ck, a nd inc lud ed d ebri s may be cha rac teri sed 

by preserved sedimentary struc tures, frequ entl y in th e 

form of so rted layers. Solid-facies debris textures a re 

hi ghl y va ri a ble, possibl y reOec tin g a vari e ty of potentia l 
d ebri s so urces. Pa rt ic le-diam ete r- a bundan ce pl o ts indi
ca te a mea n frac ta l dimension oC 2.75 (R = 0.969) (fig" 3 ). 

(vi) SlraLifiedfacies 
Stratifi ed-faeies ice consists of la te ra ll y extensi\"e layers of 
d ebri s-ri ch , bubble-free ice interstra tili ed ,,"ith la yers of 
g lac ie r ice " Both layers a re d ec im etres lO me tres th ick a nd 
th e facies was obse rved to a tora l thi ckn ess of more th a n 
10 m a t two of tbe glaciers studi ed (Gie tro a nd T sijio re 

N ouve). The mean size of th e d ebris includ ed within th e 

d ebri s-ri ch laye rs is 0.2 q; (n = 22 ; Fig . I ) . GCA best 
d esc ribes thi s d ebris in terms of two mod es that a re similar 
in sampl es from bo th glaci ers: one broad mode ce ntred on 
- 1. 3 </J (ex pla ining 65 % of th e sa mple ) a nd a second a ry 
mod e a l 5 .7 </J (36 % ) (T a bl e I ). P a rricl e-di a mete r

a bund a nce plo ts indica te a mea n fr ac ta l dimension o r 

2.76 (R = - 0.967 ) (Fig. 3 ) . 

( liii ) Planar f OGies 
This fac ies is d efin ed bv di sc re te, pl a na r surfaces thal 
ge nera ll y dip stee pl y a nd ext end [o r som e metres abO\"e 

th e g lac ie r bed , often cutting ac ross bubbl e-fo lia ted 

g lac ie r ice. The pl a na r fac ies was obsen 'ed a t all th e 
g lac ie rs studi ed a nd is defin ed by a thin la ye r of well
so rted , fin e d ebri s (mean g ra in size = 4 .0 </J ; n = 6) th a t 
may be bounded fo r some centimetres on eith er sid e by 

HlIbba rd and olhers: Sedimelllologies 0/ ALpine basal ice j"ocies 

cl ea n. bubbl e-free ice . G C A or pl a na r-fac ies d ebris 
sampled ri'om H a ut Glacie r d ' Aro ll a indi ca tes a bimod a l 
compos itio n , with a prim a ry m od e centred on 6.3 cjJ 

(ex pl a ining 80% of th e sa mple ), a nd a second a n " mod c 

on 2.6 </J ( 18% ) (T a ble 2). Pa rti c le-size- " eigh t plo ts 

indi ca te a n a bsen ce o f clas ts coarse r lhan - I cP I Fig . 2) . 
W e lh e refore interpret thi s d ebri s as being not self-simil a r 
O\"C r th e ra ngc oCgrain-sizes assessed in th e present stud y. 

DISCUSSION 

Basa l fac ies d ebri s is coa rse-g ra in ed (with th e excepti on or 
lhe pl a na r facies ) and occ urs at concen tra ti ons of +
c~OOO g I 1. These samples ha\'c a mea n gra in-size of 0.0 <p 
(n = 110 ) a nd frequ enllY conta in a sig nifi ca nt g ra \"e l
sized «-2 </J ) fr ac ti o n. I n co ntras t , d e bri s that is 

dispe rsed thro ugh th e ove rl ying g lac ier ice is fine- g ra ined 

(mea n g ra in-size = 3.5 <p : n = 3 ) a nd occ urs in 10 '" 
conce ntra li o ns (m ea n = 0 .2 g I 1; n = 3) (T a ble I ) . 
Th ese cha rac teristi cs rcOcc t lwo fund a menta l"" diffe rent 
debri s suppli es; " 'ind-bIO\I"Il in th e case of th a t prese nt 

within th e g lacier ice, a nd subg lacia l inco rpora ti o n in th e 

case of th a t present in th e basa l ice la ye rs. 

Basa l fac ies d ebri s textures a lso diffe r fr0111 g lac ie r-i ce 
(a nd pl a nar-facies ) d ebri s lex lures in th a l th e lalte r are 
no t se lf~ s imil a r o\'e r th e ra nge of g ra in-sizes a nal yzed . fn 
contras t, basa l faci es d ebri s tex tures a rc cha rac teri sed by 
stro ng, im'e rse linear relationships betwee n log pa rti cle 

di a meter a nd log number of pa rti cles (Fig . 3) . Th ese 

rela ti onsh i ps a re d esc ri bed by hi g h corrcl a ti on coclTi
cie11ls: - 0 "995 fo r clea r, - 0 .968 fo r la minated , - 0 .948 fo r 
di spersed , - 0.967 fo r stra tifi ed. a nd 0 .969 fo r so lid fac ies 
d ebri s. Su ch strong h ' linea r (di a meler number ) di stribu

ti ons ha \'e been interpreted as indica tin g se lf-simila rity 

(e .g. H ooke a nd I ve rso n , 1995 ) . H OWe\Tr, th ese same 

basa l facies d ebri s sa mples a rc typi ca ll y m odal when 
pl o tted as g rain-size \"s weight distributi ons. A problem 
th erefo re a rises with inte rpre la lio n o f slI ch sampl es as se lf
simil a r since th e g ra in-size- weig ht distributio n o r a se lf

simil a r sediment is exponenti a l, no t m od a l. These d eb ris 

sampl es ca nn ot th e refore be trul y se lf-similar. This 
a ppa ren t i ncongrui ty a ri ses rrom th e i nsensi ti \ 'i ty of th e 
me lh od o f es ta blishi ng se lf~ s i m i la ri ty (th e \'isua l o r 
sta tis ti cal assess ment of th e linca rity of pl o ts of log 
pa rti c le di a m e te r \"s log numb c r o f pa rticl es ) to 

\"a ri a ti ons in mass di stributio n. [n o rd er to im"es tigale 

thi s in sensiti\'ity we compa re size weig ht plots with 
di a mete r number plo ts fo r three samples : a (th eore ti ca l) 
se lf-similar distributio n, a n a rtifi cial bim od a l distributi on 
a nd a n ac tu a l lamina tecl-fac ies d ebri s di stribution (Fig . 
4 . Th ese sa mplcs a re cha rac te ri sed by distin c ti\"c size

\\'eig ht di stri b uti o ns, t\\'o of " 'hi ch a re markedl y mod a l 

(Fig . ..J.a ) . H O\\'e \"e r , pa rticl e-di a mete r- number plo ts a re 
cha racte ri sed by hi g h co rrela ti on coe fTi cients fo r a ll three 
sa mpl es : - 1.000 (bv definili o n ), - 0 .993 a nd - 0. 999 fo r th e 
se lf~s imilar , bimodal a nd la min a led-fa c ies d ebri s, r es pec
ti\'e h- (Fig. +b l . Th ese lin ea r re la ti onships and co rre

sponding correlation coe ffi cients a re all indicati ve of se lf~ 

simil a rity, ye t onl y one of th e sampl es is trul y self-simil a r. 
This compa ri son th erefore sugges ts th a t ne ither \"isua l 
assess ment o f th e linea rity of di a meter number rela ti o l1-
sh ips (e.g . Fischer, 1995; H ooke a nd 1\"(, l"son, 1995 ) no r a 
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correlat io n coe ffi c ient d esc ri bing such a rela ti onship th a t 
is as hi g h as - 0.999 may be suffi c ienLi>' rigo ro us LO 

es tablish th e se lf-simil a rity of a d eb ri s di stribution . In 

prac ti ce , th erefore, th ere may be no simple wa y to 

di stinguish a se lf-simil a r from a mod a l distributio n . 
Instead , th e co rrela ti o n coeffi cienL o f" th e di a m ete r
number slope may indi ca te th e d egree to which a sa mple 
approxim a tes se lr~ s imil a rit y. 

D esp ite th ese problems o f d efinition , sediment tex tures 

m ay be c ha racte ri sed by th eir f"r ac tal dim e nsio ns 

irrespec ti\'e of \\-he th er they are stri ct ly self-simil ar. In 
ge nera l, hi gher fra c ta l dim ensions indicate hig her ra ti os 
o f" fin e particles to coa l'se pa rticl es O\'e r th e size ra nges 
rep resented. Hig h frac La l dim ensions hcl\'e th erefo re bee n 
associa ted w ith intense a nd hi gh-energv c1ast fra c turing 

(e .g . H a rtm a nn , 1969; Fuji\\'a r a a nd o th e rs. 1977 ). 

R ecentl y, Fischer ( 1995 ) a nd H ooke a nd h 'erson (1995 ) 
have exte nded thi s inte rpreLa ti on to subglac ial sedim ents, 
a rguing th a t fracLal dimensions of::::: 2.9 may be indica tive 
o f d eform a ti o n im oh 'ing th e fra c ture of clast-to-c last 

contans. 

Alpine basal fac ies d ebri s textures a re cha ra cterised by 

frac ta l d im ensions o f be tween 2.68 (la minated facies ) a nd 
2.80 (d ispe rsed facies ) (Fig. 3) . Th ese valu es sugges t 
relatively hi g h-energy comminution a nd a n excess offin es 
rela tive LO a se lf~s imil a r di stri b ution of tesse ll a Ling cubes, 

w hi ch has a frac tal dimension of 2.58 (Sammis a nd 

others, 1987 ) . For compa rison , d ebris sampled from a 
medi a l mora ine at Gl ac ier d e Trient , Switzer land , a nd 24 
proglac ia l ti ll samples from Ska lafe ll sj okull. Icela nd , haye 
a lso been a na lyzed . E leven of th e ti ll samples were 
recovered from th e d e fo rm ed A -h or izo n , a nd th e 

rem a ining 13 [I'om th e und erl ying , co nsolid a ted \3-
horizo n (Sharp, 1982) . The former g rou p has a mean 
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fractal dim ension 0[2 .9 1 (R = - 0 .999 ) a nd th e la tter one 
of2.87 (R = - 0.98 1). These [rae ta l d imensions a rc simil ar 

to those o f th e subg lac ia l sedim e nts a na lyzed from 

Storg lac ia ren , Sweden (2.9; H ooke a nd h-e rso n , 1995 ), 
a nd Trapridge Glacie r, Canada (2.95; Fischer , 1995 ). A ll 
fo ur fl-acra l dim ensio ns a re remar ka bl v simil a r a nd 
re la tively high compared with th a t of a se lf-simil a r 
distributio n of cubes . Th e Skalafe ll sjokull ti ll tex tures 

a re th erefore consistent with those h ypoth es ised on th e 

basis of ac ti ve subglac ia l d efo rm a ti o n . A subg lac ia l
sedim ent fracta l dimension of::::: 2.9 is a lso hi g her than 
th ose of" th e basa l fac ies d ebri s id entifi ed in the present 
stud y, sugges ting a general under-representation o f" fin es 
in th e la tter. T his may renect a \'ar ie t)" of processes, 

including nU \'ia l remO\'a l of fin es from th e ice/substra te 

interface prior to inco rpora tion ; se lec tive inco rporati on of 
coarser particles into newly form ed ice at th e freezing 
front (Hubba rd . 199 1); a nd di agenetic processes w ithin 
th e ice, such as O stwa ld 's ripening (F a irchild and oL hers, 
1993 ). In contras t , d ebri s sampled from a m edi a l mo ra ine 

on th e surface of G lac ie r de Trient has a frac ta l dimension 

of 2.50 (R = - 0 .96) , ind ica ting (i) a relat ively weak 
tend ency towards se lf- simil arit y compa red with both 
subglac ia l d eb ris samp les a nd th e majo rity of basa l r~lcies 

d ebris sa mples, and (ii ) a n und er-representa tio n o f fin es 

relat ive to a ll o th e r sa mples a na lyzed (Fi g . 3) . Both of 

these cha rac teristi cs ma y renec t th e " passive" tra nsport 

pa th fo ll owed by such supraglac ia l d ebris (Bo ulto n, 1978 ) 
re la ti\"C to th a t tra nsported aL th e g lac ier bed. 

SUMMARY 

SeYen basa l ice fac ies have been d efin ed on th e basis of 
resea rch a t eleve n g lac iers in th e wes tcrn Alps. Th e 
sedim ento logies of th ese fac ies are summ a ri sed in Table 2, 
a long with Lh ose of" th e d ebri s entra in ed wiLhin th e 

o" e rl ying g lac ie r ice and th a t fo rm ing a supraglac ia l 

medi a l mora ine. 

Basa l fac ies d ebri s is readil v disting ui shed f"rom th a t 
inco rpora ted in th e O\"C rl ying g lacier ice: th e fo rm er occurs 
in hi g her concentrat ions a nd is relat i" elv coa rse-gra in ed . 
Basa l fac ies d ebr is size- we ig ht di str ib utions a rc a lso 
freq uentl y modal , perhaps renec tin g th e innu ence of 

specific subglacia l processes of eros ion. H owe\'er, particle

di a mete r- number plots suggest th a t these Lex tures a lso 
a pprox im ate self-simil arity O\'er th e ra nge of gra in-sizes 
ana lyzed . Basal facies debris has a ri'acta l dim ension o f" 
2 .68- 2.80, indica tin g a n excess offin e particles rela ti ve to a 

self-simil a r d istr ibuti on of tessella ting cubes . This may 

reOec[ high-energy gra in frac turing at th e g lac ier bed , 

poss ib ly by th e d elo rm at ion-induced co mminu tion of 
su bglac ia l secli men cs. Such sed i men ts, sampled from Lh e 
proglacial a rea of Skala fe lisjokull , Ice la nd , closely approx
im a te true self-simil a rit y and hm"C th e hi ghest frac ta l 

dimension (:::::2 .9 ) of any or th e sa mple groups included in 

th e stud y. This fracta l dimension is consistent with th a t o f 

deform cd subg lac ia l sedim ents sa mpled from Storg l ac i ~i 

ren, Sweden , a nd Trap rid ge Gl ac ier, Alas ka. In co ntrast , 
deb ri s sa mpled from a supraglac ia l medial moraine is 
cha racte rised by th e lowes t fracta l d imension (2.50 ) of any 

of th e sample gro ups a na lyzed , renec ling th e rela li, 'e 

absence offin es from th ese passi\'eiy tra nsported secl iments. 
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