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ABSTRACT. SC\ua l dry-based a lpine glac iers in th e Dry Valleys or south 
Victo ri a La nd , Antarctica, have prominent cnd moraines. Ex a mination oC th eir 
morph ology, structure a nd sedim entology shows th ey consist oC blocks or sand , gra \'el 
a nd organic silt within whi ch sedimentary structures unrela ted to entra inm ent a nd 
tra nspo rta ti on by ice a re we ll presen ·ed. Th e na ture a nd presen 'a ti on of sedim enta ry 
struc lUres, toge th er with th e prese nce of a lgae ma ts in the sedim ent, sugges t formati on 
by prog lac ia l entra inm ent , transpo rtati on and depositio n of fi-ozen bloc ks oflacustrine 
sedim ent. Previous exp la na tions of th e fo rma tion or thrust-bl ock mora in es, including 
those th a t stress th e importa nce or cle\'a ted pore-water press ure a nd Weertma n 's ice­
d ebris accretion hypot hesis, depend on the presence or subg lacia lmcltwate r o r the ODe 
iso therm being situated close to th e g lacier bed. Th ese models a ppea r ina ppropri a te 
for cold , dry-based glaciers beca usc their basal temperatures a rc well below freezing 
point a nd they res t on deep perm afros t. Three a ltern a ti\ 'e mod els for the formatio n of 
thrust-bloc k mo raines a t th e margins of dry-based glaciers a rc examined in this pa per: 
block en tra in ment of sedim ent associa ted with (i'ozen-bed deform ation ; entra inment 
by ove rriding a nd acc reti on or ma rgina l-i ce a nd debris a prons; a nd tra nsient wet­
based conditi ons associa ted with glac iers nowing into ice-m arginal la kes . 

INTRODUCTION 

T wo m a in types o f g lae iotectoni c d eform at io n arc 
prog lac ia l d efo rma ti on a t th e m a rgin of g laciers a nd 
subg lac ia l deform at io n be nea th g lac iers (H art a nd 
Bou lton , 199 1) . Proglacial d efo rma tion ranges from 
pl as ti c d eformat ion oC unCrozcn sedim ent to brittl e 

dcrormatioll of frozen unconso lidatt>d sediment or rock. 
Ridges res ulting from proglacia l deforma ti on a rt> known 
as pseud o-mora in es , push mora ines, ice-pushed ridges, 
push ri dges and ice-thrust rid ges . They a re di stinguished 
from other morain es by being structura l ra th er than 

constructi ona l features (Kupsch, 1962 ) . The na me push 

moraines is used as a genera l term ror ridges resulting 
from proglacia l glaciot ectoni c d eform ation (Bo ulton , 
1986 ). The term thrust-block mora ines, used in thi s 
paper, denotes r idges that have form ed by proglac ia l 
thrusting a nd stackin g of bl ocks of frozen unconso lidatecl 
sedim ent (Klasse n, 1971; E\ans, 1989a) . Alth ough ear li er 

studi es of push mora incs consid ered th a t fro ze n m a teria ls 
were essen ti a l (H art and Boulton, 1991 ), mos t resea rch 0 11 

proglacia l a nd subglac ia l g lacio tecton ics sugges ts th a t 
deformation is more likely to be associated with unfrozen 
cond itions, particula rl y where cle\ 'a ted pore-wate r pres­

sure reduces the shea r streng th 0 (' ma teri a ls (Mora n, 

19 71 ; va n der Wateren, 1975; M oran a nd others, 1980; 

Moores , 1990 ). H a rt a nd Boulton ( 199 1) conclud ed th a t 
a lthoug h glac iotectoni c d eform ation can act on both 
froz en a nd unfrozen material s. th e question of how to 
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diflerentiate th ese states in anc ient sediments requires 

more deta il ed resea rch. There is a need to na rrow th e gap 

be tween theories oC g laciotec to ni c deformation a nd 
interpretat ion of the sed im entary a nd morph ologica l 
record. Th ere is a pa rti cul ar need to examine sedim ent 
deformation a nd entra inm ent at the m a rgins of dry-based 
g laciers , of whi ch there ha\ 'e been few studi es of th e basal 
conditi ons a nd even fewer of conditions of dry-based icc 

resting on unconsolidated sedim en t (Echelmeyer and 
\\'ang, 198 7). 

Glaciers in th e Dry Valleys can be di\ 'id ed in to th ose 
confined to th e va lley sid es a nd res ting on bedrock, and 
those that reac h \'a ll ey fl oo rs a nd res t o n froz e n 

unconsolid a ted sediment (Hum phreys a nd Fitzs im ons, 

in press ) . G laciers that reac h the \'a ll ey Ooor, part icularly 
those w ith ice-m a rgin a l la kes , ha ve distin cti\'e ice­
marginal sediments and la nd[orms. Prev io us studi es of 
ice-ma rgina l landlo rms associa ted with th est' glac iers 
ha\'e no t exa min ed th e int erna l stru c ture o r th e 
mora ines, a nd mod els of mora ine fo rm a tion emph as ise 

obsen 'a ble co ntempo ra ry d eposition a l processes (e .g. 
Selby, 197 3; R ains a nd Shaw, 1981 ). This stud y focu ses 
on th e stru cture a nd com position of ice-m a rginal lancl ­
fo rms a nd a ttem.pts to link th e sedim entary produ cts of 
proglac ia l deforma tion wi th g laciologica l processes . 

The obj ec ti\'es 0(' th is stud y a re to ( I ) d etermin e the 

morphologies, composition and structure 0 (' mora ines at 
th e margins of a lpi ne glaciers, (2) evaluate cx isting 
mod els fo r th e fo rm a ti o n of the mo ra in es . and (3) 
d evelop a ge nerall y a ppli cable mod el for th eir formati on . 
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FIELD AREA AND METHODS 

Th e Dry \ 'a l le ~ ' s a re ice-free \'a ll eys sha ped b y g lac ie rs 

no\\' in g fro m inl a nd ice to th e R oss Sea Fig. I ) . Three 

ty pes o f g lac ier ex ist in th e \ 'a ll eys: o utl e t g lac iers such as 
T aylo r Cl ac ier th a t dra in th e cas t An ta rc ti c ice shee t; 
pi cdmo nt g lac icrs tb a t occ up y 10 \1' coas ta l hi lls; a nd sm a ll 
a lp ine g lac iers (Fig. I ) . Th e m ea n a nnLl a l te mpe ra ture a t 

\' a nd a S ta t io n in th e \\' ri g ht \ 'a ll e)' is - 19 .8 C 

(Sc h\\'e rdtfege r , 1970 ). R a infa ll is Unkn O\\'ll, sn Old ;ll1 is 

lig ht (a p p rox im a tely 10 mm \I·.C. a I: C h inn . 1990 ) a nd 
m os t of' th e a rea ex pc ri e nccs a \\,a tcr defic it. Th e sm a ll 
a lp inc g lac iers ha\'(:, a th e rm a l regim c \I'herc th c \I' ho le 

g lac icr is be lo\l' pressure-me lting po in t C h inn , 199 1 , a nd 

L ~ pi ca l basa lte mpera tLl res ra nge be t \l'Ce n 18 a nd - IS C 

( H olcl s\\ 'o rth a nd Bull , 1970; Bo ul lO n. 1979 ). C urre nt 

understa ndin g o f th ese glac iers suggests a ll m o \'C ment 

occ urs b y icc d cfo rm a tio n co nccnt ra tcd in th e 10 \\'e rm os t 
m e tre, a nd th ey are a lmos t inca pa b le o f' basa l crosion 
(H o ldswo rth a nd Bull , 1970; Chinn . 199 11. Fo r thi s stud y 

th e m argina l la nd fo rms a nd sedimCll[s or te n a lpin e 

g lac iers a nd \ \ ' rig h t L OllCl' Gl ac ier \IT IT sun'eyed (F ig . 

I ) . Ei g ht of th e g laciers d o no t halT pro min ent e nd 
mo ra in es, so the \I'o rk foc used o n S uess a nd \\ ' rig h t L O\l'e r 
G lac ie rs w h ic h ha\'C wcll-d e\ 'C lo ped ice-co red m or aincs 

th a t a rc eas ily access ible . Fi e ld - \\'o rk co nsisted o f 

sU['\ 'C \ ' in g th e ri dges, exca \'a tin g th e surface d e bri s 

m a nt le o f' th e m o ra in es a nd reco rdin g their stru c ture 

a nd sed im en tO logy . 
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Fit::.si//lOlls: Forll/ation oJ thrust-block 1Il0rainl's 

MORPHOLOGY, STRUCTURE AND 
SEDIMENTOLOGY OF THE MORAINES 

Right m.argin of Suess Glacier 

S uess G lac ier is a sm a ll a lpin e g lac ie r th a t d escends ri-o m 
1750 m o n th e Asga rd R a nge a nd fl ov,s ac ross th e noor o f' 
th e T ay lo r \ ' a ll e)' (Fig . I ) . Th e ri g ht te rminus o f S uess 

G lac ier nOII'S so uth\\'Cs t up the T ay lor \ 'a ll e)', a nd the lef"t 

te rminus nows northeast to\I'a rds th e R oss Sea. Th e ri g ht 

term inus fo rms an l8m clifl' adj ace nt to L a ke Pop p lc\\'e ll 
Fig. 2a ) . r\ sma ll gnl\'C1 rid ge proj ec ts fro m th e icc-and ­

d ebri s apro n belo\l' th e ice c li f'[ ( Fig. 3a ). Excal'a ti o n o f 

the r id ge 1'C\'Ca ls thin , p la na r beds and ra re c ross- beds of 

sa nds, fin e g ra \'C ls and occasio na l o rga ni c muds (Fig . 2 b ). 

Th e bedd ing of"t he sedim ents dips stee pl y in a n up-glacie r 

direct io n , a nd in se \-e ra l loca ti o ns th ere is a n a ng ul a r 

un co nfo rm a bl e contac t w it h in th e sed iment (Fig . 2 b ). 
Th e pan icl e-size cha rac te ri sti cs o f' th e sedim ents a re 
simil a r to adj ace nt lac ustrine e l1\'iro nme nts, pa rti c ula rl y 

th e sort in g a nd m ean size \ 'a lues (T a bl e I ) . E x posures of 

th e up per pa rt of th e basa l d eb ris zo ne sho\I' blocks of" 

bedded sedi me lll entra ined by th e g lac ier ( Fig . 2c l. 

Left Inargin of Suess Glacier 

Th e left te rmin a l m a rg in of" S uess G lac ier h as hi g h Ice­

co red mo ra ines tha t li e betw ee n th e ice c1ifT a nd the sho re 

o f l. a ke C had (Fig. 4). Three di stinC'l ridges can be 
id entifi ed : a 10 \1' fro nta l rid ge \\' ith a sand y d e bri s COl'CL 
a nd t \1'0 hi g h bo uld er-cOl'C I'Cd r id ges ( Fig . 4b ). Dine r­
enees in th e text ure o f sedime n ts o n th e t\\·o rid ges re fl ec t 

d i [fere n t sedi me n t sources. The fi ne-g ra in ed fro n ta l rid ges 

co nsist o f' b locks o f" \I'e ll-so rt ed sa nd a nd fin e g ra\'e l, a nd 

th e la rge bo uld er-cOl'C red rid ges co nsis t of bloc ks o f" 
m ode ra te ly well-sorted g ra \'e l a nd sand y gr avel (F ig . 4 b ) . 
Th e unsta b le m o ra ine slo pes a re ::;36 a nd ha \ 'e a seri es o f 

sm a ll ste ps representing th e o utcro p o f ba nds o f sedime nt 

th a t ha\'e a stee p up-g lacie r d ip ( F ig . 3 b ) . Exca\ 'a ti o ns in 

th e sm a ll , fin e-g ra ined m o ra ine o n th e left o f Fig ure 4 
sh OlI' th e sediment laye rs w ith p la na r-bedd ed , poo rh­
so rt ed to \I-e ll-so rt ed sa nds, occas io na l ho uld ers and fin e 
g ra\'C 1s th a t d ip sleep ly in a n u p-g lac ier d irect ion Fig. 
3 b : T a ble I ) . 

Wright Lower Glacier 

\ Vri g ht Lower G lac ie r is a lo be o f \vi lso n Piedm o n t 
G lac ier th a t ex te nds into t he \\' ri g ht \' a II Cl·. At th e 

te rminu s a se ri es o f m o ra in e r id ges li es nex t to a nd o n th e 

frozen surface o f L a ke B row n wo rth. Th e m o ra ines co nsist 

o f a se ri es of sha rp-c res ted , ice-co red r id ges pa ra ll e l to th e 

ice margin ( Fig. 3c ) \I 'ith a deb r is cOI'e r ra ng ing ri 'o lll 
\I'C II -so rt ed fi ne g ra\'C ls to coa rsC'. bo uld e ry gra\-e l. 
EXC<l\'a t io ns of th e su r face o f' ri dges sho\l' they co nsis t o f' 

laye rs o f g ra\'C I, sand a nd sandy o rgan ic mud se pa rated 

b y ice . Th e ice laye rs inc lud e m ass i\'e cl ea r ice, bubbly 

c lea n ice a nd ice Ilith o rga ni c silt c lastS (Fig . .3 ). ?-- I os t 

sedim enl s a rc m od era te ly \I'e ll o r well so rted (T a b le I ) . 

Stra ta in t he rid ges d ip steep ly in a n up-g lac ie r direc ti o n , 
a lth o ug h so m e r id ges co n ta in co mpl ex ly d dc) rm ecl ice a nd 

d ebris s tra ta. Deform a ti o n stru c tu res sugges t til e ice a nd 

d eb ris layers \I'ere fo ld ed a nd f'au lted afte r en t ra in me n t. 
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Fit;::sill/olls: Formatioll oJ thrust-block morailles 

A 

c 

Fig . 2. ( a) Right margill oJ Suess Glacier showing a 
small margillal-stream challnel a/ld della at Lake 
PO/Jplewel/, and the sll/all moraille ridges at lite JooI III 
the 18 m ice r;liJJ ( b) Allgular contact between two thrust 
blocks. The dark la),er,jllst above the /)oillt q/ the blade, is 

a hl)'er of algae. (c) Block oJ planar-bedded sand alld 
gravel ill tlte u/}/)er /}art ~/ tlte basal debris ::,oll e of SI/eH 
Glacier. 

INTERPRET A TION 

The mora ines described abo\ 'e are thrust-b loc k mora ines 
formed by elllra inm ent a nd d efo rmat ion or proglac ia l 
sedim eIHs. Th c well-so J'led nature or th e sediments in th e 
ridges , toge th er wit h well- p rese ,'\'ecl sed imenta ry struc­
tures a nd beds of a lgae, sugges ts th a t mos t sediments ha \'t 

acc umulated in a sha llow lac ustrine el1\·ironment. At 
\V rig h t Lower G lac ie r th e widesp read occu lTence or 
organIc mud sugges ts acc umul a ti on in a deepe r lake. 
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Fig. 3. Cross-sections oJ fhmst-block moraines at the 
1II(IIX,i llS Cllglaciers ill the D I)' " all'D's . Th!' cross-sectio lls 
are based 0/1 SI/I"l'I') 'S alld excavations. ( a) Right margin III 
SlIess Glacier showing two sll/a!!, stacked thrusI blocks 
projectillg ji-om the ice-debris aproll. ( b) Left lIIC/1gill oJ 
SI/ess Glacier. SlllJace sediments 011 the ridge collsisl DJ 
poor£)! sorted angula r, bOllfdel), sedimmt.r. Small steps ill 
t/ie s/IIjace of the moraille oewr whfl'e sedimellt /c~)lers crop 
Ollt . (c) " 'righ t LO[C'eJ" Glacier. SlIr/ace sedimen ts cOlIsist 
~/ HllldJl grm'et with occasional bOlllders. E'J(ll'atiolls shale 

tltat lite moraine cOllsisls oJ beds oJ ulel/-sorled sedimenls 
se/)(Iraled by layers oJ ice. 

" 'c ll-prese rved primary sedimellla ry stru c tu res in th e 
moraines a nd sedim ent blocks \\'i thin th e g lacier sugges t 

th e sediments were rrozen during entra inment (Fig. 2b) . 

Thus, th e most likely scenario is tha t the moraines are 
prod uced by entra inm ent a nd defo rmat ion or unconso li­
dated \'a ll ey-noor sediments. 

DISCUSSION 

Proglac ia l glac io tecLO ni c deformation and th e fo rmat ion 
of g lacio tectonic rid ges ['rom proglac ial sedimcn t has been 
widely d esc ribed (Ku psch , 1962; M ora n, 197 1; Bo ulto n , 
1986 ; E\'ans , 1989a ) . Suc h cl efo rm a ti on ha s bee n 

associatecl \\ ith d ecreased mate ri a l shear streng th as a 
consequence of elevaled pore-wa ter pressures (\ lo ra n a nd 
others, 1980; fvIoores, 1990) a nd en tra inmen t or su bstrare 
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Fit:::.simolls: Forlllalioll Il/Ihrust-block moraines 

Table 1. Partide-si::.e data fo r thmst-block moraille sediment 

Saml)/e 10catio71 

i\ Jo ra ine, left ma rgin of Su ess G lac icr 

\ 10ra ine, left ma rgin of Su ess G lac ier 
i\ lo ra ine, IcCt m a rgin of S uess Gl ac ier 
i\ lo ra ine, rig ht ma rg in of Su ess G lac ie r 
i\ lo ra ine, rig ht ma rgin of S uess Gl ac ie r 

7\lo ra ine, \\ ' r ight LO\\'er G lac ier 

i\1 01'a ine , \\' r ig h t L ower G lacier 
I ce -m a rgina l delta 
Sha ll ow lacustri ne sed iment 
D ia mi c t from T aylor' G lac ier 

Folk a nd W a rd ( 195 7) phi \·a lue. 

.IJeall Ilarticle 
S l .~j' 

0 ) 

1.6 
- 0.5 

1.56 
0 .88 

0.62 

0.24 
0.1 
1.06 
1.8 

- 2.5 

. Sorlillg! 

m od era tely \\'c ll so rted (0.5) 
m od e ra tely so rted (0.95) 
\I 'ell so rted (0.36 ) 
poorly so rted ( 1.28 ) 

poo r! y so rted ( 1.98 ) 
m od era tc ly so rted (0.75 ) 

\cry \\ cll so rted (0. 26 ) 
mod era te ly \I'e ll so rt ed (0.5) 
m od era tely \I'e ll so rt ed (0.5) 
very poorly so rt ed (2 .1 ) 

Folk a nd W a rd ( 1957 ) so rtin g classifica tion a nd p h i \"a luc. 

to Ouc tu a ti on of the position of th e 0 C iso th erm close to 

the g lac ie r bed. Th e fi eld ev id ence a nd inte rp re tation 

Fig. 4. Le/! mcu:gin 0/ Suess Clacier. ( a) High, bOIl/de/­
covered, ice-cored mora illes adjacelll 10 I_ake Chad. The 
moraille ridge forms all e.l /ell siO Il Il/Ihe lateral morailZ e Oil 

the right. ( b) III frO ll t of lite lcuger momille, LOlt' salld)' 
ridges cOllsist of blocks of pLallar-bedded salld tlial are 
thrust blocks of fine-gmilled deltaic sedimellt . T he maill 
ridge 1.1 abollt 20 I7l high. 

presented a hm 'e a ppea rs inco nsistent with ex istin g m od els 

o f p roglac ia l g lac io tec toni c d eforma ti on and \\'ith opin io n 

th a t dry-based g lac ie rs a re on ly capa b le of limited eros ion 
(Bou lton. 1979). 

Th ree a lte rn a ti\'e m od els fo r the fo rm a tio n o f th ru st­
b loc k m o ra ines a t the ma rgins a rc exa m ined belml': bloc k 
entra inm ent of frozen sedim en t assoc ia ted with fj 'oze n-

Fig . 5. Bedded fill e gravel . coarse salld alld ice ill th lllst­
blork morailles at lite l7l(u:ftill III " 'righl Lower Glacier. 
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Fi/.::simolls: Forma/ioll of /h ms/-block morailles 

bed d e fo rm a ti o n; th e a pron-en trainm e n t mod e l (o r po la r 
g lac ie rs; a nd transie nt we t-b ased co nditi o ns associa ted 
with g lac iers nO\\'ing in to ice-m a rgina l la kes . 

Th eo re ti ca l a nd la bo ra to ry studi es of th e rh eologica l 

be ha \'iour o f frozen d e bri s sugges t th a t th e \ 'iscos ity o f 

fro ze n d ebri s is o rd e rs o f magnitude g reate r than th a t o f 

cl ean ice (H ooke and o th ers, 1972; i\i c kling a nd Benn e tt , 
1984) . rf thi s is th e case, a frozen , un conso lici a tcd 
subslI'ate \I'o uld be unimpo rt a nt in th e nO\\' o f po la r ice 
m asses (Ec he lm eye r a nd \\' a ng, 1987 ) . H owe\·e r. o b­

se rnui o ns m ad e in a tunn el a t th e base o f sub-po la r 

UrLimqi N o . I Gl aci e r in C hin a ha\'e demo nstrated three 

m ec ha ni sm s of fl ow a t sub-freezing tempe ra tures in th e 
100\'e' rm os t 1- 2% of th e g lac ier : enh a nced defo rm a ti o n o f 
froze n d e bri s; mo ti o n across di scre te shea r planes \\'ithin 
and at th e surface of froze n drift ; a nd basa l sliding a t a n 

ice / ro c k inte rface ( Ec he lm eye r a nd Wan g, 1987 ) . 

Ec helme),e r a nd \\' a ng co nc lud ed that 60'/"0 o f th e 
o\ 'e ra ll ice-surface mo ti o n occurs b y d efo rmatio n of a 
laye r or basa l drift 35 c m thi c k. In contras t to la bo ra to r:' 
studi es, th ey fo und th a t th e \'iscos it y o f th e d e bri s \I 'as 

mo re th a n two o rd e rs o f m agnitud e less th a n th e \'iscosit y 

o r th e O\'e rl ying ice . Th e implica ti o ns o f th ese o bse l'\ 'a ­

ti o ns a re th a t d efo rm a ti o n o f frozen substra te co uld play 
a n im po n a nt ro le in th e d yna mi cs o f po la r ice m asses a nd 
provid e a m eans of entraining blocks o f' sediment be nea th 
dry-based ice . \\,hile thi s mec ha ni sm pro\'id es a po te nti a l 

ex planati o n fo r th e fo rm a tion o f so m e thrust-bl oc k 

mo ra ines in th e Dr~' V a ll eys, it d oes no t ex pl a in th e ice 

res tin g be tween th e laye rs of sedim ent in th e lll o ra ines 
(Fig . 3 b a nd c ). 

Shall' ( 19 77 ) dn'elo ped a mode l o r d ebri s entra inm ent 
fo r a co ld-based g lac ie r based o n th e mo rphol ogy of 

g lacie r m a rgins a nd Oow pa tte rns in ice fronts ( H o lds­

worth a nd Bull , 1970 ) . The m od el is based o n o\ 'erridin g 

a nd entra inm ent o r th e ice a nd d ebri s a prons th a t a rc 
cha racte ri s ti c o f drv-based g lac ie rs (E\ 'a ns, 1989 b ) . Th e 
a pro ns co nsis t o f fa ll en ice blocks, rdi-oze n m eltwa te r , 
supraglac ia l d ebris from th e g lacie r surface, eng lac ial 

d ebris a nd wind-blo wn sedim ent. R ewo rking or acc umu­

la ted sediment on th e a pro n by mass OO\\' a nd runnin g 

wa te r, toge th er with intermitt ent block {a il s, gives ri se to 
crud e stra tifi ca tion o f th e d e bri s a nd a lte rn a tion oC hi g h 
a nd low d ebris co ncentra ti o ns. The apron-incorpo ra ti o n 
mod el d oes no t expla in th e form a ti o n o f thrust-bl oc k 

mo raines, since th e sediments conta in prim a ry sedim en­

ta ry s tru c tures indi ca ti ve of Ou via l a nd lac us trin e 

d eposi tio n tha t d oes no t occur on a prons. Th e prese nce 
of a lgae bed s in th e m o ra in es is a lso inco nsistent with 
a pron entra inment beca use conditi o ns conducive to th e 
g rowth a nd acc umul a ti o n o f a lgae are no t m a inta ined o n 

a prons. In additi o n , th e a pro n-entra inment m od el does 

not full y explain th e d e bri s ba nds that li e a bove and arc 

se pa ra ted fro m th e basal d e bri s zo ne by c lea n ice (Fig . 
2 b) . Sh a w sugges ted th a t thi s a ppa rent a no m a ly m ay be 
expl a ined by th e basa l freez ing mec ha ni sm pro posed by 
\\' ee rtma n ( 1961 ), a susta ined peri od o f wind-drift sno w 

accumulati o n follow ed by entra inm ent, th e re by formin g' 

Cl wedge o f clean ice, o r basal freez ing as th e g lacie r 

crossed a la ke . 
The thrust-bl ock mo ra ines d escribed In thi s stud v 

form adj ace nt to ice-ma rg in a l la kes . La kes in th e Dry 
V a lleys can be divid ed into three th erm a l types (Chinn , 
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1993 ): we t-based la kes that ha \'e a perm a ne nt ice cO\ 'C r 
O\ 'e r wa ter th a t does no t fr eeze to th e gro und ; dry-based 
lakes \\'hi c h fre eze comple te ly; a nd la kes th a t h a \'(' \ 'e ry 
hig h sa linity and d o no t freeze . In \I'(' t-basedla kes hea t is 

conduc ted do\I'l1wa rd thro ugh th e perm a nent surrace ice 

to th e wa ter be lo\\' (\\' il so n a nd o th e rs, 19 74) . S tron g 

d ensit y stra tifi ca ti o n m eans the lakes becom e hea t sinks, 
a nd bo tto m waie r tempera tures ra nge ii-o m 26 c: (L a ke 
\ ' and a ) to 2.3°C (L a ke fr\' xell ; Chinn , 1993 ) . H ea t 

conduc ted d ownwa rd thro ug h th e bo ttom of la kes res ults 

in unfl-oze n sedime nt. Fo r exampl e, D onJuan Pond in th e 

Wrig ht V a lle y has a bed o f 12.6m o r ullfrozen sediment 

(Cartw ri ght a nd H a rri s, 19 78 ) . 
\\'he n a g lacie r no\\'s into a la ke, two possibl e reg im es 

th a t can d e\'elo p a rc m e lting o r fi -cez ing . The m e lt o r 
refreez ing ra te (lIf ) has bee n ca lcul a ted by D oa ke ( 1976 ) 

rrom: 

(1) 

\I 'he re Q, is the is th e upwa rd hea t nux through th e wa te r , 

Qi is th e hea t 0 ux thro ug h th e ice, Pi is the d ensi ty o f ice, 

a nd L is the la tent hea t of fu sio n. Qs is a fun cti o n o f 
tempera ture a bo \'(' freez ing, nO\\' c ha rac teri sti cs a nd 
cOIl\ '('c ti o n. Qi is th e p roduct o f tempera ture g radi e nt in 
th e ice a nd th e rmal conduc ti vit y . In the case o f a co ld 

g lac ier Oowing into a la ke, heat !lo w {i'om th e re la ti ve ly 

\I'a rm wate r to th e ice causes melting . H O\\'e \T r , whe re 

circ ul a ti o n is \I'eaker, fo r example be nea th th e g lac ier , th e 
hea t now fro m wa ter to ict' will co ntinue until th e wa te r 
a nd ire equilibra te. In th e case o f water a t around 5°C 
and ice a t - 15°C it is likel y that ice a nd water-sa tura ted 

d e bri s \\·ill freeze to th e g lacier ice . Thus, as ice Oows into 

a la ke th e re a re tra nsient conditions that fac ilita te th e 

acc re ti o n o f ice a ncl wa ler-sa tura ted d e bris to th e g lac ier. 
This mcc ha n ism prov id es a po ten ti a l ex pla na tion fo r th e 
stru c ture a nd compos iti o n of th e thrust-bloc k m o ra in es . 

Se\'e ra l lakes in th e Dry V a lleys a rea ha ve \ 'e ry hi g h 

sa linit y (T o rii a nd o th ers, 1981 ) . Th e freez ing po int o f 

sa lin e \\'a ter ca n be ca lculated using a n equ a ti o n fro m 

D o ro nin a ncl Kh eisin ( 19 77 ) : 

Fp = - (3 + 52 .7(sal) + 0 .04(sa12) + 0.0004(sa13 )) 10- :J 

(2) 

where Fp is the freez ing point a nd sal is sa linity . This 

po lyno mi a l ca n be verifi ed for h ype rsa line waters using a n 
expe rim enta ll y d eri ved freez ing po int [o r water fro m 
D ee p L a ke in th e V es tfo ld Hills. D ee p L a ke has a n 
a \'e rage sa linity o f 280 g I 1, and begins to freeze a t - 28°C 

(K erry a nd othe rs, 1977 ) . Equa ti o n (2) g i\'es a freez ing 

po in t of - 26 . 7°C for thi s salini ty, and can be rega rd ed as 

reaso na bl y acc ura te fo r indi ca ti o n o r freez in g-point 
tempera lllre . Tab le 2 shows th e salinit y and freez ing­
po int tcmpera tures ca lcul a ted using Equa ti o n (2 ) [o r 
sC\ 'e ral la kes in th e Dry Valle \·s. Th ese d a ta sho \V th a t 

so m e la kes will no t freeze if a g lac ier a t - 20°C ove rrid es 

th em. P erh a ps m o re importa ntl y, T o rii a nd oth ers ( 1981 ) 

ha \ 'C sugges ted th a t th e g round- \Va ter a round salin e la kes 
has essenti a ll y the sa m e c he mi ca l compos iti o n as th e la ke 
wa ter. Consequ entl y, it is possibl e th a t dry-based a lpine 
g lacie rs d escendin g {i'om \'all ey sid es could becom e "we t-
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Table 2. Salilli!J' alld jree::.il7g-/)oilll lel1llJeralllrc.5 jor 
salille lakes ill l/ie D I)I l 'allevs 

Lake 

J oyce 
Fn':-;e ll 

Pond a t L a bvhrin th 

Sea wa ter 
\ 'a nd a 

Bonn e:' (\\ ' lo be ) 
BOl1lw \' (E lo be ) 
D o n Ju a n 

Sahl7il), 

u ko' 
,:, t') 

4. 1 

7.5 

16 .4 

35 
11 3.3 
126 .4 
247 .9 
392A 

* D Cl) II! Free::.illg 

/Joilll 
m ct 

30 - 0.22 

16 0.42 

0 0 .9 

0 - 1. 9 

64A 7.1 
29 .5 8 .1 
32 .5 - 2 1. 6 

0 5 1.0 

F ro m T orii a nd o th ers ( 198 1) . 
Calcula ted using E qua ti o n (2 ). 

based " \\'hen th ey reac h unco nsolid a ted sedim ent on th e 

\'all ey Door. H owe\'er, this m ech a nism is no t a ppropri a te 

fo r th e e:-;p la na ti on o f th e " ' ri g ht LO\\'er G lacier thrust­

bloc k m ora in es beca use L a ke BrO\nn\,o rth is a fres h- wa ter 
la ke. 

Fi g ure 6 presents a d e p ositio na l mod el fo r th e 
fo rm a ti o n of thrus t-bl oc k m o ra in es a t th e m a rgins o C 

dn'-based glacic rs th at Oow into la kes . Th e m od e l is 

based o n infe rences fro m th e m o rph ology, sedimento logv 

A 

B 

c 

Ice cover (2·6m) 

QOG isotherm 

Accreted ice and debris 

+ + + 
+ + + + 

+ + + + + 
+ + + + + 

+ + + + + + 
~B;Z28IT~IT~ + .....;!;, ~ + 

+ + + + + 

+ + + + 
+ -I- -I- -I- -I- -I-

+ + + + + 

Fig. 6. DejlOsiliollal model jor Ihe jormalioll oj Ihmsl­
block moraille:' al Ihe margills cif dlJ-based glacier.1 IIial 
j7o[(' illlo lakes. See lext jar explallatioll . 

Fil.~sill7()lIs : Forlllalioll oj Ilnllsl-block 1II0ralllCI 

a nd stru cture of th e m ora in es a nd radi o-ec ho so unding 
o f L a k e Bro \\' n\\'ort h (C hinn a nd ~l aze , 1983 1. 
H O\\T \·e r. it is sp ec ul a ti \'e beca u se th e p r ocesses 
occ urring a t th e g lacie r fla kc inter race ha \'(' no t bee n 

direct h- o bse n 'ed . 

\\ 'a rm la kes in th e Dn' \ 'a ll eys m a inta in un(i'oze n 

bed s a nd a re likeh ' to ha\'e a st ro ng innue ll ce on th e 
geo m et ry of ice m a rgins beca use hea t nO\\' I,'om th e 
rela ti\ 'C h- \\ ',lrm ",a ter res ults ill enh a nced su ba CJu co us 

a bla ti on (Fig . 6a ). N ea r the g lac ier sole ", here th e 

c i rc ul a ti on is \\'ea k. co nd i li ons o f basal (J 'eez ing c<l n 

res ult in ice accre ti on . In additi on . rra nsient \"e t-b ased 

co nditi ons occ ur as ice nO\\'s onto unfroze n sedi men t of 
the la ke bo ttom . crea tin g conditi o ns co nd uc i\ 'e to the 
entra inm ent of' bl oc ks or sedim ent (Fig. 6 b ) . Ri sing fl o\\' 
\ '('cto rs a t th e ice te rminu s (C hinn . 199 1) res ul t in th e 

u p \\'a rd m O\ 'C l11 ent of th e accre ted ice a nd d e bri s. Ice­

co red rid ges fo rm \\'hen d ebri s cont a ined \\'ithin the 

accre ted ice a bla tes . D eb r is co n tinues to acc umul ate on 
th e su r Cace o f th e m ora in es until lh e dc bri s thi ckn ess 
reaches the thi ekn css o r th e ae ti\ 'e lal'(::I' of th e perm a fi'os l. 
A fte r thi s po int th e rid ges sta bili se, beca use th e un clc r­

king ice can onh' be los t by sublim a ti o n thro ug h th e 

d e bri s CO\'cr o r b\' crosion of th e d e bri s cO\·e r. T hus. th e 

rid ges m ay a ppea r to " (loat" on the frozen s urf~ t ce or th e 
ice-m a rg ina l lake, as occ urs a t th e m a rgin or L O\H' r 
\ \ . ri g h t Gl ac ic r (Fi g. 6c ) . f o r a ll oa ti ng ice m 3 rg i 11 , 

conditi o ns a rc mo re conduci\ 'e to ice accret io n. Sediment 

accre ti o n ",ill occ ur onl y if th e ice g ro ulld s o r th e freez ing 

fro nt rea ches th e la ke bed. 

CONCLUSIONS 

Three m a in conclusions co nce rning the geo m orphology o f' 

dry-based g lac ie r marg ins cm erge fro l11 thi s stud y. First. 

ricl ges a t th e m a rg ins o f se\-e ra l dn'-based glac ie rs co nsist 
of bl ocks of lac ustrin e a nd flu\ 'ia l sedim elll s th a t arc in 
so me cases int erbedd ed with ice . The sed im ent bl oc ks a nd 
ice a ppea r to ha \ 'C fo rm ed by accre ti on of proglac ia l 

sedim ent a nd la ke \\ '<He r. Seco ndl y. rh e a p ro n- entra in­

m ent m od c l fo r th e op e ra ti on of dn'-basecl g lac iers does 

no t fulh- c:-; pl a in th e elllra inm ent of bloc ks of \'a ll e: '-floo r 
sedim cnts a nd th e fo rm a ti o n of th r ust-bl oc k mora in es. 
Th e mod el requires re\'ision a nd ela bo ra ti on. Third ly, 
a lth oug h mod e ls o f g lac io tectoni c d efo rm at io n based on 

e ln'a tcd po re-\\'a ter pressure a nd \\'ee rtma n 's ice-deb ri s 

accre ti on m od el a ppea r in compa lible \\'ith th e thrust­

bl oc k m o ra in es , co nditi ons assoc ia ted \\' ith g lac iers 
il owing in to ice-marg in a l la kes m ay pro\'id e a spec ia l 
case o f tra nsien t co ndi ti ons o f basa I freez ing co nsisten t 
\\ 'i th th e m od el. 

SC\'e r a l as p ec ts o f thi s , tu e'" req uir e furth c r 

ill\·es ti ga ti o n. Three o f th e m os t importa nt a rc th e 

sig nifi ca nce o r proglac ia l processes in th e fo rmatio n of 
th e basa l zo ne o r dn'-basec! g lac ic rs; if' de fo rm a rio n o f 
fro ze n ul1 conso lid a tec! seeiilll e nt s a r the beei o l' c! n '-based 

g lac ie rs is comm o n , as sugges tec\ by E c hc lm eyer a nd 

\\' an g ( 198 7) , fie ld cri te ri a ca n be used to recognise su ch 

d efo rm a ti on ; a ncl wh e th er the com pos iti on o f acc re ted 
ict' can be distin g ui shed Crom la ke " 'a te r a nd pure 
g lac ie r ice, a s impli ed in th e d e pos iti o n a lm od el o utlin C'c\ 
a bOl·e . 
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