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ABSTRACT. In shea ring sediment benea th glaciers , networks of g rains may 
transiently support shear a nd normal stresses that are larger than spa ti a l ave rages. 
Consistent with studi es of fa ult-go uge genesis, we hypoth es ize that crushing of grains in 
such networks is res ponsible for surrounding large r g rains with sma ll er grains. At 
suffici entl y large strains, this should minimi ze stress heterogeneity, fa\'o r intergranula r 
sli ding and abras ion ra th er th a n crushing, a nd rcsult in a se lf-simil a r g rain-size 
distribution. 

This hypoth esis is tested with a ring-shea r d evice th a t slow ly shea rs a la rge annu lar 
sediment sa mple to high stra ins. Sh ea ring and comminution of weak equig ranul a r 
(2.0- 3.3 mm ) sedim ent resulted in a self-simil ar grain-size distribution with a fra cta l 
dim ension tha t increased with shea r strain toward a stead y \'alue of2.85. This va lu e is 
signifi cantly la rge r th an th a t of go uges produced pure l); by crushing, 2.6 , but it is 
com pa ra bl e to va lues for tills th ought to be deforming beneath modern g laciers, 2.8 to 
nearl y 3.0. At low strains, und er a stead y mean norm al stress of 84 kPa , va ri a tions in 
normal stress measured loca ll y ranged in amplitude fi'om 50 to 300 kPa with 
wa\'elengths th a t we re 100 times larger tha n th e ini tia l grain di amete r. Crushing of 
g ra ins, observed through the tra nsparent wa lls of the de\'ice, apparent ly caused the 
failure of gra in networks. At shea ring di splace ments ra ng ing from 0.7 to 1. 0 m, th e 
amplitude of local stress Ou ctua tions dec reased abruptly. This change is a ttributed to 
fin e sedim ent tha t distributed stresses more uniforml y a nd ca used gra in networks to 
fail primaril y by interg ra nul a r sliding ra ther than by crushing of g ra ins. Sliding 
between gra ins apparently produced sil t by a bras ion a nd resulted in a ri'ac ta l 
dim ension that was high er than if there had been only crushing. 

A size distribution with a fracta l dimension grea ter th an 2.6 is probab ly a necessa ry 
bu t not suffi cient condition fo r determining whether a basal till has been highl y 
defo rmed. Stress heteroge neity in subglacial sed iment th at is shea ring through its full 
thi ckn ess should contribute to th e erosion of underl ying rock. 

INTRODUCTION ex trao rdin ary fi eld contro l or a ppropri ately config ured 
la boratory ex periments. 

D eformation ofun lithifi ed bed s may be a n important, if 
not d omin a nt, mechanism of sediment transport by 
g lac iers. For example, it has been sugges ted that the 
bulk of sediment d eposited by ce rtain lo bes of the 
L a urentide ice shee t may have been transported as a 
water-sa tura ted basal sediment layer unde rgoing per­
vasive simple shear (e .g. A ll ey, 199 1) . Continuous 
m easurem en ts of t ill d eform a tio n beneath mod ern 
g laciers a re to d a te not suffi cient to tes t this hypoth­
es is. Such meas urem ents indi ca te that th e bed some­
times undergoes significant d eformation , but that 

during periods of rising o r hig h basal water pressure, 
motion is fo cused primarily a t th e glacier . o le (Bl a ke 
and o thers, 1994; I verson a nd o thers, 1995 ) . Nor a re 
inferences from the geologic record sufficient. Th ere a re 
a t present no unequivocal fi eld criteria for d ete rmining 
whether tills d epos ited by fo rm er ice shee ts h ave 
und ergo ne the very high shea r strains req uired to 
tra nsport sedim ent long dista nces by this mecha nism. 
The d evelopm ent of such criteri a will req uire either 

In this stud y we adopt the la tter app roac h and focus 
on comminution processes a nd the evo lution of gra in-size 
d u ri ng shear ing of \\'a ter-sa tu ra ted sed i men t. Se\'era l 
basa l tills th a t are thought to be deforming benea th 
modern glac iers have grain-size di stributions that a re se lf­
similar with a cha racteri sti c fr ac tal dimension of 2.8 to 
nearl y 3.0 (Fischer, 1995; H ooke and I ve rson, 1995; 
personal co mmuni cation from S. Tulaczyk , 1995 ) . 
In voking theory deve loped for the simil ar problem of 
fau lt-go uge ge nesis (Sa mmis a nd others, 1987; Bi ege l a nd 
o thers, 1989), H ooke and I \'e rson (1995) sugges ted th a t 
such a gra i n-size d istri bu ti on mi nimizes stress concen tra­
tions th a t crush g rains. This should resu lt in a steady 
fracta l dim ension a t a sufTi cie ntl y la rge shear stra in . H ere 
thi s hypothesis is tes ted with a rota ry d ev ice th a t shea rs 
sedim ent to high strains wh il e a llowing continuous 
o bsen 'a ti on of th e sa mpl e. Th e res ults clarify th e 
re la tionship between th e e\'o lution of g ra in-s ize and th e 
cha nging cha racter of stress concentra ti ons and commin­
ution mecha ni sms with shea r strain. 
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h WJOII alld alhers : Labaralol), slll({J' aJ sedimml defarlllalioll 

FAILURE OF GRAIN BRIDGES AND 
COMMINUTION 

O\-er suffi c ientl y small leng th sca les, stresses in a shea ring 

gra nul a r material arc he terogeneo us. E:-;pe rim ent s by 
:'landl a nd o th ers ( 1977 ) sho,,-ed th a t in so me eq ui­
gra nular m a te ri als loca l stresses normal to the direc ti on or 
shea r d e\'ia ted by as mu ch as a n order o f mag nitud e from 

th e mea n norm a l stress a ppli ed to th e sampl e. Load ce lls 

th a t measured th e loca l norma l stress had pia ten faces 

\\'ith diam eters 30 times large r th a n th e g ra in di a meter. 
a nd thus, OI'e r smaller length scales, de\'iations fi 'om th e 
mea n normal stress ma y ha l'e been e\Tn larger. 

Such o bsen 'a tio ns sugges t th at g ra ins ma l' a lig n 

tra n s i e l1ll~ ' ac ross rh e shea r zo ne (Fig . I a ) a nd th e reby 

suppo rt stresses norm a l and pa rall e l to th e direc ti on of 
shea r that ma l' be mu ch la rge r than spatial a vera ges , a 
point d emonstra ted in e:-;pe rim ents w ith shea ring ph o to­
elas ti c discs ( Dresc her a nd d e J osse lin de J ong , 1972 ) . 
R es ult a nt a li g nm e nts o f g r a in s suppo rt a coa:-; ia l 

compress i\ 'C stress, (), and halT been ca ll ed brid ges 

(i\Iandl and o th e rs, 1977 ). Th ey ma y f~lil eith er by 

frac lUre o f a constituent g ra in o r by fi 'ic ti ona l sliding and 
ro lling orgra ins (Fi g. l a ) (Biegel a nd others, 1989; H ooke 
a nd h T rson. 1995 ). 

, 

< 

FI~£!, . I. ( a) Segmenl Qf graill bridge Ilia I m{~) ' Jail ~J' 

lensile./ia(llIre aJ a graill or ~) ' slidillg beill'een graills. ( b) 
ldeali;::ed bridge ill which graill .cl is rushioll('(II~)' smaLler 
gmin.\' Ihal dislribule () over .\e/'eral (Oll/ar/s. 

Th e pa rtitioning be twee n p el'\'as il'e g ra in frac ture 

(crushing ) a nd sliding should d epend prima rih- 011 th e 
efTect ive no rm a l stress, th e streng th o f th e sediment g ra ins, 
a nd th e sediment gra in-size di stribution. T o explore these 
d epend encies , consid er a sim ple two-dim ensiona l bridge 

of gra ins like rh a t conside red by Sammis and o th ers 

(1987) (Fig . I b ). Th e a ngle bet\\'een th e macrosco pi c 

shear plan e a nd th e inte rg ra in slip pl a ne is (3. If 0"111 a nd 
0", 1 are th e loca l stresses supported bv the bridge no rmal 
and pa rall e l to th e mac roscopic shea r plane' , respectil 'C ly, 
and 1" is a coeffi c ient or rri ction th at is defined pa ra ll e l to 
;3, then th e bridge wi ll fa il by fricti o na l sli d ing \I'hen 

0",1 > I)' + tan (3 
(}III - 1 - I.L tan 13 

(1) 

IBiege l and o th ers , 1989, eq ua ti on 10 ). By su bsti tu ti ng 
~. = tanw a nd using a stand a rd trigonometric identit y, 

thi s inequality reduces to 
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O"s l 2: (}nl tan(w + 13) · (2) 

The sum, w + (3, is eq ui nl lent to th e friction angle of th e 

familiar Coulomb failure crite rion. A g ra in will undergo 
tensile f'rac ture para ll e l to 0" if th e compressil'e fo rce 
e:-;e n ed o n it by a n adjace nt g rain is sufTi c ientl v large. Fo r 
simplic it y \IT apply th e relati on used in th e so-ca ll ed 
Brazili a n streng th tes t (Jaeger and Cook, 1979, p.169 ), 

whi ch pe rt a ins stri c tly to compress io n of a cylind er across 

its di a mete r. Thus, fo r th e two-dim ensio nal case, fracture 
occ urs when 

(}d" 2: 7rTdr / 2, (3) 

" 'here T is d efin ed as the tensi le stress required to split a 
g ra in in compress ion , dr is th e d iameter of th e gra in th a t 
und ergoes rrac ture, a nd dN is th e di a meter or the largest 
ne ighborin g g rain. Th e product. (}di\ , is rhe max imulll 
force a l)p li ed to the (Tra in by a neig-hbor. .'\Totin o- that () = I (") . .. b 

( 0"111 2 + 0", 12 )" combining this wirh Inequ a liti es (2) a nd 

(3) , and noting that 1 + tan2(w + (3) = scc(w + (3), yields 
a n inequality d esc ribing the conditi ons ror rracture: 

(}nl scc(w + f3 )d" 2: 7rTdr/ 2 for 0 < w + 13 < 90°. (4) 

Wh en thi s equalit y is not sa ti sfi ed , bridges fa il by 

fri c ti o n a l slidin g or ro llin g o f gra in s . Note that 

scc(w + (3) increases m onotoni call y OI'er th e applicab le 
range o f w + {J, and thus the tendency ror frac ture or a 
g il'e n lith ology increases wit h both (}"I a nd {J . 

A reasona ble e:-;pec ta tion is th a t O"nl sca les with th e 

mea n effec tive normal stress on th e sedim ent , dclined as 

th e diffe rence between th e ice-overburden pressure and 
th e sediment pore-\l'ater pressure. L a rge effec tive no rm a l 
stresses. th e re rore, should inh i bi t si id i ng by i nc reas i ng 
rriction between g ra ins and b y inhibiting th e loca l 
dilati on and consequent reduction in (3 that a re required 

to mO\T grains past eac h o ther (Biege l a nd others, 1989) . 

Tt is a lso o b\·ious that fo r a g iven effec ti\'e pressure a nd 
grain-size distributio n, weaker lith ologies w ill be mo re 
prone to fi ·ac ture. 

T he grai n-size di stribution may a frec t th e partiti oning 
be tween fract u re and si id i ng in two ways. As em phas ized 

by Sammis a nd others ( 1987 ), th e tend ency for fi'ac LUre of 

g ra ins is increased if two particles o r simil a r size are in 
contact. If seve ra l smaller particles surround a large r 
g ra in (Fi g . I b) , 0" is di stributed over sel'eral contacts, thus 
redu cing d" in I neq ua lities (3 ) and (4) a nd th e tend ency 
for fi·ac ture. Sa mmis a nd others argue that this innuence 

on frac ture ge nera ll y O\'e rrides th e effec t of th e intrinsic 

pa rti cle streng th. In addition, Biegcl a nd others ( 1989 ) 
have sugges ted th a t ir small e r gra ins surround la rge r 
g rains O\'e r a wide ran ge or leng th sca les , th e re is a 
tend ency to reduce the d ep th or intel's tices in \·,-hi ch 
pa rticl es res t. Th ey a rg ue that rh is may redu ce 13, a nd 
thus, a lso reduce rh e likelihood of fra c ture. 

[n a fa ult gouge, in w hi ch fra c ture is th e dominant 
mechani sm of shea ring owing to la rge effect ive no rmal 
stresses, Sammis and o th e rs (1987 ) a rg ue that as shear 
stra in increases , a g ra in-size di stribution e\'oh-es in \I'hi ch 
th e number of equa l-sized nea res t neig hbors is minimized 

ol'e r a wid e range o r gra in-sizes . Th is minimi zes stress 
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co ncentra ti ons assoc iated \I'ith bridg ing by di stributing (J 

o \"C r a maximum number 0 [" grain contacts a nd al so 
pe rh a ps by reduc ing the m ea n \'a lue of /3. Thus, at hi g h 
stra ins th e like lihood of crushing d ecreases, and th e 

po tenti a l fo r inte rg ra nul a r sliding is optimized. Th e 

resultant g ra in-size di stributi on is se lf-simila r (fi"ac ta l), 

such th a t if N is th e number o f" pa nicl es o f di a m ete r cl , 
th en 

(
d) -,ll 

N( d) = No do (5) 

where No is th e number o r parti c les of re ference size do, 
and 1n is ca ll ed th e fra c ta l dim ension (e.g . Sa mmis and 
o th e rs, 1987 ). Plo ttin g log N as a fun c ti o n o J" log cl thus 
\'ield s a stra ig ht line o f slope -171 . G eo m l' tri c co nside r­

ations di sc ussed by Sa mmis a nd o th ers ( 198 7) sugges t that 

m sho uld equal 2.58, consistent \I'ith na tural go uges th a t 

had fi"a c ta l dim ensio ns \\'ithin 5% of 2 .60. Expe rim enta lh' 
simul a ted go uges also had a f"rac ta l dimensio n of 2.6 \I'ith 
a max imum \'a ri a ti o n of 12'Yu (Bicgel and o th ers, 1989 ). 
I n experim ent s, once this fra c La I dim ension was reached 

a t a sufIici ently largc shea r stra in, it remaincd stead\' \I 'ith 

additi ona l stra in. Th ese experim ents a lso suggested that 

th e stead\' \ 'a lue or 2. 6 \I'as ind e pendent o f th e initi a l 
g rain-size di stributio n . 

II" crushin g \I"C re th e dominant mcchanism o f" bridge 
I ~tilure in a shea rin g sediment la ye r henea th a g lacier and 

if th e la ve r had unde rgo ne sufIi c ie lll shear stra in , \\"C 

mi ght expec t a g rain-size di stribution \" ith a frac tal 

dim ensio n of2. 6. As no ted earli e r , hO\l'e\ 'e r, sa mples from 
subg lacia l sedim ent laye rs that a re th o ug ht to be 
defo rmin g a ll ha \'e f"ra ctal dimensions be twee n 2.8 and 
3 .0 . Such \ 'alues indi ca te a n excess offine parti c les . H ooke 

a nd h T rson ( 1995 ) sugges ted th a t th ere \\'as a lso sliding 

b CI \I"Ce n g ra i ns t ha l ge ne ra led excess fi ne pa rticl es by 

a brasion. Sliding be t\l'een g ra ins is more likeh- beneath a 
g lac in, where e fTcc ti\'e norm a l stresses are ge ne ra lly lower 
th a n ill fa ult zo nes . 

APPARATUS AND PROCEDURE 

T o tes t these hvpo theses a nd to study oth e r m ec ha ni ca l 
pro pe rti es o f' subg lac ia l sediment, we ha \'e constru cted a 
ring-shea r de\'ice (Fig . 2a a nd b ) . The d e\·ice shears a 

co nfin ed \I'a le r- sa turated sediment sa mpl e b e t\l'ee n 

pa ra ll e l plates. Th e sample occ upi es a n a nnul a r space 

th a t has a n o ut sid e diam ete r o f 0.6 m and a width o f' 
0. 11 5 m. It is bound ed a t th e to p and bo tt o m b y 
permeabl e aluminul11 pla tens with tee th th a t g rip th e 
sa mpl e . \\'a ter in a n internal rese n 'o ir th a t is open to th e 

atmos phe re mO\'es into o r out o f th e sampl e thro ug h th e 

pl a tens as th e sa mple \'o lum e cha nges during shearing . 

Th e outer \\'a ll o f th e sample cha mber is tra nspa rent 
ha rd- coa ted acry li c, so th e o uter m a rg in of th e sa mple 
ca n be obsel"\Td continuously. 

Sh earing is accomplished I)\" ro ta tin g th e lo \\'er pl a ten 

benea th th e uppe r pl a ten a t a controll ed rate with a 

\ 'a ri a bl e-speed mo tor a nd gearboxes . Th e wa ll s bounding 

th e 10 \l'e r hall' o r th e sa mple 1110 \T \I'ith th e lowe r pla ten ; 
th e upper \I'a lls a rc fi xed. Th e uppe r platen is scre\l'ed to 

a thi ck a lumillum-a nd-steel plate, dubbed the no rm a l-

a 

b 

iz'erson and a/lieD : Labura/ol) ' . \/1I(~) ' if sedilllfll/ dejo rill a/ ion 

l YOT (101 3) 

Uppe. platen 

Q-rln9 
Lower platen -ft1f--j,~ 

YOk'HMmb!y 

Fig. 2. (a) PllO/ograjJli and ( b) line drall'ing if the ring­
.Jliear a/JjJara/u.I . Ligh/[J' shaded [o1II/)OIlI'll/ .J ra/a/e . 

load platc, th a t is kept from ro ta ting b y t\l'O diam etri ca ll y 

o pposed ro ll e r pl a tens that press aga inst load ce lls Fig . 

2b ). Th ese load ce ll s reco rd th e fo rce on th e no rm a l-load 

platen th a t ari ses duc to shea rin g . fro m thi s reco rd. th e 
shea r streng th o f" th e sedim ent is calcu la ted . 

!\ n asse mbh- call ed th e yo ke \ Fig . 2b ) suspends th e 
upper \I'alls a bO\T th e 10 \l"Cr \,",dls b y a frac ti on of a 

millime te r. Th e \'oke a nd upper \I'alls a rc d ecoupled from 

th e no rm a l-l oad pl a te . so stresses o n th e \I'a lls a rc 

measured sc pa rate h- fi 'om stresses on th e upper pl a ten . 
\\'a ll e ffe c ts \I'e re o f minim a l conce rn ill thi s stud\', 
alth oug h th ey \\·ill be di sc ussed in d e ta il in a se pa ra tc 
paper a imed as assessing th e suirabilit\· 0 [" th e c!n'ice lo r 

studi es o f till rh eo logy. 

A unifo rm normal stress is a ppli ed to th e sedim ent by 
a In'e r a rm with d ead \lT ights th a t presses d own on th e 
no rm a l-l oad pla te . Th e no rm a l-load pl a te is free to mo\"C 
\"(' rti ca ll y as th e sampl e thi c kn ess c h a nges durin g 
she a rin g . Th e sample thi ckn ess is reco rd ed by tine!' 

di spl acem ent tra nsduce rs th a t press on ia bs that extend 

fr om th e perim e ter of th e no rm a l-load pl a te . Of spec ia l 

interes t in thi s s tudy is a pl a ten. 18 m 111 in di a m eter , th a t 
is connected to a load ce ll a nd mo untecl nush \I'ith th l' 
su rface of th e upper pia ten (Fig . 2b ) . This sys lem reco rd s 
loca l s tresscs norma l to th e shea rin g direc ti on. 

T o ac hiC\ 'e sig nifi cant sedim ent comminution a t ra tes 

o f shea ring a nd errec ti\'c no rm a l stresses a ppropria te fo r 

g lac ie rs, \I'e sh ea red a brittl e but \I'ca k m a te rial: 
mudston e pa nic les initi a ll y a ll 2.0- 3 .3 mm in di a m e tc r. 
The tensil e strength of indi\ 'idu a l pa ni cles \I'as es tim a ted 
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i versoll and others: Laboralol), s/II(0' oJ sediment diformation 

by measuring the fo rce required to split g ra ins 111 

compression and calcul a ting th e tensil e strength from 
this force (er. Hira ma tsu a nd Oka, 1966) . M eas ured 
values were 1.0- 4 .0 NIPa. T he mudstone, therefore, was 
a bout two orders of magnitude weaker th a n common 
crys ta llin e rocks (see J aege r a nd Cook, 1979, p.1 46 ). 
l ndi vidu a l particl es co mpri sed silt- a nd cl ay -sized 
eonsti tu en ts. 

The sediment was poured into th e sample cha mber 
a nd leve led to an initia l uniform thi ckn ess ranging from 
65 to 75 mm . Linear pass i\'e ma rkers were o ri ented 
\'erli ea ll y a t seve ra l posi ti ons in th e sa m pIe to reco rd 
th e d istribution of shear stra in. \ Ve have found th a t 
noodles (Iinguine) ma ke exce ll ent passive markers once 
hydra ted. The sample was th en load ed und er a no rm a l 
stress of 84 kPa a nd sa tura ted with wa ter. In these 
ex perim ents, the surface of th e wa ter rese rvoir was a t 
a tmospheri c pressure. A lthough this may no t be cha r­
ac teristi c o f unlithifi ed glacier beds, wh ere pore pressures 
a re usua ll y higher , we emph asize th a t it is th e difference 
between th e a ppli ed normal stress and the pore-wa ter 

pressure, th e effec ti ve norma l stress, th a t should control 
interg ra nula r stresses and comminution. An 84kPa stress 
is o f th e proper order fo r the effec ti ve norm al stress 
benea th so ft -bedd ed glac iers (e.g . Enge lhardt a nd o th ers, 
1990) . 

After consoli d a ti on du e to loading of th e sediment had 
effec ti ve ly stopped , shea ring was initi a ted. The sample 
thi ckn ess, shea r streng th and loca l norm al stress we re 
reco rd ed every minute. The outer ma rg in of th e sample 
was photogra ph ed peri odi call y to reco rd the d eforma ti on 
of stra in ma rkers and cha nges in grain-size, and to 

id entify deform a ti on mechanisms. Th e leng th of ex peri­
ments was limited by the tend ency fo r experimenta ll y 
ge nera ted fin e sediment to in trud e into th e gap between 
th e upper a nd lower wa ll s (Fi g. 2b) a t la rge sheari ng 
di splaee ments ( 1. 0- 2.5 m) . 

During some experiments, shea rin g was stopped 

period icall y, and th e sedim ent was sampled . Th e grain­
size distribution of th e sampl es was a na lyzed by siev ing 
th e coa rse !i'ac ti on (>63 !1m ) a nd using a laser counter 
(Lasentec ) fo r the fin e fract ion (Agrawal a nd o thers, 
199 1, p. 11 9- 128) . \\' e used th e iterat ive method of H ooke 
a nd h -erson (1995) to ca lcu la te the num ber of g rains and 

mean g rain-size of each size cl ass . This was necessa ry to 
compute the frac ta l dimension of th e size di stribution 
(Equ a ti on (5)) . Some samples we re coll ec ted intac t and 
impregna ted with epoxy (Card , 1994) for microfa bri c 
a na lyses . 

Four experiments were condu cted (MS-I - 4) a t a 

shea ring rate of 880 mm d I and run to shea ring displace­
ments a t the sample center ra nging from 1.1 to 2.7 m. 

RESULTS 

As ex pec ted , shear stra in a t th e outer wa ll was focused 
nea r th e plane of rela ti ve mo ti on, which is marked by th e 
gap betwee n th e upper a nd lower wa lls (Fig. 3a) . 
IV[a rkers placed with in th e samples away from the wa lls 
indi ca ted tha t th e zone o[ deform a ti on thi ckened ra pid ly 
towa rd the sample center, reaching a uniform thi ckness of 
20- 25 mm , 15- 20 mm away from the wa ll s. During th e 
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ea rl y stages of experiments, frac ture of grains roughl y 
pa ra ll el to the mos t compressive principa l stress was 
commonl y observed (Fig. 3b) . As shearing progressed , a 
laye r o f fin e sediment, 1- 3 mm thi ck, became appa rent 
nea r th e gap wh ere stra in ra tes were highes t. This laye r 
thi ckened progressively before reaching a stead y thi ckn ess 
of 10- 15 mm after shearing di splacements of 0. 5- 1.0 m 
(Fig. 3c) . Away from th e walls, th is laye r was 20- 25 mm 
thi ck a t the end of experim ents. 

Thin sec tions of impregna ted sedim ent collected from 
the shear zone demonstra te th a t a wide ra nge of g ra in­
sizes was produced by comminution associa ted with 
shea ring (Fig. 4a ) . There was a distinct lac k of simi la r­
sized gra ins in mutua l con tac t, as is true for ma ny basa l 
ti lls (Fig. 4b) as well as fa ult gouge (Sa mmis and o th ers, 
1986) . 

D istributions of gra in-size clea rl y demonstra te th e 
prod uction first of sand and th en of a silt frac ti on a t 
higher strains (Fig. 5a) . Plo tting log N as a fun ction of log 
d yielded a rela ti vely lin ear rela tion with a slope of - 2.37 

a fter a shearing displacement 0[0.1 5 m (shear stra in ,,-,8) 
(F ig. 5 b ) , thu s indica ting th a t a se lf- simila r size 
d istri bu tion had developed wi th a fractal di mension of 
2.3 7 earl y in the experiments. Further shea r strain and 
comminut ion increased th e ra ti o offin e particles to coa rse 
pa rticl es, thereby increasing th e frac tal dimension (Fig . 
5b) . Th e rate of increase was ra pid at first, and th en 
slowed down , apparently a pproac hing a stead y value of 
a bout 2.85 (Fig. 6a ) . 

Loca l norm a l stresses flu ctua ted signifi cantl y, a nd th e 
cha rac ter of the flu ctua tions changed dramati ca ll y as th e 
g ra in-size di stributi on a pproac hed a stead y fr ac ta l 

dim ension (Fig. 6b) . U p to shearing displacements of 

0 .7- 1.0 m , flu c tu a ti ons were la rge and of rela tively 
consisten t wave leng th. Ampli tudes ranged from a bou t 
50 to 300 kPa with wave leng ths of 100- 200 mm. Th ese 
wave leng ths were 5- 10 times the di a meter of th e platen 
ove r whi ch the measurements were mad e. At shea ring 

di spl acements above a pproxima tely 1.0 m, amplitudes 
a nd wa\'e leng ths became ma rked ly sma ller a nd less 
regul ar. In two of th e experim ents, J'v1S-3 and NfS- 4, 
th e tim e-ave raged va lue of th e loca l norm al stress was 
la rge r th an the a pplied mea n stress by a bout 20 kPa. We 
a ttribute this d ifference to a sma ll circumferenti a l 

\'a ri a tion in sample thi ckn ess (1.5 mm ) th a t resulted in 
sli ght ly ele\'ated norm a l stresses on thi ckened areas. The 
sediment shear streng th tend ed to increase with stra in , 
a lthough this increase was sma ll and not always mono­
to nic (Fig. 6b ). 

At shearing di splacem ents below about 40 mm , the 
cha nge in sample thickn ess was typi ca l of ma ny o th er 
loose g ranula r ma teri a ls (Fig . 6c ) . There was a sma ll , 
ra pid reduction in thi ckness of a bout 2- 4 %, as shea ring 
rearranged g rains in to a d enser config ura tion , commen­
sura te with the no rm a l load (La mbe and vVhitm a n, 
1969, p. 135 ) . The thi ckn ess then briefl y approac hed a 
stead y va lue, before beginning a sustained d ec rease 
ca used by comm inu tion a nd th e resultant fillin g of 
interstices wi th fin e sedim ent. Th e ra te of sa mple 
thinn ing due to comminution peaked a t 100- 200 mm 
of d isp lacem ent a nd then g radua ll y d ecreased. At th e 
end of experiments, th e sediment was still consolid a ting, 
a lth oug h slowl y. 
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Fig . 3. Phologra/Jhs lakl'lI Ihrollgh Ihl' oilier wall o/Ihl' a/l/mralll.1 alld illll'ljJrelil 'l' "kI'Iche" (!f Ihl' /Jholugra/lhJ . The gap 
dil'ide" Ihf rolalillg IOIl'N l('((//./i-U/II 1111' ,'Iali(J/Ial~J' 1I/1/J1'r /['a/I. 7 Ill' ,Ierne Ihal i., I'i.,ib/I' ill Ihe IUil'{'/' 1(,(/// ill Ihl' 10/) alld 

hOl/olll /)IIOIogra/lh:, alld ill Ihl' currl'.'/JUlldillg .,kelche" 1.1 a 1)(111 I .j 111111 wide . (a) SIroill lIIarker" ajier 0 "hcarillg diJ/J/O{(,lIIfIII 

of ({bOlll 35111111. ' ·i.libili!)' 1('({,1 /Juor illllllediall'~J' bl'lll'({Ih Ihl' ga/I olcillg 10 all IIII/JO/i.I/II'd I'I'(('J ,I ill Ihe Iuwer lcal! . ( b) 

TI'IIsife Faclllre of lu'o gmim roughtr /Jaral/l'f 10 Ihe 111011 COIII/III'S,lire /Jrillci/){tl ,1/1'1'.1',\. (c) Slmill lIIarkns alld ,jillf 

sedillll'llllhal rl' ,l/Illedj;-olll COllllllinulioll a/ier ({ Ihearing di.I/)lacl'nll'lIl 0/2.6111. Till' u/Jper /)Ialfll /.1 l'i,liblc duI' lu Ihinnillg 

of Ihe ,I({III/JII' (({lIserl I~J' (O/lllllillulioll . F iliI' ,\I'diIllI'III Ihal " l/lIel'::'l'd bellL'I'I'1I Ihe 1I'a//, ub,\(/(JHI Ihl' ,1(1111/111' adjarflll 10 Ihe 

/oll 'n It'al/ . 

DISCUSSION J1l1 cnt s Dresc he r a nd d e J osse lin el l' j o ng. 1972; :\J a ncll 

<l nel ot h ers. 1977 . St resses \I'(' re co n ccntra ted 0\'(' 1' le ng th 

sca lcs o f' 100 200 111111. \\ 'hi c h is brua clh' co nsiste nt \I ' ith 
\I a ndl a nd ot h ers' c1 a ta . C lea rl y lh c sim ple g rai n bridge 
of' Fi g llre I a is a n id eali za ti u n ; in rea lity s ll ch bri dges 

Th e loca l stress flu c tu a ti o ns in th c firs t p a rt of' th c 

cx pcri m c n ts Fig. 6h I co roho ra lc l he Sl re" h Clc rogc n eil>' 
in shea rin g g ra nul a r m a teri a ls o bscl'\'Cd in o th er cx pe r-
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/z'erSOll alld olher.\: Laboralor)' .I'll/Cb' 0/ sedimml dejol"llla lioll 

a 

b 

Fig. 4. ( a) Tlzin seclioll oJ sedimell l wilh a se(f-similar 
si;::e dislriblllion jJrodl/ced durillg all n/Jerilllenl . • Vole Ihe 
lack oJ graills oJ similar size ill mulual cOlllacl. T he JieLd 
oJ view is aboul 5171111. (b) T hill serlioll oJ /.dwl is 
inlerpreled 10 be a basal lif/from Ihe Des iIIoill es lobe ill 

soulhern ,\lillllesola, US.A. TIle Jield oJ view is 2.5111111 . 

must combin e with o th e rs LO fo rm ne two rks th a t arc 
proba bl y compl ex geo me tri ca ll y but a ppa rently havc a 
cha ra cte ri s t ic leng th sca le . Simil a r g ro ups o r m o re 

id ealized g ra ins th a t tra nsientl ), behave as coh erent units 

ha \'e bee n observed in bo th non-ine rti a l (Dresc he r a nd d e 

.J osse lin d e .lo ng, 1972 ) a nd ine rti a l ( Dra ke, 1990 ) g ra in 
nows . 

Th e cha nge in th e cha rac ter o r th e st ress nu c tu at ions 

as th e sedim ent shea rs a nd comminute. is bes t expl a ined 

by a cha nge in the pa rtiti oning be twee n cru shin g a nd 

sliding of g ra ins th a t compri se bridges . Initi a ll y neighbor­

ing g ra ins were o f simil a r size. As no ted pre\'iously, thi s 
max imizes th e po tenti a l fo r g ra in frac ture by foc using th e 
stress suppo 1"l ed b v a g ra in bridge o\"{'!" a minimum 
number o r co n tac ts ( In equ a lity (4)) . A reaso na bl e 

co nj ec ture, th ere fo re, is th a t th e initi a l la rge pea ks in 

local no rm a l stress renect th e stresses req uired to fi"ac ture 
g ra ins in a bridge . This is supported by o ur obse rn ltio ll s 
0 [" pen 'as i\T g ra in [j-aClure ea rl y in th e ex perim ents (Fig. 
3b ). As g ra in s a rc crushed a nd finer p a rticl es a re 
produ ced , hO\\·e\·e r. s tresses a rc di stributed O\'e r a g rea te r 

number of cO lllac ts. Thus, a t a suffi c ientl y hi gh ra ti o o f 

fin e to coa rse g ra ins, as indi ca ted here by th e frac ta l 
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Fig. 5. ( a) Hislograms of Ihe sedimenl graill -si,:e 

distribulion a/ sI/ea r slrains of ajJJJloxilll ateOI 8, 57 alld 

130. ( b) Pial oJ grain diameler /IS !lllmber of graills al 
shear slraills of8 alld 130 wilh best-fil lilies. Sall1jJles were 
colleeled Jrom a 10111117 Ihick :::,olle iml1ledi([ le~J' belo/(' Ihe 
gajJ Il eal' Ihe samjJle cfIller. 

dimensio n. Inequa lit y (4 ) is sa ti sfi ed less frequentl y. 

Bridges th en fa il p rima ril y Iw sliding o r ro lling of g ra ins 
pas t one a no th e r. Th e re la t ive ly a brupt cha nge in th e 
ch a racte r o f th e stress nu c tu a tions. rath er th a n , [o r 

exa mpl e , a stead y reduc ti on in th e a mplitude o f th e 

Ilu ct u<1 ti ons, was un ex pec ted , a nd sugges ts th a t th e re m ay 

be a re la ti \'e ly di sc re te g ra in-size di stribution a t which 

th ere is a change [rom o ne d omin a nt m ech a nism o f'bri clge 
bilurc to th e o th e r. 

The g ra in-sizes p rodu ced by comminution co nfirm th a t 
crushing of g rains d omina ted the fa ilure o[ g ra in bridges 

ea rl y in th e experim ents (Fig . Sa ) . Sa nd " 'as th e principa l 

g ra in-size p rodu ced a t low strains, whi ch is consistent " 'i th 

crushin g of gra ins in to se\'e ral pa rti cles o r compa ra bl e size . 
(f' sliding had d omin a ted initi a ll v, a di sc rete sil t-domin a ted 
fraction should ha\"C de\'e lopecl a t 10 \\ ' stra ins du e to 
shipping of sm a ll pa rti c les from g ra in edges d urin g 

a brasion (e.g. Haldorse n, 198 1). Such a silt fract ion did 

not d C\'e lop until samples were hig hl y stra ined. 
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Ftj;. 6_ (a) Fraclal dimensioll of Ihe sedimenl graill -si::e 
dislribulion as a .fIlIlClioll o.f shear slraill olld shearing 
di.l/i/o(flllflll _ The label Oil fadl /)Oilll 1"l1ers 10 Ihe 
fI/)erimml ill whirll Ihe .lal7l/Jle ll'as lakel/_ ( b) Lo[{[1 
lIormal .1' /1'1'.1.1 alld .Iedimelll shear .l/renglh durillg Ihree 
eI/Jerilllel/l.L The dashed filiI' shall'S Ihe meal/ 110 I'll/a I .1/1'1'.1.1 

011 Ihe sOIl//Jle- Dala are 1/01 /Jre.lfllled .for .lIS- / due 10 
lrallsiflll eJfecl.l illduad b.1'ji-eqllflll remol'(" q! Ihe lIormal­
load pialI' for sall/jJlillg_ The gal} ill lite _\1.5'--1 record 
re.llIlled .FolII a /JO[('I'I' fa illI re . (c) . ' -o/'ll/{{Ii::.al mm/Ill' 
Illickllt'ss. 

The meas ured ra te ofsamplc- thinning \\-ith shea r s tra in 

a nd co mminuti on a lso sugges ts a c ha nge in lil ilure 
m ec ha ni sm ( Fi g . 6c ) . C rushin g o f g ra ins e rrec ti\T h ' 
co ll a pses pa n o f th e g ra in skele to n_ a nd thus sho uld res ult 

in a g rea ter ra te of thinning th a n a iJras io n . R a tes o f samplc 

thinning liT re hi g h , a ltho ug h decreas ing _ durin g th e first 

pa rts o f th e ex perim e nts wh en stress flu c tu a ti o ns \\ 'e re large 

a nd bridges we re p res um a bh- r~tiling m o re frequ enth' b\­
crushin g (Fi g_ 6c )_ At la rger shea r stra ins, " 'hen stress 

flu ctua ti o ns liT re sm all er a nd bridgcs IIT tT pres um a bl y 

fa iling m ore freq uentl y b y sli d in g_ ra tcs of thinning \I'e re 

sig n i liea n tl y 100\'er a nd beca m e nca rh- s(each- . 

h 'er.IOII and o!iters: Laboralol)' slllr{)' q/ .INlimen! de/ormalion 

_\ s no ted pIT\-io ush"_ a fi -acta l d imc nsio n 0 l' a bo ut 2 ,6 is 

cx pected if crushin g is the o nl y m ec ha ni sm o r bri dge 

la ilure , Th e \ 'a lue of' 2.85 th a t \I 'C o bse l"\-ecl re fl ec ts th e 

excess o f fin es ca used b\- a bras io n. This \'a lue is simil a r to 

\ -,du es fo r basa l till s be nea th m od c rn g lac ie rs. :\iDle th a t as 
fin e pa nicl es o f a gi \'e n size a rc produ ced b\- abras io n . 
th ey sho uld be pro ne to crushin g o \l'in g to th eir simil a r 

size. This m a\' ex pla in " 'h y lin c pa rticl es re m a in cd 

fi '3cta lh' d istri bu ted _ d es pi tc a bras io n , Alt ern a ti \"e h '_ th c 

sc lf~s imil a r size dis tributi o n o r th e fin cs t pa rticl es m ay 

re fl ec t the sizes or pa rticl es th a t co nstituted th e mudsto ne 
g ra ins, a lth o ug h it is no t o b \-io us w h y the sizc d istributi o n 
0(" suc h pa rti c les sho uld be se l l~s imil a r. _\ -- te rmi na l" 

g ra in-size is ex pec ted _ belo \l- w hi c h fu rth er comminu tio n 

beco m es u nlik e h- e,f,!;. Dreima ni s a nd \" agne rs, 197 1" 

a nd the size d istributi o n is no t se ll~ s imil a r. In th ese 

ex pe r im ents_ thi s g ra in -size was a ppa rc ntl y less than 
se\T ra l mi cro ns, 

Th e shca r stre ng th o (" seciim c nt inc reased sli g hth- \I-ith 

shea r stra in a nd comminutio n. This does no t su pport th e 

h ~ - po (h es i s th a t !3 in Inequa lit y H is red uced as sma ll e r 

gra ins rcs ulting fro m comminuti o n su rro un d la rger g ra ins 

O\T r a \I ' id e ra nge o r sca les (B iege l and o th ers_ 1989 )_ I f' p 
had bl'e n stead ih- redu ced , th c fi-in io n a ng le 0 (" th e 
sedim ellt sho uld ha\'(' d ccreascd stcad ih- . res ulting in a 

red ucti o n in streng th . ,,-c thus co ne lucl e th a t th e c ha nge 

in th c m ec ha ni sm o f bridge fa ilure li-om crushin g to 

sliclin g ,,-as ca used p rim a rih- b y di s tributing brid ge 

stresses O\T r a ll ill crea sill f,!; Ilumber o r contac ts (redu c­
ti o n or d -:-; ill Inequ a lity (4 )) , ra th er tha n b y a reduct io n 
in d , Th e increase ill shea r s tre ng th reco rd ed in o ur 

expe rim e nt s m ay re fl ect th e increase in b ulk d ensity 

ca used b y comminutio n (Fig . 6c . This is suppo rt ed b\ ' 

th e rin g -shca r n: perim e nts o f' ;\ Ia ndl a nd o th ers ( 1977 , 

\I-ho o bs(T\ 'C'd th a t as fin e sedi me n t g ra\-ita ti o na lh- se ttl ed 
in to th e int ers ti ces a t thc basc o r a dil a tcnt , hea r zo ne _ th e 
base o r th c shea r zo ne stre ng th e ned _ 

IMPLICA TIONS 

Th ese ex pe ri me nts hel p e luc ida te th e proccsses b \- \I'hi ch 
sed ime nt th a t is m o bilized sulTi e ie nth' benea th a g lac ie r 

m ay be tra nsfo rmed into a till \\-ith a rrac ta l g ra in-size 

di stributi o n. During th e ea rl y s tagcs orshea ring, ne t\\ o rks 

o f' g ra .in s suppo rt shea r a nd no rm a l stresses th a t a rc muc h 

la rge r th a n spa t ia l a \-e rages , I n th ese ex perim ents. th e 
le ng tl! scalt- o r suc h nCl" 'o rks \\'as a bo ut 100 tim cs th e 

initi a l m ea n g ra in di a m e ter. Bcca use g ra ins a rc o r sim il a r 

size initi a lh- , th e stresses sup po rted b\' suc h net \l-o rks a re 

loc used o n a sm a ll nu m ber o f' contac ts_ ,,-hi c h op timi zes 

t h c po te nti a l for crus hin g , R esu lt a nt fin er gra i ns 

di strihu tc stresses o \ 'er m o re contacts, thereh \- cushi o ning 
la rge r g ra in s. A se ll~ s imil a r sizc di s tr ibuti o n arises _ 
th e refo re_ in ,,-hi ch sm a ll e r g ra ins surro und la rge r o nes 

O\T r a \\-ide ra nge o f len g th sca les , This size di s tributi o n 

ho m oge ni zes s tresses b \ ' r edu c in g sig nifi ca ntl y th e 

streng th a nd \\ 'a \-eleng th of g ra in ne t\\ 'o rks, Th e ho m o­

ge ni zati o n o f' stresses du e to cO lll m inu tio n, toge th er \\ ' ith 
the 10" - dICc ti\T p ressure ex pected be nea th g lac iers ,,'itl! 
unlithifi ed bed s, [a\-O rS fa il ure b y g ra in sli d in g ra th e r th a n 

b y crushing . This sliding ca uses a bras io n orgra ins a nd th e 

p rodu ct io n of a fin e li-act io n in exeess of' th a r p roduced 
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h 'eI".I011 alld ol/ler,l : L aboralol), sl/l{(l' 0/ ,I fdill/fll I d~forlllalilJlI 

pure ly b\' crushin g . Thus, th e stead \' fi'<l c ta l dime nsio n o f 

a subg lac ial sedim e nt laye r th a t has bee n hi g hh' d d() rm ed 

is la rge r th a n th a t o f fa ult go uge in \I' hi c h cru shin g 

d o min a tes . 
On c di[fere n ce be t\l'('e n th ese ex p er im e nts a nd 

sedim e nt defa rmati o n be n eath g lac iers is th a t th e 

ex pcri m en ta I scdi m e n ( g rai ns \IT re sig n i fi can tl y II'cake r 

th a n m ost till co nstitue nts. Thus, crushin g \I 'as pro ba bh-

111 0 re rapid and ex (e nsi\ 'e th a n in a na tura l till laye r 
und e r th e sa m e e lIcc ti n' press ure . Y e t th e a ngul a rit y o f 
g ra ins o f m a n y sizes in na tura l dc fo rmin g ILIye rs a nd th e 

se lf~s imil a r size distributi o ns of's uc h sedim elll (e.g. H oo ke 

a nd h e rso n , 1995 ) sugges t th a t crush i ng is commo n, e\ 'e n 

[o r stron g litho logies . Suc h cru shing is pro ba bl y caused b y 
st ress co ncentra ti o ns \I'ithin indi\ 'idua l g ra in l1 e t\l'o rks 
th a t III a \ g rea t!)· cxceed th ose m (';ts ured in th ese 
experiments, in \\'hi c h stresses \\TIT an'l'aged U\'C!' a 

platen a rea th a t \\ 'as 50- 80 tim es large r than th e initi a l 

cross-sectio na l a reas o r g ra ins. Thus. \\ 'c bcli e \ 'e th a t 

crushing and th e e\ 'o luti o n o f g ra in-size \I,(, IT a cce lera ted 
but no t o th el'\\' ise a lte red fund a m c ntall y [)\' th e II'ca k 
sedim e nt. 

i\ second diffe re nce be t\l'('e n th e ex perim ents and 

subg lac ial dda rm a ti o n is that shea r zo nes in sedim ent 

benea th g lac iers ma y be o rd ers o r m ag nitud e thi c ke r th a n 

th ose of th e ex perim e nt s. I t is poss ib le, a lth o ug h no t 
o b\' io us, th a t thic ker shear zUll es m<l \' be less pro ne l O th e 
ro rm a ti o n o r g ra in ne tworks fo r a g i\ '(' n g ra in-size 

di s tributi o n , a pro blem that \I·ill be ex plo red in ruture 

ex perim e nts o n equi g ra nul a r sa mples \I 'ith contras tin g 

g ra in-sizes , H O\l·e\·e r. if' strain te nds to loca li ze \I 'ithin 

subg lac ia l sedim ent. a s it does in no n-in e rti a l landslides 
(e ,g . Ske mpto n , 1985 . 1'0 1' exa mple . th en na tura l a nd 

ex perim ent a l shear- /:o ne thi c kn csses m ay be simila r. 
Th e shea r stra in rcquired to reach a steady li'actal 

dimensio n m ay d epend o n a number of\ 'a ri a bles th a t \I,(, IT 

no t studi ed herc, including th e c lT(,cti\ 'e press ure, lith o logy 

(tensil e stre ng th ) 0 [' pa rti c les, initi a l g ra in-size di stributi on 
a nd perh a ps stra in rate. Des pitc these un cc rt a inti es, the 

li'acta l dimemio ns or basa l tills tha t a re tho ug ht to be 

defo rmin g benea th m od ern g lac iers arc 0 [' simil a r mag­

nitud e a nd a re sig ni[i ca ntl y la rger th a n 2,6 , Thus. a 

reaso na bl e co nj ec turc, based o n bo th th e fi e ld an d 

la bo rato ry c\·idence. is th a t a till th a t eith er is no t li 'ac ta l 
or has a [racta l dim ensioll less th a n 2 .6 has pro ba bh' no t 
un de rgone the ex trcmely hig h shea r stra ins required tu 

acco unt [o r mos t g lac ier m o ti on. \\' e emph as ize, hO\\'l'n'l', 

th a t a \'a lue g rea ter than 2 ,6 in nO \I'a \ ' d emo nstra tes th a t a 

till has und ergone la rge stra ins, G ra in comminutio n durin g 

tra nspo rt in basa l ice, inco rpo ra ti o n 0 [' li ne sed i me n t [i 'o m 
parent rock, o r preglac ia l \\Ta thcrin g Ill ay a lso g in' ri s(' to 

a se ll~ s imil a r g ra in-size di st riiluti o n with a compa ra bl e 

rracta l dim ensio n, 

Stress he teroge ne it\· in shearing sedime nt a lso has 

impli ca ti o ns ['o r g lac ial e rosio n, T o help mainta in co n­

tinuit y o r th e sedime nt th a t is th o ug ht to be d efo rmin g 
be nea th Ice S trea m 13 , ,\lI e\' a nd o th ers ( 1987 ) ha\'(> 

sugges tcd th a t a subg lac ia l sedim ent la yer m ay e rod e 

und erl yin g roc k, in agree m e nt lI'ith so m e g lacia l geo logic 

in lC rences ( :-[acClintoc k a nd Dreim a ni s. 196+ . Large 

spa ti a l \ 'a ri a ti o ns in no rm a l stress, a s m eas ured in th ese 

expe riment s, w ill cause cO lllm e nsura te d e\ 'ia to ri c s tresses 
in th e und e rl yin g roc k, Su ch stresses sho uld contribut e to 
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fi'acture a nd erosio n o f th e rock , prO\' idcd th a t subg lac ia l 

sediment laye rs a rc so m e tim es m o bili zed thro ug h th eir 

full thi c kn ess , Beca use stresses m ay be co ncentra ted O\ 'e r 
a reas muc iJ la rger th a n th e cross-sec ti o na l a reas o l' g ra ins, 
crac ks m <l)' g rO\\' in th e rock 0 \ '(' 1' le ng th sca les sig ­

nifi ca nt'" la rger th a n th ose usuall y assoc ia ted \I 'ith 

abras io n , 

Th ese res ults a lso d emons tra te th a t s tress \ 'a ri a ti o ns 

d e tec ted b \· in strum e nts dragged throu g h subg lac ia l 
sedim ent m a \' be ca used b y g rain ne two rks, in additi o n 
to tem po ra l c ha nges in effec ti\'e press ure (I \'(' rso n a nd 

o th ers, 199+ a nd spa tial \'(l ri a ti o ns in th e d ensit y o r c las ts 

\I'ithin a fin e-g ra in ed m a tri x ( Fi sc her a nd Clarke, 199+). 
Fo r th ose a tte mpting to ex tra po la ie sedim ent be ha\'io r 
rro m po int measurements benea th g lac ie rs. hO\\'('\'(' r , it is 
e ncouragin g th a t th e gnlin-size dis tributi o n 01' subg lac ia l 
till a ppa re ntl y minimi zes m ec hani ca l he te roge ne it y. j\ 

co ntinuum ass umpti o n , th ere fo re. is perh a ps m o re 

reaso na ble fa r till th a n fa r o th er sedilll e nt types lh a t a re 

be tte r so rt ed. 
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