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ABSTRACT. A g lac ie r m o \'in g b y d eform a tio n o f sub g lacia l sedim e nts lI'illte nd to 

ex h a ust its 0 11' 11 sediment suppl y. unl ess ne ll' sed im ent is ge ne ra ted subg la c ia ll y , \\'e 
ex pl o re the po tential fo r d efo rmin g sedimcnts to O\"(, ITo m e thi s difTi c ult y a nd re plenish 
th e m se h-es b \ ' a bra din g th e ir bed s. \\ 'e rn' ie ll' a bras io n ex pe rim ent s a nd th eol '\' fo r 
brittl e m a te ri a ls a nd conclud e that a th eo re tica l ca lcu la ti o n o f a bras io n is no t possibl e 
ye t. Instead , liT use f~lUlt -gouge produ c ti o n d a ta to es timate a like lY upper bo und to 

a brasio n ra tes, a nd conclud e th a t suffi c ient eros io n to m a int a in a s tead\' defo rming ­
laye r thi c kn ess is diffi c ult to ac hi C\'e , a nd \\' ill o n ly be poss ib le if th e substrat e is \ 'e r y 
soft a nd if th e re is a m od e ra te rate o r slip a t th e base o f th e d efo rmin g la ye r , S lo \\' 
a bras io n. \\'hi ch ca n Iea \'e a geo logic sig nature . is possibl e under m os t d efo rmin g la ye rs 
th a t arc dcf()l'min g at th e sedim e nt / bedroc k in tc r!;lce , 

INTRODUCTION 

So m e g lac ie rs m 0\'('. o r a re infe rred to m 0\'('. sig nifi cantl y 

by d efo rmation o r subg lac ial sed il11 ent s (Bo ult o n 1979; 
All ey a nd o th ers. 1987; ;\ ll e :' , 199 1: Humphrey a nd 

o th ers, 1993; Bl a ke a nd oth ers, 199+; I \'('l'so n a nd o th e rs, 

1994), Th e ge n era li t )' or thi s motion is LI nknown. bu tit is 

impo rt a nt to und e rstand th e ph ys ics o r so ri-bed s\'stem s 
no ( o nh- fo r a pp li ca ti o n to th ese spec ifi c g lac ie rs, but a lso 
as a n e nd m e mber in (h e continuum of so ft to ha rd bed s 

that li ke ly exis ts in Nature, In this pape r. \\'C ex plo re th e 

po te ntial fo r e ros io n b y d efo rming subg lacia l sedim ents, a 

to p ic th a t m od e ll e rs hm'e neglec ted, 

An y ph ys ic a l m od cl of a so rt bed sh o u ld comprise (at 
lea st ) a sta tem ent o r fo rce ba la nce. a co nstituti\ 'C re la ti o n, 

a nd a sta tem en t or continuity o f so fi-b ed mate ri a l. The 

la tte r m o ti\'ates studi es o f sub-sedim cnt e rosion. Consider 

a subg lac ia l la yer o f sed im e nt (Fig , I ) , d efo rmin g O\U a 

thi c kn ess T , \\ 'i th a n a \ 'C rage \ 'e loc i t y d ow n-fl o\\' 1,1' ­

direc ti o n ) o r iJ" I f' th e fl o \\' is p la n a r , and th e sedim e nt 
po ros it y d oes no t ch a nge. th cn co ntinu it y r equires th a t 

(1) 

\I'he re 5 is th e ra te o f a deliti o n o f sedim e nr \ 'olum e to th e 
la yer Ipe r unit ho ri zo ntal a rea ) , I t is important to knO\\' 
all th e te rms in Equ a ti o n ( I ) beca use th e compo nent o f 

ice \ 'e loc it )' du e to subg la c ia l sh earing is a stron g run c ti o n 

o f T (All ey. 1989); m odels o f' so ft-b eel g lac ie r res po nse 

n ee el to calcu la te a cc uratel y th e e \ o luti o n o f th e 

deformin g thi ckn ess, Also nOle th a t Cl s teady-sta te so ft ­

h ed s\'ste m requires a ba la nce be t\l 'Ce n S a nd th e flu x 

di\ 'C rge n cc, I t is inte rcs tin g to kllO lI' \I 'l1 c tl1 e r this ba lance 
is Iik e h ' in :\ ;llure , 

In th e a ccumulati o n zo n es o f g lac ie rs with m os t o r the 

ice m ot io n clu e to subg lac ia l shea rin g, \\'C expec t th e flux 

di \T rge n ce tt'r11l in Equa ti o n I to be pos ili\ 'e ge ne ralh-. 

heca use g lac ie r speed increases d oml - fl O\\', Al so, fo r th e 

pa rti c ular ca se o [ Ice Stream B. speed increases d o \\'n­

fl ow. poss ibh' clu e to c ha nges in becl lubri ca ti o n . \ lI e \' 
and o th ers . 1989 ), in th ese cases. a stead y sta te requires a 
pos iti\ 'C S, H th e flu x d i\ 'e rge nce is no t ba la n ced Il\' 

sufli c ic nt a dditi o n o f' sediment . th e defo rmin g la ye r wi ll 

thin a nd th e ice \T loc it \' \I' ill d eclin e , 

:\ pos iti \ 'C 5 may a ri se in se \ 'e ra l \I 'ays. \l e1ting basa l 

ice m a \ ' re lease entrained sedim ent. I f' th e d e fo rmin g 
sedim e nt is o nl y th e top o f a la rge rese n 'o ir o f 

un co nso lid a ted sedim ent as \\'he n a g la c ie r O\'e n 'id es a 

z 
Velociry /I (X.:) 

ICE 

Fig , I. Situatioll sketch Ior Equalioll ( J) . .J .l1Ibglacia/ 
/(~)'er oI sedi lll fll/ i,l de/orllli llg Ih ro ugh a Ihicklless T and 
JIi/J/Jillg Ol' {'/' Ihe slIb:, lrale al .r/Jeed 'I, 
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sedim ent-fill ed la ke bas in ), th en mo bili za ti o n of new 
sedim e nt a t th e base o f th e d e fo rmin g laye r will 
co ntribute new \·o lum e. If the d efo rming sedi me nt 
Q\'e rli es bedrock, th en erosion of thi s bedrock by th e 

d eformin g sedimen t a boye will a lso add vo lum e to th e 

d eformin g laye r. Th e second o f th ese mecha ni sms will , in 
time, g i\'C way to th e third as th e rese rvoir is d epicted . 
Th e fi rs t may be \'e ry i m po rra nt. 

Obse n 'a ti ons of stri a ti ons a nd fl attened bo uld ers in or 
und er d efo rm ed g lac ia l d epos its pro \·id e a seco nd 
mo ti va ti on fo r studies of sub-sedim ent erosion (:"1 ac ­
Clin toc k a nd Dreima ni s, 1964; Cla rk , 199 1) . We wo uld 
like to kn o\",' if th ere ca n be eno ug h eros ion und er a 
d eforming bed to lea\'C such a signa ture. 

Ca lcula ti ons of eros ion by d efo rming sedim ent a re 
confo und ed by th e clas ti c na ture of sediment, which 

results in unce rtainty as to how forces a re distributed 

a m o ng c1 as ts o f difTerin g size a nd min era logy, by 
unce rta inti es in b ulk-d efo rma ti on pro perti es and by the 
compl ex na ture of brittle fracture in th e a brasion process . 
\\'e re\·iew th e tribology litera ture LO illumin a te these 
difTi culti es . W e will no t present a ri go ro us meth od for 

calcul a ting erosion ra tes, but instead wc use d a ta on fa ult­
go uge produc ti on to estima te a n upper limit to typ ica l 
erosion ra tes. Throughout th e pa per, we will use th e word 
" till " as synonymo us with "s ubglacia l sedim ent"; till is 
shorte r. 

A SIMPLE ABRASION MODEL 

The ra te of erosion (thi ckn css pcr time ) due to N id enti cal 
a brading pa rticl es per a rea of substrate is oft en written as 

a simple fun c ti on of the pa rticl e- bed contac t force (F ), 
th e speed o f th e pa rticl es O\'e r th e bed (V ), a nd the 
hardn ess of th e bed (H ): 

(2) 

Extensi\'e empiri ca l data a nd simple theore ti cal mod els for 

a brasion of meta ls support this rela ti on (Hu tchings, 1992 b; 
Baye r, 1994), a nd Boul to n ( 1979) a nd H a ll et ( 1979) used 
thi s rela ti on for mod elling a brasion ra tes under ice . 

Th e ha rdn ess H is usua ll y ta ken LO be th e ind enta ti on 
ha rdn ess whi ch is ap prox im a tely three tim es th e 

compress iH streng th (Brace, 1960 ) . Empiricall y, fo r 
a brasion to be signifi cant , the a bras ive must be a t leas t 
sli g htl y ha rd er th a n th e substra te (Hutchings, 1992 b) . 
Substa nti a l a bras io n a t roc k- rock contac ts can occ ur even 
if th e bulk ha rdness of bo th rocks is simila r. beca use th e 

ha rdness \'a ri es spa ti a ll y on a sma ll sca le, a ll owing ha rd 

as periti es orone rock to contac t rela ti\'ely so ft parts of th e 
opposing rock in places . Published d a ta fo r rocks support 
th e simple in ve rse re la ti on Sex H - 1 in a n approx im a te 
fas hi o n (e.g . Fig . 2; Bo ulto n , 1979; Szym a nski a nd 
Szyma nski , 1989) fo r a \'a ri e ty o f a bras iyes. The rela ti on 
is mu ch be tter for single minerals (e.g . l\ioore, 1978) . 

A na logy to concre tes (Liu , 198 1) indi cates that fo r 
di a mi c tites, such as co ng lo m era te a nd brecc ia, th e 
ha rdn ess of the coa rse cl as ts is as impo rt a nt a meas ure 
of a brasion res ista nce as b ulk roc k strength. 

At th e base of a d eforming till , th ere a re ma ny 
pa rticl es of diffe rent sizes contac tin g th e bed. Eac h 

18 
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Fig. 2. Abrasion rate as ajllllelion Qf H ',jar granile, 

sal/r/slones, limeslone, marble, slale, greenslone, qurnl::.ile, 
itemalile .jasjJerandshale, being abraded b)! silicon carbide 
gril. II "e have 1I0rmali::.ed the values so lliat the s/o/)e 
should be one if Ihe jJro/Jortiollalil)' holds. T he /lumbers are 
therefore !l Oll -dimensional, bul da la unils are inverse stress 
and Ihickness per lime . Dala ji-om Ave1), (196i ) and t/ie 
U.S. Bureau of illines Re/Jorl oj invesligalion 389 1, 
August 1946. II "e have collverled Ave1)"s ;nass-wear rate 10 
a Ihickness-wear mle USlllg the density values gil'en ill l/ie 
original data where /JoSJ'ible . 

pa rti cle erod es a volum e kF VH - l per unit tim e. Th e 
con tact fo rce of the 'ith particl e is pro porti ona l to th e 
effcCl i\'e no rma l stress , eT, a nd a n elfec ti\'e a rea, ai , which 
is no t ge nera ll y known beca use it d epend s o n th e 
distributi on of fo rces in th e gra nul a r skeleton in additi on 

to particl e geometry. Th e eros ion ra te (thi ckn ess per 
tim e) o f th e bed is th erefo re 

. k k eTV 

( )

- 1 

s= ~ ai H~eTv;ai =H (3) 

if a ll load -bea ring pa rticl es a re sliding O\ U the bed a t th e 

same speed . This rela ti on is a ppea ling fo r its simpli city, in 
pa rti cul a r because th e na ture of pa rtiti oning of th e load 
be twee n different-sized pa rticles d oes not m a tter . 

Th e dim ensio nl ess coe m c ient k d e pend s o n th e 
geometry of the a brading sys tem. brasion by rubbing of 

two surfaces in direc t contac t (two-bod y a brasion ) has a k 
\'a lue a n ord er of magnitucle hig her tha n a brasion by loose 
pa rti cles tra pped betwee n two mO\'ing bodi es (three-bod y 
a brasion), because in th e la tter case th e pa rticl es a re fi'ee to 

roll a nd a re onl y sliding a nd a bradin g during a frac ti on of 
th eir mo ti on (R a binowicz a nd o thers, 196 1; Larsen-Basse, 

198 1) . Limited ex per im ents with thi ck co lumns of 

a bras ives, a reasona ble a na log for a sediment layer, show 
a bras ion ra tes com pa ra b le to th ose for si ngle-l a ye r th ree­
bod y a brasion (I\Ii sra a nd finnie, 1980, 198 1 a ). Abrasion 
und er a deformin g till layer is a form of three-bod y 
a bras ion because th e a brasive pa rticl es a re free to ro ll. 

Thus, res ults of three-bod y a brasion ex perimen ts a re 

informative , as long as the slip speed V is taken to be the 
speed of th ose a bradin g parti cles in contac t with the 
substra te, ra ther th a n the speed of basa l ice a t the LOp of 
th e till laye r. Two-bod v ex periments can be used to place 
a n upper limit on three-bod y a bras ion ra tes . 
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T ypi cal three-bod y /,; \ ·<liu cs fo r m e w ls a rc 0.0005 

0 .005 ( H utc hings, 1992 b , p . 200 ) . H a ll e t fo und a t\\·o­

boeh- \·,du e o f a pproxima te ly 0.0 1 in a sing le ex p erim ent 

w ith lim esto n e (f' ·om Ha ll e t ( 19 79 ), using H = 10H P a fo r 

li mes to ne: nOle th at H a lle t 's Cl' is o u r J..:H - 1
, a nd h is D is 

o ur NV ), sugges tin g a three-bod y \·a lu e o r /,;= 0 .00 I , 
w hi ch is a sim il a r \·a lu e to t ha t ro r m e ta ls . Equ a ti o n (3 ) 

tell s us II· ha t t ill -slid ing speed is necessa ry fo r a g i\"Cn ra te 

of a bras io n. T a king /,; = 0 .00 I , a till-sliding speed or o rd e r 

10- 1000 m a 1 is n eed ed to p rod u ce I mm a 1 o r e ros io n 1'01' 

so ft roc ks (ch a lk; wea kl\' lithi li ed sedi me n ts ) to h a rd roc ks 
(gra nit es, lim esto n es , qu a rt z it es ) , g i\·e n a= 10J P a 

( typi ca l roc k-h a rdness \ ·<liu es arc rro m S tacey a nd Page 

( 1986 )) . Thus, thi s simp le m od e l sugges ts th a t sub­

sedim ent e ros io n ma l· be sig nifi ca nt lo r so rt roc ks. Till­

slid ing is di sc ussed mo re bc lo \\·. 

A M ORE REALISTIC ABRASION M ODEL 

\Vc n OI\· ta ke a m ore rea li s ti c view o f't he a brasio n p rocess 

a nd inc lud e se \·e ra l (acto rs th a t ca n c ha nge thi s fi rst 

es tima te o r a bras ion ra te b y o rd e rs or m agnitud e . \\" e a rc 
co mpelled to re int roducc th e cl as ti c nat ure o f t il l. 

Equatio n (3) p redi cts th a t a bras io n ra tes d o no t 

depend o n a bras i\"C-pa rticl e size . Y e t th e re a rc ex tensil e 

da ta shol\·ing th a t ab ras io n ra tes d ec rease as size o f 

a bra d ing pa rti c les d ecreases, fo r a va r ie ty o r m a te ri a ls, 

in cl uding du c ti le m e ta ls (:'I[ isra a nd Finni e, 198 I b ), 
ce rm e ts (L arse n-Basse , 198 1) a nd cera mi cs ( :'I l oo re a nd 
K i ng , 1980; Buc kl ey a nd f\J i yos hi , 1984) . :'I I ost pi o ts of 

a brasio n ra te \·s panicl e size a re m o no to ni ca lly increas­

ing , a nd C01l\·ex u p, so that pa rti cle size has a la rge e ffcc t 

fo r sm a ll pani cles ( tl l"O o r m o re ord ers o f m agn itud e fo r 

ce ra m ics, be twee n a bras i\·e- pa rti c le sizes o f 2 a nd 1 5 ~Lm ) , 

but a mi n or e ffect ro r la rge pa ni cles (la rge r th a n a bo ut 
1 00 ~Lm ) . G il en th e d i\T rsity o f m a te ri a ls fo r w hi ch thi s is 

tru e, i t is a lm os t ce rta in ly tru e fo r roc ks as w e ll . 

E x pe ri e nce m a king roc k th in sec ti o ns pro \·ides a necd o ta l 

suppo rt fo r thi s: coa rse r g rits thin a a mple ras te r t h a n fin e 

g rits. \ 'e ry fin e g rit s c rea te a po lish , a nd rem o\·e m ass 
0 1111· \·e ry slo ll"l\- (e .g. La rse n-B asse, 199 -1- ) . An cm pi r iea l 
desc ripti o n o f t hi s h a rdn ess size effect requires a t leas t 

tl\·O a dj usta b le para m e te rs, o nc d esc ri b ing th e m agn itud e 

a nd th e o lher its sca lin g with \·o lum e. Our example o f' 

suc h a re la ti on is 

(-1 ) 

w here R is th e a h rading particl e's radiu s, Ho is th e 

h a rdn ess fo r la rge p a ni c les a nd la rge \·o lum es o r 

substra te , E is th e m aximum enh a nce m ent , a nd X is th e 
\'a lue of R ro r w hi c h th e h a rdn ess is exac tl y h a J(~way 

he t \\·ee n its ex trem es. If th ese co nsta nts arc empiri ca ll y 
d e termin ed , th e \· w ill in co rpo ra te ch a nges in rcla t i\·e 

h a rdn ess o f a bra d er a nd substra te d ue to c ha nges 111 

sca ling o f th e m ateria l \·o lu me of subs tra te a nd size o f 

a bras i\ ·e. 
Th ere a re a t leas t th ree rea so ns ro r th is size a bras io n ­

ra te e ffec t. T,,·o 0 [" th ese il1\·oke a d e pe nd en ce of m a teri a l 

h a rdn ess o n spec imen size, a nd requ ire th a t th e \·o lum e o f 

substra te a lTec ted by a n a bra d e r sca les w ith th e size o f t h e 

a b ra d e r. The first is th a t th e duct ile-yie ld stre ng th of 

ClIffl'..)' alld AIII'..J': E roJioll b)' d~formil/g fill 

m a te r ia ls in c reases as \·o lum e 0 [" th e m ate ri a l d ecreases 

(:'Il isra a nd Finnie, 198 1b ; Hutc hin gs, 1992 b ) . This h as 

bee n m eas ured fo r duct ile m a te ri a ls a nd fo r brittl e 

m a te ri a ls d e fo rmin g p las ti call y a t low load s (e .g . Ga ne 

a nd Cox, 1970 ) . Seco ndl y, [o r brittle m a te ri a ls, as th e 
\·o lum e of m il te ri a l dec reases it is less like ly to conta in a 
sig n iri ca n t Oa l\· th a t ca n g row into a c rac k (L a l\n a nd 

\\ ' ilshal \·, 1975 ) . Th e th ird ca use of' th e size- a bras io n-ra te 

erlCc t is th e n o n- lin ea r n a ture of britt le fracture . 

Th e brittl e n ess o f roc ks h as impo rta nt imp licati o ns 101' 
th e a brasio n p rocess . Eq u a ti o n (2 ) a pp lies we ll [o r du c ti le 
m a te ri a ls like m e ta ls . Bu t roc ks arc compa ra ti \·e lv bri t tl e, 
w ith f,-ac ture to ug hn esses o nc to two o rd e rs o f m agn itud e 

sm a ll e r than th ose 1'0 1' eng inee rin g meta ls . F or britt le 

m a te ri a ls like roc ks a nd ce ra m ics, se \·eral th eo re ti ca l 

ab ras io n re la tio ns h a l T bee n p ro posed (E \·a ns a nd 
\\,i lsh a l\·, 1976; Almo nd , 1986 ), nOll e 0 1' whi c h a re 

suppo rted b y empiri ca l d a ta (\\ l oo re a nd King , 1980; 
,-\ j al· i a nd Ludem a, 1988 ) exeept in a \"C r y ge n e ra l 

fas hi o n. These re la ti o ns a nd em pi ri cal re la ti o ns [o r b r i ttl e 

so lid s a ll d escribe th e \·o lum etri c a bras io n ra re fo r a sin g le 

a bra d ing pa rticl e as 

(5) 

II·he re ke, rn, n, a nd v a rc co nsta nts . Th e a bras io n r3 te 

i n creases I\·i th th e br ittl e n ess ( J{k is th e fr ac tu re 

to ug hn ess , I\·h ic h is pro po rt io n a l to th e ill\·e rse of 
b ri tt len ess) , a nd in c reases in a no n- li nea r m a nn e r w ith 
th e fo rce . Th e co nsta n ts TI a nd v a re 0 1' o rd e r un ity. 

Th eo re ti ca l n tl ues ro r m a re 1- 1.5 a nd em p ir ical \·a lu es 

fo r ce ra mi cs a nd brittle composi tes ra nge fro m 0 .9 to o\'e r 

3, I,·ith a m ea n o r ~ I. 3 (E\·ans a nd \\' il sh a ll" , 1976 ; \\ l oo re 

a nd Ki ng, 1980; L ibsc h a nd o t hers, 1986) . L i m i ted d a ta 
fl'om rilu lt-go uge experim e nt s show In \·a lues fo r roc ks 
ra ng in g [ra m a bo ut 0 .7 to 2 .3 (i\aga h a m a a nd Na ka ­

m lira, 1994) , but th e go uge g ra i n-size and frac tio n a l a rea 

o f t\l·o-bod\· co ntac t a re n o t conrro lled in th ese cxpCl' i­

m e l1lS. Beca use o f th is n o n -l in ea r it y, a brasio n - r a te 

calcu la t io ns fo r roc k require kn owin g how th e we ig ht o f 
o\"erburcl e n is paniti o ned a m.ong th e clas ts a t the bed , in 
contras t to Equ a ti o n (3). The n o n-linea rit \· a lso intro­

du ces a size effec t. Consid er a h o m oge neo us till or 

sph er ica l pa rti c les or ra diu s R. E ac h pa rt icl e tou ch ing 

th e bed supports a load F = EaR 2, wh ere E is a geo m et ri c 
facto r o f o rd e r unit v. Th e e rosio n ra te ( th ic kn ess pe r tim e ) 
du e to a laye r o f th ese pa rt ic les ( th e numbe r o f a bras i\"e 
pa rti cles pe r a rea o f bed is I /( ER 2)) is 

(6) 

I\·hi c h sh o l\·s a m o notoni c increase with pa rti c le size fo r 
m> I . A lso , if m> 1, th e a bras io n ra te du e to a t ill 

com prisin g d iffe rent g ra in-sizes \\· ill d epend 0 11 I~· h et h e r 

th e fi ne pa rti c les fo rm a laye r be tllTen coa rse pa rticl es 

a nd th e bed , pro teetin g th e bed by di str ibut ing th e fo rce, 
o r a rc di sp laced b y th e m o tio n o r la rge r panicl es o r po re 

\\·'1Ie r . 
At th e base o f an y ti ll th e re a re pro ba bl y bo th brittl e 

a nd p las tic contac ts . AbOl'e a ce rta in load , pa rticl e size 

a nd sli p speed , bri tt le a bras io n 11·i1l d o min a te a nd 
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Equ a tion (6) wi ll be mo re a ppro pri a te th a n Equa ti o n (2) 
(e,g , H utc hin gs, 1992a ) , \\'e suspec t th a t surface ro ug h­
ness will loca ll y res ult in hi g h stresses and brittl e frac ture , 
The transiti o n cann o t be ca lcu la ted th eore ti ca ll y ye t (cf, 

HUlc hin gs , 1992a; .\I oore a nd Ki ng, 1980) , 

An o th e r fac to r th a t ca n sig nifi cantl y a ffec t a bras io n 

ra tes is th e re latil 'e ha rdness o f th e abrading pa rti cle and 
th e substra te , Abrasil 'e pa rticl es th a t a rc a t leas t sli g htly 
ha rd er th a n th e substra te mu st be present fo r ra p id 
a bras io n to occ ur (Hutc hin gs , 1992 b ) , As a bras il'e 
ha rdn ess inc reases a bol 'e th is lel'e l, emp ir ica l data sho\\' 

a m a rked inc rease o f a bras io n ra te fo r ce rami cs but a 

re la til 'e ly mino r inc rease fo r m e ta ls (M oo re, J 978 ; Bare r, 
1994) , \ Ve can acco unt fo r thi s by in trodu c ing a 
coclTi cie nt H * to Equa ti o ns (5) a nd (3) : 

(7) 

wh ere , is a consta nt. Ha is ha rdn ess o f th e a brasil'C, a nd H 
is ha rdn ess o f th e substra te (bo th a re fun cti o ns of size ) , One 
d a ta compil a ti o n sho \\'s ::::: 2 fo r cera mi cs (J\Joore, 1978 ), 
A linea r regress io n o n a log- log p lo t of th e data in Figure 2 
gil'Cs a slo pe o f 1.4, sugges tin g , ::::: 0.4 fo r th ese rocks if 

IJ = I. Hard a brasive pa rti cles in till s (qua rtz pani cles a nd 

g ra nite fragm ents) ,,,, ill be 111 0 re effec til'e a brad ers th a n so ft 
pa rti cles (ca lcit e o r espec ia ll y clays) po te nti a ll y by o rd ers 
o f m agnitud e, as o ne may e"pen intuitil 'e ly , 

Fina ll y , II 'C can write o ur "mo re rea li s ti c" bed­

a bras io n equ a t ion ( thi ckn ess e rod ed p e r tim e ) b y 

combining Equ a ti o ns (4), (5) a nd (7), pa rtiti o ning th e 

ol 'e rhurde n so F i = (Jai fo r th e 'i th panic le, summ ing 
ol'e r a ll pa rti c les a nd d il 'iding by th e bed a rea : 

II'h ere th e n tiu es of 1n , n and lJ can cha nge a t tra nsiti o ns 
be tween d o min a nt ly p las ti c a nd brittl e wea r. 

A FIRST CONCLUSION: ARE WE LEARNING 
ANYTHING? 

At thi s po int we ha l'C to adm it o ur in a bilit y to ca lcu la te 
a brasio n ra tes based o n thi s th eo ry, Equa ti o n (8) cont a ins 
a n unfo rtun a te a rray o f unkn ow n pa ra m eters th a t ca n 

m a ke a t leas t a n ord e r o f m agnitude difference to th e 

abras io n ra te : rn" , X, E , and kB' For a n inh omoge neo us 

till , we a lso ha , 'e to kllOlI' th e d is tributi o n o f a j a nd 11; 
I'a lues, Gil'en the co nsid e ra b le ra nge (o r th ese pa ra m ete rs 
in ce ra m ics a nd m e ta ls , we pro pose th a t empiri ca l s tudi es 
with roc ks a rc esse nti a l fo r substa nti a l prog ress , \\ 'e hope 

th e preceding ideas m a :' prO\'id e a fra m ewo rk fo r suc h 

expe rim ents, 

D es pite thi s d ism a l pi c ture, we can sta te se, 'era l 
co nc I usio ns, 

I , There is p ro ba b ly no sing le a brasion la \I' th a t a pplies 
to a ll roc ks, 

2, Fin e p a rt icl es pro ba b ly d o less a bras io n th a n coa rse 

p a rticl es, A h o m oge neo u s cl ay t ill ( I J.im size ) 
proba b ly erod es slo we r th a n a sand /coa rse-silt ti ll by 
a t leas t a n o rd er of m agnitud e, 

20 

3 , In a ti ll with pa rticles of, 'a rying minera logyJl ith o logy , 
th e ha rd pa rti c les will be the m ost eOec ti, 'C a brasilTs 
(o bl 'io us), 

4 , Empirica l d a ta sho ll' th a t th e d epend e nce o f S o n 

frac ture to ug hn ess, substra te h a rdness a nd rela ti lT 

ha rdn ess o f a h ras il 'C a nd substra te combine to m a ke 

S ex H - 1, a pprox ima tely ( Fig , 2) , 

AN APPEAL TO FAULT·GOUGE DATA 

"'f nOli' a ppea l to o bsen 'a ti o ns of na tura l a nd synth eti c 
f~lult go uge , to es tim a te a bso lu te I'a lu es for rat es o f till 
rege nera ti o n , g il'e n V , Le t us d esc ribe erosio n using rh e 
simples t re lati o n (Equatio n (3)) , with th e understa ndin g 

tha t th e coe ffi c ie nt k ta kes w ha teve r , 'a lu e necessa rv to 

m a ke th e equ a lit y tru e; l,; m ay be a fun c tio n or a ll th e 

l 'a ri a bIcs in Equa ti o n (8 ) , I f a ll I'a ri a bl es a re tim e­

il1l'ari a m , th en integra ti o n of S a nd V throug h tim e gil'es 
th e thi c kn ess a nd di splace m e nt , res pcc ti, 'e ly , Th e ra ti o o f 
thi c kn ess ge nera ted to di sp lace m ent eld is k(J'H - 1 == 
iJJ H - I T o fac il i ta te g lac io logists' use of filLd t-go uge 

m eas ure m ents fro m d iverse stress cond itions, with dil 'e rse 

d egrees o f li nea rity, we here d efin e th e I'a lue iJJ as k(J fo r 
(J' = O, 5 ba r ( I ba r = I O ~) Pa ) , Fo r I'a lues o f (J' c lose to 0 ,5 

ba r , as wc expec t a t th e base o f d efo rm ing till s, o ne ca n 
sca le th e eros io n rate to iJJ(J/O,5 (o r (J in ba rs, 

F ortuna tely, so m e d a ta exi s t fo r roc ks sholl' ing Bi d fo r 

synth eti c fa ults, I n T a b le I lI'e gil'C I]J I'a lues fi'o m th ese 

ex perim ents fo r va ri o Ll s rock types , extrapo la ted to a 
no rmal s tress o f 0 ,5 ba r. W c hal'e used typi ca l l 'a lLl es fo r 
com pressi I'C stre ng t hs to ma ke this calc ula ti o n (S tacey 
and Page , 1986 ) , H th ese a rc in co rrec t, th e , 'a lues o f I]J 

lI' ill c ha nge , but not th e ra ti o I]J I H , so o ur conc lusio ns a re 

n o t affec ted, .\1 a tura l fa ult s h aI'C a Bi d ra ti o of 

a pprox im a tely 0, 0 I (Sc ho lz , 198 7) , \\ 'e in c lud e thi s 

I'a lue fo r compa r iso n , th o ug h th e stress durin g gouge 
fo rm a ti o n a nd th e fun c ti o na l d e pe nd e nce of go uge 
produ ct io n o n stress a re bo th hi g hh' I'a ri a b le a nd 
unkn own, 

Fa u I t-go uge produ c ti o n d a ta a re rc1 e, 'a n t to th e erosion 

pro bl em beca use they sholl' th e produ c tio n o f lI'ea r 

ma teri a l durin g slip a t roc k rock contac ts, Th e go uge is 
pro ba bl y m os tly produced in two-bod y co nt ac t lI'here 
aspe riti es of o nc sa mpl e stic k thro ug h th e ace ulllul a ting 
gouge to contac t th e o th er sa lllp le, Reca ll th a t tll'o-body 

wea r rates a re a t leas t a n ord er of magnitud e hi g her th a n 

three-bod y wea r ra tes, W e d o no t int rodu ce a co rrec ti o n 

fo r this, ho \\'el 'e r , because th e fractio na l a rea 01,(, 1' lI'hich 
lhe contac t occ urs is li kely a n o rder o f Ill agnitude o r Ill o re 
less th a n th e tota l a rea o f th e sample s urf~l c e , Onc ca nn o t 

use th ese ex perim ents to es tim a te three-bod y wea r ra tes 

direc tl y, because th e d isp lace me nt betwee n th e go uge laye r 

and th e roc k-sa mple surfaces is no t Kn o wn, In th e 

Appendi " lI'e no te sel 'Cra l ca uti ons before a pp lying th ese 
d a ta to estilll a tes of' erosio n ra tes , 

ESlima ted I]J I'a lu es \ 'a ry ol 'e r fo ur o rcl ers o f' m agni ­
tud e, wh ich is no t surprising g il 'en th e Ill a ny \ 'a ria bles in a 

rea li sti c a brasio n rela tion , a nd th e experim ents' , 'a ri a ­

bil ity , Th e hi g hes t I]J I'a lue fro m a la bo ratorl' ex perim e nt 
'I' i th th e stress know n is I]J ::::: 340 (T a ble I ) , Th e nex t 
hi gh es t W l 'a Ju e , a ncl th e hi g hes t W \ 'a lue measured a t a 
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C:lIJ.j~)' ({lid A //~J': I:'/'O)ioll br deJolmillg lill 

T able I . r;"limales oJIallll-gouge /Jlw/llclioll -rale coej]lcil'lll.l.fill lockl al a sllej s I!!' 0.5 bal. 11 '1' l'Ilra/lO/ale 10 0.5 bal 
lI.Iillg equalioll.1 oIlheIalm Bi d = g(J"fl l , It 'hele G a))d m all' cOlnla))I.1 delerllli))ed b.l' legle.I.I/o)) q/l'I/Jl'riml'll la/ dala. Some 
eI/HIimm!.1 hare dala al r!ll(r 011 1' Ni/Ill' oJ (J". FOl l/ie.le 11'1' aSj/lII/e all m ca/Ill', aj ,,/i01l '1/, alld l/.l e 

Bi d = (B/ d)IIT (O.05 / o")'" 10 gel W ( (J" ill .lIPa) . T hejil.l llm m/lIf.1 ({le re.w/ls ji"ol1l /aboralol), n/millleJIlj . T he 

/a,11 i.1 all f jlil1lale b(IJcd Oil lIalllra/ Jall/I.I . It'ftirft hare a Ift/dlle.l \ d/.I/I/arm/ml lalia oJ-;:::oO .O/ 

SOli/a Lil/IIJ/ogr H 

:\lPa 

Y os hi o ka 1985 )11 Sanclsto n e 65 1': 

:\l o ro h as hi a nd others 1973 )1 
::\Ioroha , hi ancl o thers 1973 ) I 
P O\\-tT and o th ers 1988 )2 
::\loroha shi a nd o th e rs ( 1973 ) 1 

~j oroha sh i Cl nd o th ers ( 1973 ) 1 

Power a ncl o th ers ( 1988 ):; 
Blanpi ed alld oth ers \ 1987 ) 
Teure l ( 198 1)11 

:\I a rblc 100' 
I , i nwstone 100" 
Do lo mite 100' 
Talc S' 

Gypsum 10' 
Grani te 

Gran ite 
Sand stone 

Y os hi oka ( 1985 H G ranite 

Sc h o lz 1987 \ 'a ri ous 

\ 'rile , ";t1Ul' was aS~ lIlnl · cI. 
I. T he ";dul' was c"PC'I"illl cllla ll) cicttTlllilll'ci. 

i'\.E. :'\ 0 l''' tr 'l polation to 0.5 b;lI" was necl's.sa ry. 
1 R eported in \'aga hama andl\ akalllura 1 99 "~. 

200' 
200 ' 
100 ' 
150 1: 

100' 

.\lt ribu1 ed 10 \\'ccb alld Tullis 1985 In pO\,'cr and ot her; 

T able I . 
1 .\ trriiJull"d to Tu ll i, and \\ 'cl' ks 1986 1 III PC)\\Tr and orhc"!", 

Table I. 
I . \ SSllIlH ..... , ... lITS~ or 50 ~I Pa du r i l1 ~ gougT fCJrnl;lt ioll. a typical 

crL"ta l , ·" Iu l". 

111 = 1 . .1 Ilscdlc)r d olollli lc b:' analogy " 'ith .\I o l"ohashi a nd others' 

.qress typi ca l o f" subg lacia l co ncliti o ns is ~ IO. \ \ 'e cannot 
put mu c h emp h asis o n th c \J! ~ 3+0 g il 'e n th e lI'id e stress 

ran ge o f' th e ex tra po lat io n a nd g i'T n that the rea l co ntact 

a rea m ay be c lose to o ne (Y os hi o ka (1985 ) c lea ned th e 

fa ult p la n e of" go uge ). There a rc. hOIl"(,H'r. sn'e ral \ 'a lu es 

o f" o rd er ten . Th us. lI'e lI·ill use W ~ 10 as a p ia usiblc high 
"alue, a nd inquire w h a t V causes erosion at a g ilT n rat e. l r 
\J! = 10. th e ti ll-s lidin g speecl V n eeded to ge n e rat e 
O. I mm a I of" eros io n is a t leas t o f" o rd cr I km a 1 fo r 

granites, quarrzitic sa ndsto n es a nd o th e r h a rd roc ks, and 

V ~ 100 m a I is n eed ed fo r weak sandstones, coa l a nd 

mudstones. V crv sort materi a ls lik e ch a lk or weakly 
li t hifi ed m a rin e sedim ents may o nl )" require V 2': 10 m a 
I . \\'e do no t kn Oll' wha t till-sliding speed s a rc poss ibl e, bur 

11' (' suspec t 100 m a I o r hi g h er is unlik e ly. Thus. lI'e 

sugges t th a t onl~ ' \ 'e ry soft substrat es lI·ill erod e sig nifi­

ca nt,," under defo rming till s. The se nsiti"it y of a brasio n 

ra te to rclati"e hardn ess o r a bra d er a nd subs trate . H *. 
strengthens thi s concl usio n . The ha rcl es t abrad e rs in till s 
a re like ly to be quartz parti c les, lI'hi c h arc no r sig nifi ca nt,," 
h a rd e r th a n g ranite. H owe\'e r, a quartz panicl e o r ha rd 

lithi c fi'agment may be tll'O o rd ers o f magnitud e o r m o re 

ha rd e r than a lI·eak h · lithifi ed marine sedim e nt. whi ch 

co uld e nh a nc e th e a bras ion ra te consicl e ra bl)' fo r an 
indi"iclua l pa rti c le [Equation ( 7 )). I r the co ncentratio n o f" 
ha rd pa rticl es is hi g h. thi s can sig nifi ca nt,," enh a nce the 

tota l ab ras io n ra te. 

/11 

P a 

I. OOE 

:'\ . E. 
l'\. E. 

3+0 

1.5" 
N.F: . 
\" . E. 
2' I; 

2" 11 

2.22 1: 
2.38 1

: 

data I( >! ' liIl1l'sto ll C'. 

11 
8.9 
6.0 
0.99 
0.56 
0.3+ 
0.068 
0.028 
0.023 

6.8C-3 
2.2C-+ 
1.8E-+ 
1. 2E-+ 
2.0E-S 
I. I F:-S 
6.8E-6 
I.+E-6 
5.6 1--:- 7 
-L6 E- 7 

6.2E-S 

d 

m 

0.0 1 
-;:::05000 
~5000 

0.0 11 
-;:::05000 

-;:::oS 000 
0.0 18 
0.38 
0.008 
0.0 1 

\ 'a ri o us 

111 = ~ 1I ~(, c1 fCl!' ,g;ranilc by ana log'Y " 'it h Y osliiok;l\ cl a t ~ l Ic)r 
gT;tllil C. 

11/ = 1.5 is an a pproximat c "I"(' rag(' of IllCa,ured I'a lue, IC)I" 

ciifkrcnl rock t,·pc, ba,cd Oil \ Io roha.shi and o thns· . T cuIC I"s 

and Yos hiok,,\ data 

H R cgn' ........ io ll eq uat io ll g i \TIl b ) :\"a ga hnnl:1 ;I ncl ."\ akanlu r a 

199 1 . a lld confirnl ccl by 1I'i . ~a ,t.;a ll a nla Clnd :\a ka nll1ra "In:nl 

to h:\\'C .... wi tcil l'd th eir rC,grC';.,;-;ion equ ali o n'i fo r granit C' alld 

'<l ncb to nc in th e ir li g urc f. 

HOW SIGNIFICANT IS SIGNIFICANT? 

Fro m th e standpoint o l'till continuit y, liT co nsid e r eros io n 

to be " sig nifi cant" if it is sulli c ientl y la rge to maintain t h e 

till thi ckn ess Equ a ti o n ( I ll b y ba la n cin g the ti ll -nu" 

d i , "C rge nc C'. T o , ho\l' hOIl' th is d i ,"Crge nce d e pe nd s 

approximatel y o n lh e ph:'s ica l se t tin g- and character o f 
th e t ill . \IT \lTite the speed or Ih e till as 'U = \ . 
+( ul - \ ")(zI T )". \I 'here II I is tite speecl a t the top o r 

t he till (a nd represents th e tota l contributi o n of th e till to 

th e ice m o ti o n ), a is a co nstant d escribing th e n o n­

lin ea rit y o f" th e till d e ro rm a ti o n , and z = 0 at the base o f' 

th e t ill and in c reases to T a t the top ( Fig. I ). Furth e r , \IT 
\\"I"itc Vas a rract io n f of" th e to tal speed V == fu t . Fin a ll y, 

if liT CO I1\ "C rt roc k thi c kn ess to till thi c kn ess usin g th e t ill 

porosit y, 9, a nd if a a nd f d o no t c hange \I' ith :t , th en th e 

e ros ion rat e needed to ba la n ce th e nu" di\ 'e rge n ce is 

Sh = (1 _ cfJ) (1 + an 011t T = (1 _ 9) (1 + anT aliI 

(1 + [( ) 0.1' (1 + a) D:r 

(9) 

lI'here the la st eq u a lity h o ld s if" th e till thi c kn ess does n o t 

c ha ng-e d ow nstrea m . This ba lance eros io n rate increases 
\I ' ith thi c kn ess or th e d erorm in g till and \I'ilh th e 
long itudin a l s train rate o r th e o ,"Crh' in g ice , a nd 

decreases as th e non-lin ea rit y of th e till in c reases. As th e 
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Culley alld A. lley : Erosioll by deforming lill 

proporti o n o f tota l speed due to basal-till slip increases, 

th e e f1ect of th e n o n-linearity beco m es less importa nt. 

T yp ica l lo ngitudin a l stra in ra tes in g lac ie rs a rc o f o rd er 

br;- I, wh ere b is acc umula ti o n rate a nd ~ is ice thi c kn ess. 

If' m os t o f th e glacie r 's m o ti o n is du e to subg lac ia l 
shea rin g, th en oUe/ox ;=:::j br;- I. Us in g typi ca l ice-s tream 

. I 
va lues o fb = O.lm a , ~= I OOO m , T=2 m , a nd usin g 

H* = I , g i\ ·es a necessa ry erosio n ra te o f 5\, ;=:::j 10 + m a I 

fo r f = 0 a nd a = I . This is o ur reaso n fo r using J 0 + m a I 

as th e minimum 5 th a t is "sig nifi cant" . In ge ne ra l th c till­
slip speed necessary fo r stead y s ta te is ( Fig. 3) 

Vi) = 1-cP -- - -H(T* ( ) (1 + af ) o(ntT ) 
H*w((TO + PhgT) 1 + a ox 

(10) 

w here (T* is th e co nsta nt refe re nce stress used in th e 
d efin iti o n o f \Ii , a nd is equ a l to 0 .5 ba r, (To is th e effec ti\T 

stress a t th e ice/ till inte rface, Ph is th e buoyant d ensity o f' 

th e till (bu lk d ensity minus wa ter d ensit y ), g is g ravity, 

a nd th e ve rti ca l no rma l stress bala nces th e w eig h t o f 

ove rburde n. Fo r o ur ty pica l till , Vi, is 20 m a I to 2 km a I 

fo r so ft to ha rd rocks. I n Na ture there a re pro ba bh' 
situ a ti o ns in w hi ch stead y sta te requires "as tl ), g rea ter o r 

sm a ll e r e ros io n ra tes. 

If th e a bras io n r a te und er a d efo rming layer is lo w, so 

th e Ou x di ve rgence is no t ba la nced , the layer wiLl thin . 

Th e nu x di verge nce w ill d ec rease co incide nta ll y a nd a 
stead y sta te m ay b e es tab li shed (Fi g . 3) . Fo r th e 
max imum pla usib le erosio n rate (\Ii = 10 ) , a nd linea r 

rh eo logy, the t ill thi c kn ess a t steady sta te is se\'era lmete rs 

fo r ve ry so ft rocks, but se\'e ra l centim e ters for h a rd roc ks. 

A \ 'e ry thin till \I·ill no t produce ra pid g lac ier m o ti o n 

unl ess the wa ter p ress ure is ve ry close to o \ 'erburd en , o r 
th e rh eo logy of th e till is hi g hl y no n-linea r. Bo th a re 
poss ibl e, in w hich case o u r assessm c nt o f "sig nifi ca nce" is 
too co nse n ·a ti\ ·e. Simil a rl y, if t he re is sliding o r plo ug hing 

a t th e ice/ till inte rface, th e d ow n-O m" \'e locit y gradi ent in 

th e ti ll co uld be less th a n th a t o f th e o \ 'e rl yin g ice. 

Of course much sm a ll e r a bras io n ra tes th a n te nths o f' 
milli me ters per yea r can produce id e n tifi a ble fea tures th a t 
a re geo logicall y sig nifi ca nt. A bras io n at a low ra te can 

0.25,-------------==~_, 

... 
'Ill 0.2 
c.. 
S 

0. 15 ... 
8=1 f=0. 1 

8=10 f=0 .1 
8=1 f=0 .01 

8=10 ( =0.01 

22 

, 
..-
>< 

32 0.1 
:5"' 
"0 
::t: 0.05 

~ 
,... ... .... . ................... .. ... . /< .... ........... u .. . 

,..-o ~ .. ' 
024 6 8 10 

DEFORMING TILL THICKNESS (m) 

Fig. 3. Slip veloci~Ji lIeCeSSal)' 10 balance lill-.flux 
divergellce, as a fill/clioll if lill lhickness, non-linear/I)' 
(a), and ji'aclion if 10lallilL sjJeed due 10 slil) al Ihe base 
if Ihe lilL (f) . T he erosion rale is normalized 10 Ihe ice 
IOllgiludinal slrain rale alld Ihe malerial hardness. 

po li sh a roc k surface. A n a brasio n ra te o f 10 G m a I w ill 

erod e se\'e ra l millime te rs o f roc k in severa l th o usa nd 

yea rs, w hi ch is suffi c ie nt to sm oo th a nd stri a te a surface. 

Th e p rese n ·a ti o n o f st ri a ti o ns w ill d e p e nd o n th e 

frequ ency o f stri a tin g e \ 'ents re la ti\ 'e to th e po lishin g 

rate . Th e fl a ttened bo ulde rs di sc ussed by Cl a rk ( 199 1) 

we re supposedl y na tte ned in less tha n a mill e nnium , 

sugges ting a hi g he r a bras io n ra te th a n th e 10 li m a I we 

infer as a hi g h \ 'a lue fo r ha rd roc ks. A hi g her abras io n 

ra te mi g h t be ac hi eved b y hi g h till-sliding sp eed s aro un d 
th e bo uld e r a nd enh a nced no rm a l stress o n th e bo ulde r 
SUrfi l CC . Altern a ti\ 'ely, it m ay rcquire direc t a brasio n b y 

c1 as t-bea ring ice , or unusua ll y \I'eak roc ks. 

TILL-SLIDING: THE NEX T BUGABOO. 
NEED IT BE FAULT-PLANE-STYLE? 

Th e till-sliding sp eed V is a cru cia l p a ra m eter In a ll o f 

th ese a bras io n re la ti o ns. Th e m os t fa\'o r a ble ph ys ica l 

sit uat io n [o r a brasio n is th a t th e base o [ th e till ac ts as a 
f'a ult p la ne. so a ll parti c les a rc slid in g ove r th e substra te a t 
V . A less f'a \ 'o ra bl e situ a ti o n , but o ne th a t is pe rh a ps m o re 

co mmo n in .'\ a ture, is th a t re la ti vely la rge c1 as ts to uc hin g 

th e bed , o r sep a ra ted from th e bed by a sing le laye r o f' 

pa rti c les, a re p ro pell ed fo rwa rd b y fas ter m ov in g till 

a bove th e bed , beca use th ere is a shear g radi ent in till 
speed (Alle y a nd o th ers, 1987 ) . W c a rc a w a re o f' o nl y t wo 

obse l'\'a ti o ns th a t sugges t fa ul t-p la ne-style till-sli d ing is 

occ urrin g, o r th at there is a n enh a nced shear st ra in ra te 

nea r a so lid bo und a ry. Firs t, Bo ulto n ( 1979, fig. 7) 

obsen 'ed a m a rk er embedd ed in d efo rming till th a t ha d 

scoo ted ac ross th e top of a bo uld e r with a n a ppa re llt 
" s lidin g " sp eed of ;=:::j '~m a I. Seco ndl y, a nd m o re 
compe lling ly, Bo ul to n obse l'\ 'ed sli c ke nsid ed sub-h o ri zon ­
ta l j o int pla nes in th e sloll' ly d efo rmin g, d e nse , lower till 

laye r benea th Bre ioa m erkurj o kull (Bo ulton a nd Hind ­

m a rsh , 1987) . 

The contac t zo ne be twee n till a nd substra te is si mil a r 
to a n y ho ri zo nta l pla ne \V ithin th e t ill . but w ith a diffe re nt 
sm oothn ess a nd g rea te r ri g idit y o n o ne sid e . A n a logy w ith 

rh eo logic re la ti o ns fo r till (A ll ey, 1989; K a mb, 199 1) 

sugges ts a till -sliding re lat io nship sho uld have th e form 

(11) 

w here E.rz is th e shea r stra in ra te, 7] is e nec ti ve till \·iscos it y 

(dim ensio ns of' s P aO ), a is a number d esc ribing th e deg ree 

of lin ea rity of th e co nstituti\ 'e re la ti o n , /1 is a frict io n 

coe ffi c ie nt. a nd {j is a le ng th sca le th a t increases lI· ith bed 
sm oo thness. \\'ithin a till , (j is a cha rac teri sti c pa ni c le 
ra dius. Fo r a shea r s tra in ra te o f lOa I, a nd 8= 10 4 m , V 
is Imm a I, w hi c h sugges ts tha t till-sliding speed s lI' ill be 

\'e ry 10\\· if th e ro ug hness o f th e substra te is compa r ab le to 

th e ro ug hn ess o f pl a nes within th e till. Substra tes can be 

muc h sm oo th er th a n thi s, a nd hence la rge r slip speed s arc 
a th eo re ti cal possibilit y . Eq ua ti o n ( 11 ) s ta tes th at shea r 
stress in th e pla ne o f th e beel in excess o f the la nge n tia l 
fi' ic ti o n ca n dri ve slidi ng, a situ a ti o n a na logo us to th a t fo r 

sliding o f dirty ice (H a ll e t, 198 1) . 

S uppose th ere is no fa ult-lik e sliding m o ti o n a t th e 

base o f th e till. In lhi s case, rel a ti velv la rge c1as ts 
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contac ting th e bed mav cause e rosion if th ey protrude 

upward into mO\ 'ing till which ca n drag th e c las ts 

fo rwa rd. I s sig nifi ca nt eros ion poss ible in this situati o n? 

If th e c last acts as part o f a skele ton o f g ra i ns tra nsmi tti ng 
the o,"Crburden to lh e bed , th en th e a rea o , "C r whic h the 
c1ast can induce ro lling a nd sliding m o ti o n of small er 
pa rticl es on the bed (so th ere is three-bod>' a brasion ) is 

approximately 7rL2. wh e re L is th e geo m e trically 

d e termin ed closes t a pproach di stan ce o f a m a trix particle 

to th e contact poi nt of a large clast a nd a Oat pl a ne o n 
which it res ts. Fo r sphe ri ca l pa rti cles restin g on a Oat 
plane. this a rea is approximatel>' 47rRr , \\'here R is th e 
c1 as t rad ius, a nd l' is the matrix pa rti cle radius. Ass uming 

th e lin ea r relat io n (Equa tion (2 )) a ppli es. th e a bras io n 

rate per unit a rea of bed wi ll be S;:::: 4kH - I (JTCRE.1Z 

\\'here Cn is th e concentrat ion of c1 as ts o f radius R, E.rz is 
th e shea r strain ra te in th e till , a nd we ass um e the clast 
mo,'es for" 'a rd \\' ith speed E.cz R. Using a hig h three-body 

c k "alu e of 0.00 I (Table I ) , a so ft -roc k H = 10 > Pa. 

CR=O .I , a hi g h (J=105 P a, a nd 1' = 10 olm (fin e sa nd ) 

shows th a t. eve n in this fm'QJ-a bl e case, a n a brasio n rate of 
10 f m a I req uires a shear stra in rate of order 10

01 
a I. 

This is "ery hi g h, and see m s prohibiti, ·e . Ve ry low 
abrasio n rates a re possibl e, th o ug h . 

~ow suppose th e till m a trix is nuidi zed suffi cie ntl y so 

th a t it does not suppo rt th e weight of th e cl as ts, as 

(' Il\ ' ision ed by C lark (1991 ) . Then th e con tac t force is th e 
buoyant weig ht of th e c las t, F;:::: 4gROPh. V for this c1 as t 
wi ll be , a t m os t , a pprox imately RE.rz, because frict io n 
aga inst th e bed will slow it in th e ma nn e r d esc ribed by 

H a ll e t ( 1979) for particl es in basa l ice . U sing Equat io n 

(2 ) with N = CR/(7fR2) g i\'es 

S· kH- 1C R')' ;:::: " I?gPb -C.rz · (12) 

A hig h two-body n tlu e for k is 0.0 I . for wh ic h k j H ra nges 
fro m 10 R to 10 10. Using Pb ;:::: 103 kg m 3, CR = 0. 1, a nd a 

radius o f one cl ec im eter, we ge t 0.0 I mm a I eros ion fo r 

so ft rocks (0 .0001 mm a I for ha rd o nes ) fo r a hig h , but 

possibl e, shea r stra in rate of lOO a I . The e rosio n rate wil l 
be large r if th ere is a strong long itudin a l s tra in ra te 
inducing " eni ea l moti o n of th e ti ll and forc ing cl as ts 

aga inst the bed (H a ll e t , 1979 ) . This cou ld be a n 

important effe c t d es pite th e low \'iscosity of till , because 

fri ction a l forces on bod ies imm ersed in d efo rming till can 

be large ( f\ 'e rson a nd o thers, 1994) . \Ye have o therwi se 
ra"o red a bras io n in th ese ca lcu la ti o ns, a nd th e refo re 
suggest that no sig nifi cant eros ion can occ ur with o ut 
fault-pl a ne-style sliding or g rea tl y enhanced shear s train 

ra te a t th e till /substrate inte rface, except poss ibl y in th e 

prese nce o f " ery so ft substrates o r loca ll y stro ng dO\\"ll­
ward m o tion. H owe,"Cr, a brasio n a t a low ra te , \\'hi c h can 
po li sh a nd stri a te rocks. IS aga ll1 poss ible. 

A SECOND CONCLUSION 

Our inte rpreta ti o n of fault -go uge production data for 
roc ks sugges ts that till erosio n o f 10 I m a I o r more is 
unlike ly exce pt und er sp ec ia l c irc um sta nces . Th ese 

inclucl e th e presence or a " e ry weak substra te, hi g h 

s train ra tes at th e base o f a c1 as t-ri c h till , o r hig h 
( > 100 m a I) till-sliding speed s, \\' eak substra tes d o exist 

CliffI!)' alld A II~)' : EroJioll ~)' deformillg lill 

111 N a ture. a nd hi g h stra in rates arc poss ibl e . Hig h ti ll ­

sliding speeds seem unlike ly, howe,·er. W e do no t kn o ll' 

how to calc ula te till-sliding speeds . With o ut so m e mod es t 

till -sliding (m e ters per yea r ) or hi g h s tra in rate near th e 
bed , sig nifi ca nt erosion is unlikclv. A ti ll th a t is no t 
d efo rmin g nea r its base will shi e ld th e bed from e rosio n. 
\" e wi sh to emphasize th a t th ese conclusio ns a re no t 

ri go ro us. a nd that th o ug h the y m ay be tru e ill genera/ th ere 

ca n a ll" a \'s be spec ia l circumsta nces in Nature where th ey 

a re , ·iolatcd. \\' e a lso emph as ize th a t a lth o ug h a brasio n 
rates o f tenths o f millim e te rs o r m o re per year are diffi cu lt 
to ac hie, "C by o ur reaso nin g, \\ 'e a lso ha , "C fo und no 
th eo re ti ca l barri ers to low a brasio n rates und e r m os t till s 

that a re d efo rming a t th e till /substra te inte rface, th e 

exce pti o n being a till th a t is d e" o id o f" clasts a nd has no 
fault -style sliding at its base. L o \\' a brasion rates can be 
suffi c ient to lea,"C a geo log ic sig na ture a nd c, 'e n , in some 
circumstances. to ba la nc e th e till -nu x di" erge nce (as 

\\'hen the till is \ 'e ry thin ) . \\' e recomm end empirica l 

studi es of a brasio n to tes t o ur conclus ions . 

Finall y, returning to the large r p ic ture of till co n­

tinuity, \\ 'e sugges t th at, in ge neral , d e forming bed 
sys tc m s \\·ill last o nl y as lo ng as th eir resen'o ir o f 
un co nso lid a tecl sediments is unclepl eted , unl ess th e 
substra te is so ft , or th e d e fo rming laye r is res uppli ed b,' 

melt o f dirt y basal ice. Till-thinning rates of ord er 10 I m 

a I can easil y be b ,l1 a nced by m e lt of basa l ice with 
m od es t debris conte llt. H O\\"c"e r, a stro ng m elt rate 
maintain ed along a 1l 00l"iine m ay lead to ex hausti o n of 
d eb ri s-bea ring ice. \ Vh e th e r un co nsolid a ted materia l ca n 

acc umul ate a nd be m a inta ined subg lac ia ll y \,'ill d e pend 

stro ng ly 0 11 rh e c ha rac teris ti cs of indi"idu a l g lac ier 

sys tems. 
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APPENDIX 

Se\'e ral ca ulions should be noted bcla re applying fault­

go uge production data to est im ates of erosion ra tes. First , 

so m e (perhaps most) experiments arc not at stead\· s(ate . 
They begin with two clean rock surfaces in mutual 
contact. As go uge de\-elops. th e amount 0 1" contact 
be tween th e surfaces decreases ulltil e\'e ntua ll y th ere is 

110 direct contact, and most of th e displacem ent occurs by 

dclorma li on of th e gouge (Power a nd others, 1988). T 11 

some expe rim ents, the displacement rate at th e rock­
sa mple surfaces at thi s sta ge is n eg li g ibl e, so gouge 
producti o n essen tiall y ceases . Because th e fi-actional a rea 
of t \\ 'o-body con ta ct during gouge prod uc tion is unccrtai n 

and \'a riab le, \\"C are uncertain ho\\' to correct the t\\'o­

bod y dat a to three-b ody \"alu es. Thi s va ri ab ilit y 

contributes to the scatte r in \/J \ 'a lues , a nd to the 
un ce rtaint\· in our int erpre ta ti on of them. Our approac h 
is to use a high \'alue for \/J to strengthen o ur a rgument 
that eros ion wi ll be slow. 

A second potential problem a ri sing from the 110n­

steady nature of th e experim ents is that th e di sp lacemen ts 

reported may inc lud e displacement occ urring after th e 
production of gouge ceases. Th is would res ult in under­
es timation of \/J \ ·<tlues , and \/J \'a lu es shou ld decrease \\'ith 
di sp lacement. In f~tCl, our \/J \ 'alues do not d ecrease with 

di spla cemenl (T able I ) . Yoshi oka's ( 1985 ) data arc from 

an experiment bclare which he cleaned the fault surfaces 

of" gouge. Teufel' s ( 198 1) data act u a ll y sh o\\' an 
approximately lin ea r . inc rease of" gouge thickness with 
di spla cement . j\Io rohashi a nd others' ( 1973) data ha\"(' 
\ 'e ry large di splacements, and ~'e t ha\'C \/J \'a ILles that arc 

similar lo those for expe rim ents with much small e r 

di splacem ents. For Power and others' (1988) data, wc 

have used on ly the \'a lues for the sma ll est di splacements. 
Thus, wc do not cons id er thi s transient heha\ 'ior to be a 
probl em in o ur data compil a ti on . 

A th i rd poten tial problem is that the stresses i 11 most 

ex periments are se\'e ral ord ers o f magnitude hi g her than 

th e effec ti ve stress expected at the base of a deforming till , 

making the extrapola ti ons suspec t. The exception is 
~Jorohash i and ot hers' data, whose range includ es ha lf" 
a bar. Again , because these \/J ntlues a re simil ar to th ose 

with large extrapolations, wc suspect the extrapola ti ons 

a re appropriate, at least on a\'e ra ge, a lthough th e sliding 

speed in th e ~Io ro h as hi experim ents a lso \\'as hi g h. 
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