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GENERAL DISCUSSION 

THE final session of the symposium included a general discussion under the chairmanship of 
Dr M. F. M eier. 

M . F. MEIER: I hope that this will be a session in which we achieve some degree of synthesis. 
"Ve have had an excellent meeting; from m y point of view it was an exciting one. It was 
unusual because there were so many different kinds of approaches to problems that are very 
interrelated. For instance, we have heard people talk about conditions at the base of vast 
glaciers measuring megametres in extent ; others dealt with conditions at the base of glaciers 
m easuring kilometres, or only a few hundred m etres in extent, or even surfaces having no 
glaciers a t all at the present time. We have people at this meeting who work only with a pencil 
and paper, others who work with computer cards, or oscilloscopes, or cations, or water 
pressures, or other sorts of things like that, and people who scrabble with pick and shovel. 
We have seen some fascinating views of the bed. Some of these views, such as in the bore-hole 
photographs , were only square centimetres in extent; some, such as the glacier bed seen in 
tunnels, measured square metres in extent; some, such as the margins of the glaciers, were a 
few hundreds of metres in extent; a nd some were beautiful views of formerly glacia ted 
terrain of kil9metres in extent. So we are looking at this picture from many different ways, at 
many different scales, and using m any different methods of attack. One of the problems that 
we have noticed in the past is a separation of people who are interested in ice from those 
people who are in terested in the effects of past ice movements. I hope that one of the thihgs 
we are doing at this meeting is to bring these two schools a little closer together. The first 
thing I would like to do is to ask some of the glacial geologists what they have learned at this 
meeting from the glaciologists. What is their impression of how glacial geology might be 
made a more efficient science by looking a t the results of the glaciologists? I would like to 
call Dr Dreimanis, to give his impression of the meeting so far. 

A. DREIMANIS: It has been very valuable for glacial geologists to have this opportunity to 
exchange their opinions with glaciologists and also to hear of their field a nd laboratory 
observations, and their theore tical calculations. I think that we can learn much, particularly 
a bout the conditions along and close to the glacial margin. But except for some cases where 
the observations by glaciologists were made further back from the ice margin, such as with 
deep test drillings for geophysical investigations, there still seems to be little information about 
what happened further back from the margin. There are several geologic features: grooves, 
bedrock Rutings, and ice thrust forms, which are la rge in size a nd were formed subglacially . 
We usually do nO,t observe them right at the ice margin of the present-day glaciers. I fully 
realize the logistic problems of studying these, but I would plead from the viewpoint of glacial 
geologists that, if possible, still more work be done further back from the ice margin. Perhaps 
we can discuss today what might be the possibilities of cooperation between glacial geologists 
a nd glaciologists in doing these studies. 

MEIER: That is a very good point, but of course as you mention, the difficulties in observing 
the bed under great thicknesses of ice are considerable. 

L. A. LLIBOUTRY : I feel that we need more data on the geology a nd microstructure of glacial 
beds before we can further our knowledge of sliding and of bottom creep. There may be also 
debris on glaciers which could go to the bottom at some places. The unsolved problems 
concern the origin and incorporation of debris: is it incorporated down a crack or bergschrund 
or moulin, or is it plucked from the bottom ? 
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1. M. WHILLANS: I would like to say something more on the same line. I think that the glacial 
geologists and probably glaciologists can learn from the studies of composition of till. In 
particular there seems to be a conflict over the origin of till. Some workers attribute till to 
local origin, and others to a distant origin. Maybe tills in different places really are different. 
If so, that is an important result, which may b'ear on the actions of ice sheets in different 
places. There is also the question of till /moisture combination, which is important to under
standing how much shearing there is at the base of the glacier transporting the till. I feel the 
glacial geologists should provide glaciologists with more data on these topics. 

D. ]. DREWRY: I would like to raise a point which I think has been mentioned, but only 
obliquely, d uringthe sessions. I t is the effect of adding rock fragments (clasts and dispersed 
fines) into ice. How do they affect mechanical properties, sliding processes, basal water 
characteristics, and deformation of overlying layers? This area is one which has seen little 
work either in the laboratory or in the field and yet is probably of enormous importance in 
how close we approach glaciological reality. After all most glaciers and even ice sheets 
possess dirty, debris-charged basal horizons. Surely this is an area where substantially more 
effort is clearly justified. 

H. F. ENGELHARDT: That is what we are trying to do. We try to drill holes to the very bottom 
of the glacier to recover such debris. In our laboratory we have many samples from the lower 
10 m or so: it is very compact debris. It is very hard to say where it all comes from; whether· 
it is locally produced or whether it has travelled large distances. We have the impression that 
the ice-free debris layer at the bottom is very thin, and is probably derived very locally. It 
will take a lot of work to analyse this debris. 

MEIER: 'Vhat are We specifically going to do? The presence of debris in ice must affect the 
properties of the ice, and therefore must affect the deformation and the erosion and deposition 
at the interface. 

ENGELHARDT: Yes. We have enormous deviation from the normal properties of ice. The 
usual parameters A and n cannot be applied, but by measuring contraction-rates and deforma
tion-rates we can probably say more about mechanical properties of these debris-laden ice 
layers. We are presently working on that. 

MEIER: I see, so you are not quite ready to say what the flow law of ice should be considered 
to be in the presence of debris. 

H. ROTHLISBERGER: There is one possible mechanism for bringing debris into the glacier 
which I did not have time to show yesterday, though it has been the cause of some major 
difficulties in our drilling operations. Below the ice fall of Glacier du Brenay we have come 
across sand and gravel beds within the ice at depths well above the glacier bed. We believe 
that these sediments were brought in by a subglacial waterfall. If I said yesterday that the 
channels in my opinion stay at the bed or on the slope of the valley, then this was not without 
reservation. When you have sediments in ~ubglacial channels, the latter are likely to become 
clogged up; consequently the water may cut sideways into the ice, or in front of a waterfall it 
may angle into the ice to some distance and carry and deposit sediments in there. Such 
situations could probably best be studied by structural field geologists who could map and 
analyse the outcrops of this type of sediment near the terminus. I am particularly thinking 
of the type of work Dr Hambrey did while he was in Zurich. Although structural methods 
apply primarily to the interior of the ice masses, additional information on the bed condition 
can be expected from such studies. These methods should also eventually be tried beside all 
the others that we enjoyed hearing about during this symposium. 
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N. VV. RILEY: At Newcastle we have been doing work on gla cia l wear. "ve have one interesting result, in tha t we have modelled wear by imagining that we only have, at the bottom of a glacier, a rock/rock contac t or a clean ice/rock contact. We have set up those two extremes in the la b.oratory, with such contact points m.oving at what I consider subglacia l speedsaround the region of 2 .0 m /year. The inter esting comparison here has been be tween these results a nd th.ose results produced by G. S. B.oulton, fr.om under Glacier d' Argentiere and Icelandic g laciers. H e cem ented-in table ts of rock and thereby was able t.o m easure lowering ra tes. vVe find that if we compare our rock/ r.ock wear experiments, with no ice present, no water present a t a ll , tha t we get very similar results to the actual wear which Boulton has measured underneath the g lacier. So there is n.o ice at a ll! It is a rock/r.ock contact for which we ge t pre tty close comparison. On the struc tural geol.ogical side of this we a re looking into the way in which fragments m ay be brought from the bed. As .one w.ould imagine, the cracks have t.o be pr.opagated thr.ough a ma trix in .order for la rge pa rticles to be rem.oved from the bed . VVe a re examining whether there is any kind of correlation between the w ear coefficients that we m easure for the r.ock/r.ock contac t, and the energy required to propagate cracks through a rock ma trix. This is proving pretty tricky, there is very little published to my knowledge c.oncerning crack propaga ti.on energies f.or r.ocks. The only reference I know is to a granite, this is from s.om e South African w .ork . The ra ti.o of the crack propaga tion in ice, as the thing tha t might be d.oing the damage, a nd the crack propagation in a g ra nite, were ice moving over tha t granite, is about 10 0 to I . Thus, in a granite we need 10 0 times as much energy to propagate the crack as you would to propaga te the crack through ice . I have been working w ith sandst.one which would certainly require less than granite, but how much less I am n.ot r eally sure. 

MEIER: Tha t brings us back to the paper b y Kamb and others, pointing out the role of rock friction a t the base of the ice. 

C. F . R AYMOND: VVe see two .opp.osite views of the bottom ofa glacier ; one in which the ice is fa irly clean a nd makes a ra ther sharp c.ontact with solid rock, and the .o ther where it is choked with d ebris. But d r illing holes down t.o the bott.om of g laciers and sampling on twoinch (5 cm ) di a meter pa tches, here and there , is a dismal pr.ospect when you realize the work in drilling these holes. I would like t.o direc t a ques tion b ack to the people who look a t exposed g lacia l beds, whethe r they be ge.ologists or glaciologists. The question is whether features .of those beds migh t be used to ge t s.om e idea of just what is characteristic, if anything is charac teristi c, or wha t varie ty of conditions we might expect from various loca ti .ons. Are there cha racte ristics of the erosion marks .or d eposits which possibly might ena ble one to d istinguish be tween basal c.onditions of dispersed pa rticles in rela tively clean ice or debrisladen ice? There has been some suggesti.ons of tha t I think in some of the papers. 
DREIMANIS: Just replying t.o the las t ques tion , I may menti.on tha t some d e ta iled work has been done b y glacial geol.og ists on structures, a nd also lithology, a t the base of tills. I would like a lso to m a ke a plea to g lacial geologists not just to l.ook a t till as a massive d eposit without any struc tures, because by brushing and washing with a water j e t, you can exp.ose such a grea t variety of s tructu res which ca n provide us with very valuable additional informati.on. This has been d one, but still not suffic iently. A t the same time may I use the opp.ortunity a lso t.o refer to I a n ' t\l hillans' plea tha t glacial ge.olog ists do more provenance studies and provide more ana lyses of provenance. Several have b een done during the last decades, and numerous ana lyses have been published in scattered repor~s, but still at least ten times m.ore analyses a re in files, as the j ournals d.o not like long pa pers. The government and .other institutions cannot publish long, tJhick m emoirs any more. Because of that, the INQUA Commission on genes is a nd li thology of Quaternary deposits has established a w.orking group under R.on M ay. The gr.oup will try to propose some computer pr.ocessing and distribution of this 
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information. Some of the other working groups of the INQUA Commission have examined 
analytical methods. A paper was published recently in Journal of Sedimentary Petrology on the 
various methods used. I believe that we should standardize some of our methods and presenta
tions, at least the particle sizes of various analyses, 'so that we could compare results of different 
authors. We still have a long way to go to make the data comparable; although there is an 
enormous amount of data on till characteristics which is already available. 

MEIER: Generalizing from this huge amount of data certainly is a problem. 

RILEY: I would like to answer the question from Dr Raymond. I said that the comparison 
between the erosion-rates that we have measured and those produced by Boulton was extremely 
good. As far as I know Boulton's work is the only work where we have actually had wear 
measured in situ. We have certainly heard from Gunnar 0strem over a number of years 
concerning sediments transported from Norwegian glaciers from which we have inferred rock 
surface lowering rates. The ratio of experimental wear-rate to averaged field rate is about ten, 
so one could interpret this as saying that one only requires one-tenth of the glacial basin area 
to have rock/rock contacts in order that we can produce the amount of material measured. 

B. HALLET: I would also like to come back to Dr Raymond's point. Glacial geologists could 
study the debris cover of recently deglaciated glacier beds to obtain information on the 
abundance of debris formerly present within or at the base of retreating glaciers. It seems to 
me that if one sees a vast expanse of gl~ciated bedrock with little debris, perhaps bordered by 
a distinct moraine, and if one can establish that much of the material was not removed by 
proglacial streams, the former debris. toad in and on the glacier must have been very low. 
On the other hand, if one observes a thick accumulation of debris being exposed by glacial 
retreat, the debris content of that glacier must have been relatively high. Hence, studies of 
recent glacial sediments on proglacial areas in different terrains could yield valuable informa
tion on the abundance of debris within, on top of, and at the base of glaciers and could help 
us understand the factors controlling the debris content of glaciers. 

R . C. METCALF: I had three points I wanted to make. The first is that in my own research 
one finds quite a bit of information on fracture energy in rock associated with industrial 
grinding and mining-engineering grinding work. The second point is that getting back to the 
work of Dr Goldthwait and Ian Whillans dealing with the megaripples and sine ripples of 

. Kelleys Island, one of the things that struck me was the inference that these formed under 
deep ice associated with continental ice sheets. Yet what was very striking to me, and perhaps 
to some of you, was Barclay Kamb's slide of the terminus of Blue Glacier. You appear to see 
exactly the same forms ; three apparent megaripples associated with the three terminus 
streams. Furthermore, we see the sine ripples associated with each of the megaripples, and 
we see the smaller ripples superposed on the sine ripples. Now the vegetation cover and the 
weathering of the surfaces indicates that this bedrock has been exposed only since the neo
glacial advance. So they did not form under a continental ice sheet. I suggest that it does 
not necessarily have to be a continental ice sheet for those ripples to form. My final point is 
that I was curious whether Mr Riley's group had looked at the energy expended in their wear 
experiments to provide a comparison with the attritivity values that Kamb talked about. 

RILEY: In answer to the final point, yes we have. However, I do not find it useful to quote 
wear as geographers and glaciologists would normally quote it. We normally say the surface 
has been lowered a given distance over a given time. I find it much more useful to express 
wear the way it is expressed in engineering, that is as the volume of material removed per unit 
force per unit distance; which in fact gives the measure ,that I have just been asked for. I can 
communicate that later, but I would recommend anyone else who examines wear to use that 
as a parameter of wear. 
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R OTHLISBERGER: I would like to point out that while there is some scarci ty of direct observa
tion of abrasion in the field , it is not com pletely absent. During the 1920 glacier advance in 
Switzerla nd, holes were drilled in some rock knobs in fro nt of advancing g laciers and the 
a mount of abrasion a nd plucking was then measured a ft er the glacier h ad retrea ted again. 
T his was do ne in front of the upper Grindelwaldgletsche r a nd in front of A lla lingletscher by 
Lutschg. M ay I emphasize that now seems to be the time to do sim ila r work, as Alpine 
glaciers have sta rted to advance again. I am ashamed to ad mit tha t we have not done m uch 
ourselves except in a single case in 1964 where we have surveyed a nd prepared for later 
resurveying a small area of a rock knob in front of Glacier de Trien t, a glacier which has since 
advanced some 300 m . Now we do no t know when it is going to retrea t again. It may n o t 
look a ve ry promising endeavour, no t knowing if one will live long enoug h to ge t any results, 
but efforts in this direc tion should nevertheless be m ad e without delay, p ossibly using new 
techniques. 

M ay I con tinue with a nother question add ressed to Dr Boulton ? I was as tonished by his 
remark tha t he thinks the ratio of plucking to abrasion would be very large; tha t there would 
be m uch m ore plucking than abrasion . I have always thought that the reverse was the case, 
on the basis of two things; one is the observa tion tha t a much larger am ount of small pa rticles 
than coarse ones is carr ied in glacia l streams. The o ther is tha t if one visua lizes a plucked 
stone of the same m a teria l as the underlying materia l, the underlying m a teria l being j ointed 
rock, then one would expect tha t the plucked stone would be able to break off one or m ore 
pieces of the bedrock before becoming completely fragmented . The nex t step would be the 
formation of stria tions a nd such processes. Small rock pa rticles will break out from the tool 
and the bedrock a like. Fina lly, there are the minera l g ra ins, say qua rtz grains; they w ill 
grind a nd I would expec t tha t the grinding effec t would be equal on the grains which m ove 
and on the grai ns of the rock below. All this indicates tha t a multiplying effec t in abrasion to 
the orig ina l plucking has to be expected . I am awa re tha t the abrasive e ffect on the bed w ill 
be less w here the stones in the basal ice layer rub against each other, but I still wonder if D r 
Boulton 's sta tement, that plucking is m ore im porta nt tha n abrasion, is genera lly correc t. 

G. S. BOU LTON: \!\Tha t I said was hedged a round with res trictions. The fi rs t one was the 
assum ption tha t there a re two processes going on, one of which could be called abrasion , or 
rub bing b y a tool, which produces fine m a terial from break-dow n both of the bed and of the 
tool, a nd the other one is plucking, by w hich the tool is p roduced . O f cou rse in valley glacie rs, 
many la rge blocks a re d erived from disin tegration of fl a nking mou\1l a in walls. Rocks from 
this source fall onto the glacier margin , w hich is a basal fl ow line, and may thus subsequently 
travel im m edia tely a bove the bed and a brade it. Obviously in valley g lac iers where such a 
process is importa nt, the sta tement I m ad e about the rela tive importa nce of plucking a nd 
abrasion d oes not necessarily apply. It a pplies prima rily to the case of a n ice cap or a n ice 
shee t m oving over a rock bed . My logic is tha t, if it is true that most of the rock flo ur is 
produced because of movement of la rge pa rticles over the bed, and if w e assume tha t these 
large p a rticles and the bed have a simila r lithology a nd thus similar ha rdness, then we would 
expec t the rate ofl oss on bo th surfaces to be simila r. Thus most of the fines in tills are produced 
because of abrasion be tween large pa rticles and the bed . In the resul tant tills we fi nd m a ny 
la rge pa rticles, representing tools which have survived , a nd thus plucking must be volume tri
cally m ore important tha n abrasion where there is no supraglacial deb r is source. 

R OTHLISBERGER: I have often wondered why the surviving tools in rela tion to the fines h ave 
not been studied more thoroughly in a place where this can be done in a particular case, 
namely a t the junction of two large tributa ry glaciers. As the two ice bodies j oin to form a 
single tong tie, a t least if there is some bed slip, basal till from the tributa ries is d ragged a long 
at the interface between the two ice m a sses, forming a n internal media l m oraine. Now wha t 
one sees on the surface consists only of the la rge particles a nd not the fine m a terial, but if you 
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look in crevasses cu tting across the medial m oraine, or by digging, you wi ll find a lso some fine 
ma terial. I have to admit that far less fine tha n coarse material seems to be present. H owever, 
often the coarse material has never touched the bed, if it orig inates fr.o m rock fa lls onto the 
firn; such rocks are carried along in the ice . A few ro unded stones and boulders showing 
striations will nevertheless be found beside the angular rocks. They represent the tools which 
have acted at the bed of on e of the other tribu tary glacier above the junction. That type of 
coarse material only should be compared with the layer of fines embedded in the ice. From 
tentative visual observations of crevasse faces I expect tha t the volume of fines and coarse 
tools are proba bly of the sam e order of m agnitude in some typical cases of Alpine valley 
glaciers . Since an unknown fraction of the abrasion flour will have been washed away by 
subglacial drainage water before the interna l moraine is formed , a lower limi t on ly of the 
amount of fines could be determined by a qua ntita tive study of the inclusions in the ice. I 
nevertheless think that such a study would be worth trying. 

W. E. S. HENocH: I am interes ted in the features that are produced by glaciers, both erosional 
and depositional, such as crescentic scars, lunate frac tures, giant grooves, and drumlins. I 
do not believe that we will know how glaciers behave until we simula te the formation of these 
features. vVould it be possible to devise an experiment to g ive us some indication how plucking 
is achieved? 

I have no t heard if there are any experiments undertaken to simulate the changes of 
pressure and tempera ture a nd pore pressure. The last two factors appear to be important in 
the formation of giant scars (crescentic gouges , luna te frac tures ) and also in the forma tion of 
drumlins. ' Ve know how g lacier ice will d eform under pressure, but can a n experiment be 
devised where the ice will be forced to flow and give som e indication how giant grooves are 
produced? Features like giant grooves and crescentic scars cannot be prod uced by friction or 
impact of rock on rock or m e tal on rock . They are peculiar to glacier action and are such 
beautiful forms. 'Ve must not be satisfied till some experiments are undertaken to simulate 
the formation of these. features. 

LLIBOl'TRY: I would like to suggest a process for grinding or plucking which involves the 
repetition of very strong stresses, when a rock which moves a t the bottom of the g lacier pushes 
against the bedrock. Since there are fluc tua tions in the water pressure and a lso in the move
ment of basal ice, one moment there may be a very high normal pressure on a localized 
point, and next moment nothing. I see this working like the cogged wheels of rock drills, 
where only the repetition of the pressure of the cogs makes the rock shatter. 

R. A. VIVIAN: I would like to express my opinion on this problem of the ratio between abrasion 
and plucking. I agree with Hans Rbthlisberger' s opinion : I think that abrasion is much inore 
important under a thick temperate glacier than plucking, but maybe this opinion is too 
general. One must quantify it and the qua ntification would be a ratio which would depend 
on the character of the rock undernea th. For this it is necessary to study the geology of the 
bedrock. The ratio would also depend on the place where you are under the glacier. It 
would certainly be very different in the central part of the glacier and ou t on the margin of the 
glacier, where it is possible to m easure large differences of temperature near and below o°C. 
Another point concerns the c·omment by Ray mond. I think that it would be interesting to 
calculilte the percentage of different types of interface under g laciers. We have a good oppor
tunity for this in the world inventory of glaciers. From a theore tical point of view it would be 
interesting to know the relative proportion of tempera te or cold basal ice under glaciers, not 
just at one point, or one area under ~ glacier, but all over. 

BOULTON: I wish to take up · something that Professor Lliboutry said about the possible 
processes by which plucking might occur, a nd it is also relevant to Robert Vivian's sta tement. 
One should no t think that we know nothing about the plucking process . There are many 
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observations under glaciers a nd beyond glaciers which enable us to identify the plucking 
processes which have occurred. The d ifficult p roblem is to genera lize from there to say how 
representat ive of all the processes that might produce plucking these observations are. Of 
course the number of observations that we can make is very small and therefore the chance of 
being able to make a representa tive statement is equally small. I sugges t that we need more 
stud ies such as those of Matthes in which old g lacier beds wh ich are very ex tensively exposed 
are examined in deta il. One can then make general statements about the forms of glacier 
beds, and the clear way wou ld be to model the processes so as to be able to reproduce the 
glacier beds. A major problem lies in our current state of knowledge of the forces at the base 
of glaciers. \,ve simply do no t have theories which are capable of producing predictions of 
the ways in which pressures a nd shear forces ought to vary over a realistic bed and it is 
extremely difficult to establish this empiricall y . So before we can go on to assess how general 
some of the processes which have been observed are, we need to improve theories of basal 
movement. 

R. P. GOLDTHWAIT: I'd like to remind everyone of two rather o ld experiments . One is the 
work of Dick J a hns on the Chelmsford granite a number of years ago. H e could identify the 
characteristi cs of sheet jointing from similar granites outside the g lac ia ted area, a nd thereby 
calcula te the depth of glacial erosion in that particular knob of granite in Massachusetts. 
\I\' ith these calculations he could show for tha t example that the plucking under the continental 
ice there amounted to ten times as much as the abrasion, during the whole glacia tion. 
Secondly, I would like to remind us of the study which Lon Dra ke did on the rocks of centra l 
New H ampshire. The ice was ove r them, working on them, for several thousands of years, 
certa inly. The outlines of the bedrocks are so well known tha t he could calculate accurately 
from the till what had ha ppened to the pebbles en route from each source. Dra ke made a 
careful stud y of the broken surfaces versus the a braded surfaces. H e found that from the 
original rough shapes, wh ich yo u can reproduce with hammers, the rate of rounding is a very 
rapid process. A rounding to roundness of 6 (on the scale of 10 ) can happen a t least three 
times in every kilometre for individual pieces. Apparently, this was at the bottom, for it was 
basa l till. Also, the number of times of breaking en route for individual pebbles averaged at 
least four times per kilometre . I think we need more studies of this sort in order to get at the 
question of a ttrition. 

MEIER: Thank you, I think this discussion is pointing up very nicely that only the glacial 
geologists can tell the glaciolog ist what the general ratios of erosion/deposition or abrasion / 
plucking a re, a nd that only the glaciologist can tell the g lacial geologist what the actual 
processes a t the bed are. 

T. J. KEMMIS: I would just like to comment from a glacial (or Quaternary) geologist's point-of
view. I am working with the Qua ternary g lacial deposits a long the southern margin of the 
La urentide ice sheet. We see that quit~ a wide variety of processes have occurred, and we 
would like to reconstruct the g lacial conditions in order to g ive us a be tter understanding of 
the landforms a nd the materia ls which compri.se them. At this meeting we have seen a number 
'of very specific studies on particular processes without an integra tion of what controls the 
occurrence of these processes. This makes it very difficult for us to assimilate how each of these 
studies fit into the big picture: what controls the individual processes and wher~ they can or 
cannot occur ? 

E. M. MORRIS : Concerning tha t problem, glaciologists cannot really begin to give you answers. 
It st>rms to m e that one of the crucial things to come out of this conference has been that we 
reaily do not understand one of the basic processes which we think is going on. That is why I 
think that Gordon Robin's work on regelation has been perhaps the most important recent 
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idea. I t has shown us that we need to go back to the sliding theories, to the theories of erosion 
and deposition , and really do them properly, and advance the experimental evidence that 
we have got . 

RAYMOND: I would just like to comment on something that Dr Boulton said when he asked 
for improvements in theory in order to know something about the forces along the bottom of a 
glacier. I would just like to suggest that perhaps the forces and force variations are the things 
which are best known. They are determined largely by statics: you have to keep the ice from 
sliding off downhill, and so from this you can conclude something about the force variations 
along a locally slippery bumpy bed. What the ice is going to do in terms of freezing and 
melting processes and deformation is the hard part, and that of course is much less well known. 

W. H. MATHEws: I would like to beat the drum here a little bit for glacier hydrology, which 
has been to a large extent omitted in the discussion to date. I can recall finding, for example, 
about half a kilometre below the firn line of one glacier, beautifully rounded pebbles sitting 
in the glacial stream on the ice surface. I have no doubt that in this particular case it was not 
glacier transportation that rounded the rocks but rather water transportation. And further to 
Dr Rothlisberger's remarks, one of my graduate students, John Clague, working in the Rocky 
Mountain trench not very far from the area described by Dr Dreimanis and his student, 
found rocks of unusual provenance in till that had been derived from a valley on the opposite 
side of the trench. He had evidence from the till fabric here that the ice had been moving 
down the trench. He had to explain this as due to transport of these strange rocks by sub
glacial streams, across the ice or through the ice, from the opposite side, followed by incorpora
tion with the ice-transported material. So that whenever we look at the products of glaciation 
we have to recognize that there may be water action there as well as normal glacier transport. 

MEIER: Thank you. I want to stay pretty much with the problem of abrasion and plucking 
for the time being, we will get into regelation and so on in due course, and also subglacial 
hydrology. 

HALLET: I would like to comment along the same line as Dr Mathews. One can look at 
eskers; these are deposited in subglacial tunnels, and are made up of sediments that are 
extensively water worked. Also one can look at a lot of material from tills and moraines and 
see evidence of periods of water working. One wonders how much energy is really spent in 
these subglacial streams in rounding rocks, and how many of the so-called glacial abrasion 
products are simply the result of this subglacial fluvial activity. This is a real problem when 
trying to estimate the energetics of the rock-to-rock friction at the base of the glacier. There is 
good reason to believe that a lot of energy is spent, and a lot of wear does occur, in these 
streams. For example, Robert Vivian reported up to 10 cm of fluvial erosion in about five 
years on quartzite, which is about the most resistant rock to mechanical erosion. So there are 
some very special attributes to these streams predominantly related to the kind of velocity 
that you have, the sediment content, and of course temperature. So I would simply like to 
warn people doing energy balances in estimating rock-to-rock friction, one should know the 
fact that much energy is probably being spent in these subglacial streams. 

MEIER: And yet we do have the observations of Kamb, Engelhardt, Harris, Raymond, etc., 
and also those of Hodge that suggest that a very large percentage of the glacier interface is 
essentially not participating in an active hydrologic situation. 

HALLET: I would like to point out that ice and entrained debris is continuously brought from 
adj~cent areas into active conduits because of the relatively low pressure inside the conduits. 
It is likely, therefore, that subglacial fluvial activity affects a much larger volume of material 
than that anticipated from their limited aerial extent. 
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BOUL TON: May I come back to something Dr R aymond said? If I und erstood him correctly 
when he was talking a bou t statics, he said that we know the forces at the base of a glacier 
rather well. What a poor experimentalist wants to know when he is trying to generalrze his 
results is how the drag is distributed over a realistic bed. How do the shear stress and normal 
pressure vary from place to place? If he can reassure me that we know, I shall fo llow him 
afterwards and write down every word he says. I suspect that we do not. I believe the two 
really important problems in sliding for which we need solutions are the problem of a two
dimensional bed with finite slopes, a nd the problem of a three-dimensional bed. 

RAYMOND: I do n ot want to suggest that we can write those things d own precisely, but I 
think that one could know a lot about the force variations simply from the requirem ents of 
gross equilibrium . The longitudinal a nd normal averages can be d e termined well, a lthough 
the flu ctuations are less well determined. The fluctuations are impo rtant, of course, in for 
insta nce the net force on a bump sticking into the ice. Nevertheless, I think one can have a 
fairl y good handle on these. In terms of how the ice r esponds by regelation and deformation , 
and the resulting rate of motion, we talk about order-of-magnitude differences between 
various experimental results and simple theoretical pred ictions. H owever, I do not think 
.th at we have ord er-of-m agnitude differences in the forces. 

M ETCALF: I was just thinking abou t the controversy of the amount of plucking versus the 
amount of abrasion . One thing that might bear som e importance in what Dr Boulton said 
a bout looking at tills a nd seeing a ll the large rocks but not really the fines formed , is that in 
m y work on the N isquall y Glacier, I quite clearly showed that there was preferenti a l erosion 
of the fin es up-stream as compared to d own-stream . Also Fahnestock's work on Emmons 
Glacier , also on Mount Rainier, shows the same thing; that you get the fines eroded. So in 
my opinion the fact tha t you do not see the fines there does not necessarily demonstrate the 
percentage of plucking versus abrasion , and in fact may be an art ifact of a separate flu vial 
erosion process. 

LLIBOUTRY: When the nature of the bedrock is no t uniform, it would be interesting to observe 
the debris found under the glacier. The debris may come from the sides mainly because there 
is some transverse slope in the g lacial valley and a t the interface cavities often form. The 
pebbles can therefore move slowly towards the lower points, towards the centre of the valley. 
So we should not say that the debris fa lling on one side of the glacie r a ll remains there as a 
lateral moraine. Some may move under the glacier and cover a grea t part of the ice/bedrock 
interface. 

G. DE Q. ROBIN: Just one general po int on plucking or grinding, with reference to the indivi
dual roches moutonnees. If grinding exceeds plucking, then we will not be able to pluck any
thing because it will a ll be ground away. In terms of the ind ividua l feature, there must be 
som e sort of bala nce generalized over a large area, and where we have got roches moutonnees 
in a whole field, there must be a roug h balance between the two processes, otherwise they 
would not be there. 

J. W. GLEN: Where you have a typical glacial valley, with Riegeln a nd then perhaps an over
deepened basin, the rate of retreat of the step might g ive some indication of the rate of pluck
ing, a nd the ra te of lowering of the bottom may give som e indication of abrasion. If the glacial 
geologists have a handle on how rapidly these processes have happened then this may give us 
some indication of this ratio. 

BOULTON: Processes of glacier erosion act extremely slowly. The reason they a re volumetrically 
enormously important in producing material is that they occur over an immense area 
compared, say, with a stream, where there may locally be tremendous rates of erosion but in 
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a very small area. The fact that processes are so slow means that it is difficult to use steady
state considerations. From what we know about the historical variations of glaciers, it seems 
safe to say that glacier regimes change frequently compared with the time that is probably 
required to develop a land form in stable eq uilibrium with the glacier. How can we estimate 
how long it takes to destroy the roughness of a bed by plucking, as Ian Whillans has suggested 
might occur, when the glacier is always changing in such a way as to produce new areas of 
plucking or abrasion? Steady-state considerations really are not very helpful here as the 
process acts slowly compared with the controls on the process. 

VrvrAN: I would like to comment on these two processes abrasion and plucking, a nd the very 
important role of erosion by water under the glacier. Bernard Hallet spoke about the erosion 
of quartzite, but we have a lot of examples like that where water erosion is able to dig deep 
gorges and also to carry away all the material under the glacier. Water under a g lacier is not 
only a problem of the water pressure affecting basal sliding, but is mainly a problem of direct 
erosIOn. 

MEIER: Yes, I think that is an importa nt point, we must consider three processes, abrasion, 
plucking, and the transport or erosion by water. 

HALLET : Incidentally, I have an observation in the Sierra Nevada in California, on what had 
been classically referred to as raches mautonnees on a m ega scale. These a re features that are 
about a hundred metres high. The lee side has classically been thought of as a quarried 
surface. If you look at that surface you can see that it is indeed due to water erosion. Large 
pot-holes correspond to what must have been subglacial cataracts or waterfalls that did most 
of the erosion. Sometimes you can still see the actual grinding stone that did som e of the 
erosion. So in looking at roches maulannees, we have to be very careful. The steep lee side 
could be due to jointing, but often we can see signs of water erosion. In the carbonate terrain 
where we have b een working as I hope you saw yesterday, you can see extensive signs of 
erosion on the lee side of obstacles, which give rise to steep lee surfaces that su perficially 
resemble quarried surfaces. 

O. ORHEIM: Many people have been talking today about using observations of deglaciated 
areas to examine glacier processes. The problem is that they are always looking at the effect 
of the action of the last stage of the glacier or the ice sheet. Now we have for example had 
talks during the week suggesting that erosion chiefly takes place during the main advance of 
glaciation, which may be very different from what we observe just after the glaciel's have left 
an area. A particular point has to do with the effect of water. This can be very rapid and is 
certainly very important in the last stage of the glacier's life. \,ye have examples of very large 
pot-holes in Norway (which we intend to demonstrate when we have our meeting there two 
years from now), which probably have been formed during the last few hundred years that 
the glaciers were present. So I think we have to be very careful about making geologic obser
vations and saying this is how glaciers normally act. 

R . M. KOERNER: I would like to agree with Olav Orheim's comments. We must remember 
that the Wisconsin ice sheet retreated in such a manner that it is difficult to imagine where the 
energy came from to cause it to retreat at such a rate. It was a massive rate of retreat. There 
must have been a lot of water about and one cannot forget the e ffect of this water on the 
surrounding topography. 

GOLDTHWAIT: I would point to a contrast we see so often in mapping areas of past glaciation. 
If you have a massive limestone such as I was showing yesterday, and a shale next to it, which 
we have under Lake Erie, then the action of the ice on those two different litholog ies is very 
very different. In the till overlying the shale you can see small chips of shale that have been 
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partiall y d e tached, and pi eces tha t have b een completely d e tached, streaming off the olltcrop 
into the till. In the shale I would say tha t plucking is 99° ;, of what is happening, and the 
plucked products are small chips simply because of the nature of the rock . On the other hand 
limes tone is simply "sa nd ed " and ground down to a powder; when it fails at joints it produces 
a few large blocks. Lithology is extremely important in wha t the glacier can do, so I think 
tha t both types of rock erosion have to b e looked at. 

R. BREPSON: I would like to point out that at the point where a slice of ice arrives on a bed 
rock, there is a concentration of stress on a singular point. This argument is based on the 
experiment with the Gre noble viscome te r presented at this symposium, the results of which 
show a plastic adaptation to the bedrockjust before the contact point : there is an accumulation 
of ice which arrives tangenti a lly to the bed , a tt esting a maximum of the normal stress. After 
this maximum , I think tha t the normal pressure presents an attenuation and it is possible 
that a second max imum o f stress ex ists , as computations tend to show. I think perhaps this 
remark has a certa in sig nificance. 

M EIER: I wonder if there a re any other comments that people would like to make about the 
ac tual physica l processes involved in plucking or in any of these other m echa nisms. \Ve have 
had some ra ther interes t ing papers that talked about invasion of ice by plastic flow around 
rocks, we h ave had pa pe rs about hydrostatic plucking and so on. Are there comments on that 
subject? 

RILEY: As fa r as the clean ice/rock is concerned , the wear coefficients are one to two orders of 
magnitud e less than that which one would obtain for the same rock in contact with itself. 
But, in getting tha t one to two orders-or-magnitude fi gure, it is interesting to describe to you 
what I observed, because I think this mig ht throw some lig ht on what we m ean by plucking. 
The experimental se t-up was a cylinder of ice over which was trapped a button in a helical 
path so that the rock would a lways see clea n ice. At the end of that experiment there was 
a path a bout 2.5 m long, and along th a t path I cou ld only detect under a microscope about 
15 particles of rock greater than 100 f.Lm , a long with innumerable finer particles far less than 
100 f.Lm. At the same time I was monitoring friction at the interface, and on only one of those 
15 events was there any devia tion from what I would norma lly consider to be the ploug hing 
term. :'\ow in arriving at m y one to two ord ers of magnitude I have used just that one event. 
The other stuff just seem ed to be lying the re ready to b e mopped up. One pa rticle obviously 
put up a bit of a fight a nd it took som e e ffort to get it out. How do wc actua ll y delinea te 
what we m ean by plucking? I End it a ve ry wishy-washy term, r would like it' tightened up. 

GLEN: One thing I am fairl y cert ain of is th a t in most of the discussion wc have heard a bout 
up till now this wou ld n o t be regarded as " plucking" . M os t people use th e term when con
sidering the removal of la "ge boulders. The process of ab ras ion itself has as you now suggest, 
differing terms ineluding ones in which things may even ge t a lmost dissolved out of the rock, 
and ones in which the sand gra ins or the smaller sizes of particles are plucked out. But surely 
when we used the term " plllcking" we we l'e not talking about sand grains. So I think we are 
really thinking about something rather different. 

K EMMIS: I a m somewhat a la rmed a t how the term " plucking" has been used here-apparently 
as if it could occur in only one way and under all glacial conditions. In the literature, and 
from papers presented at this conference, four mechanisms of " plucking" have been proposed , 
two of which are related to the processes o f basal sliding. Dr Boulton's 1972 paper relating 
basa l therma l regime to the occurrence of various glac ia l processes may b e the key to unde r
standing under what conditions different " plucking" processes will or can occur. Plucking 
during basal sliding by "enhanced basal creep" and " rege lation" can only occur where the 
basa l ice is at the pressure-melting poin t, if our basal-sliding theory is correct. Plucking by 
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" enhanced basal creep" apparently occurs by the ice actually enveloping boulders, rocks, or 
pebbl(" 011 the glacier bed and carrying them away. Gunnar 0strem's sl ides illustrate this 
quit e lIicely. In Bernard Hallet's talk on regelation sliding over carbonate' bedrock we saw 
thin sec tions of the carbonate precipitate in which small rock fragments were included. I 
would sugges t that where g laciers "slide" over a fine-grained bed, regelation melt water may 
be capable of suspending individual clay-to-sand-size particles which may then be frozen into 
the glacier bed during regelation freezing-a second "plucking" mechanism. A third plucking 
mechanism is related to recent work by Drs Boulton and Sugden, who show that some glaciers 
may be composed of a sequence of thermal regime zones. This sequence of zones and appro
priate subglacial hydrologic conditions enable this third process to occur. Basal melt water 
must be produced in an up-glacier zone of ice at the pressure-melting point. This melt water 
flows outward under the hydrostatic head to an outer zone where the ice is below the pressure
melting point. "Plucking" occurs as available basal debris is frozen in with the basal melt 
water at this "cold" outer zone. A final mechanism of "plucking"-on a very large scale
was illustrated by the "pop-out" features in Steve Moran's talk yesterday. His plucking 
mechanism a lso required a sequence of basal thermal-regime zones. In this case, melt-water 
flow is in the glacier-bed materials, not between the bed a nd the basal ice. This melt-water 
flow served to weaken the bed materials by locally increasing the pore pressures. Plucking 
occurred where: ( I) the g lacier was frozen to the bed because the frozen ice-bed contact 
enabled the ice to exert a tractive force on the bed materials; (2) pore pressures locally 
reduced the internal strength of the bed materials to a value less than the adhesive force 
between the ice and the bed; and (3 ) the glacier was undergoing compressive flow so that the 
materials could be transported or "plucked" from the bed. Thus we see that there are several 
different "plucking" processes, and that they occur in very different glacial settings. I think 
that this makes a discussion of the relative importance of abrasion to plucking quite silly, as 
obviously that relative importance will depend on the thermal regime zone or zones of the 
glacier. 

METCALF: I am very reticent to disagree with a man like Dr Glen, but I feel that I have to on 
this point about abrasion and different processes involved with abrasion. It seems to me that 
the abrasion of debris that we find in the literature of industrial grinding, is a process of 
attrition grinding: a rock-on-rock process just as Mr Riley described in his rock-on-rock wear 
experiments. I think we have to separa te this from the process of plucking out small fragments, 
excuse the word, but I think that it is the best way that I can describe it at this time. For 
plucking itself, people may want to choose a different word for the changing length scale of 
particles removed, but I think that abrasion clearly is attrition grinding of rock-on-rock. 

GLEN: I am not sure I disagree. If you rub off something a nd if you look in a microscope and 
see that something has been pulled off, would you say that that was plucking? I t was that 
that I was trying to distinguish. 

M ET CALF : I guess it is a question of whether it has been pulled off by ice or pulled off by rock. 

GLEN: In that case we are in for difficulty of nomenclature are we not? 

MEIER: We have had a non-abrasive session with many ideas plucked out. I would like to 
move to a slightly different subject now to make sure that we can cover some other interesting 
ideas which were left hanging in the technical sessions. ' Ve a ll realize, I believe, that glaciers 
flow over rough beds and the roughness is of some importance. I thought the papers by 
Lliboutry and Benoist, in regard to a shadowing function were extremely interesting. Perhaps 
we need to get some more information on what this roughness function really is, and to 
couple it to glacier models. So I would like to ask a question of our remote-sensing people. 
Is there a possibility that these shadowing functions or other functions which express the 
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roughness of the glacier bed, can be determined remotely? I do remember an earl y paper b y 
Professor L1iboutry in which he suggested going out with a fl ashlight on a dark, moonless 
night and shining the light obliquely on recently deglaciated terrain to obtain the shadowing 
function. Can we do this with radar or with some other technique? 

ROBIN: One can ge t some sort of statistic out of this and we are looking at this type of problem, 
but I doubt if we can get it on the scale tha t you need for your flow properties at this stage. 
Whether or not we can come up with a good answer is , I think, still debatable. I wo uld like 
to hear other opinions. 

C. K. C. CLARKE: I do no t really know but I think that there may be certain problems in the 
usefulness of Berry's theory. One of the predictions of that theory is that the H ankel transform 
of the incoherent tail of a radar echo is related to the bed roughness spectrum. But the 
incoherent tail is rather short. So what we need is some really potent spectral-ana lysis 
technique such as the maximum-entropy method but b ased on the Hankel transform ra ther 
than the Fourier tra nsform. Otherwise the main thing one will see is a truncation effect 
rather than the true spectrum. 

DREWRY: I think yo u have to try and expand on the problem a t the radar-design end . At 
the moment we have rad a r sys tems which are specifically designed to look at large-scale 
characteristics oflarge ice m asses. At frequencies between say 35 and 300 MHz and opera ting 
through several kilome tres of ice , we are integra ting bed conditions over quite a large foot
print. R esolved sUI-faces have, as a result, au tocorrelation distances of tens to hundreds of 
metres and vertical variances of a few to tens of metres . Our scales are, therefore, far coarser 
than those necessary for modellers or investiga tors looking a t small-scale bed effects such as 
pressure-melting. U nless you try sta tistical techniques which Carry C larke mentioned, 
that is looking at individual pulses a nd pulse-shape m odi fi cations, you will probably not see 
very much more. In order to contribute useful real information for direc t modelling of surfaces 
we need to obtain finer-scale radar d efinition by raising both frequency and power. But this 
is not easy. 

K . C. ]EZEK: From wha t we have heard about radar so fa r , I see that people think of reflecting 
horizons or reflecting surfaces. I think the problem with using radio echo-sounding to d efine 
characteristics of the glacier bed is that you do not , at least from what we have seen at this 
meeting, have a reflecting horizon . You seem to have a gradient of m a terial tha t is in the 
region where flow is occurring. Using rad ar to define that gradient is fa irly difficult since 
there does not seem to be any specific boundary. 

A. H. W . WOODRUFF: In response to C a rry Clarke, I would like to say that proper polariza
tion measurements of the return signal would help . The polarization is a function of the d egree 
of coherence in the returned pulse, and you certainly get incoherence in the tail, and probably 
all the way through the returned wave envelope. If the returned wave function is resolved 
into two orthogonal polarization planes , then in each the re is a coherent polarized component 
and an incoherent component which must be unpola rized . The incoherence arises from the 
refl ec tion of the time-dependent rising and falling edges of the transm itted pulse from the 
many facets in the reflection zone, which occur both in the horizontal and vertical plane, a nd 
from their subsequent superimposition. It is possible, though it has not really been looked at 
in enough detail , that from the proportion of this unpola rized component one might well be 
able to say something about the vertical roughness of the bed or the distribution of boulder 
particles vertically in the bed. 

C . R . BENTLEY: We are in the process of developing a dig ital recording radar sys tem for use 
in the Antarctic which will be very sensitive. We hope that we will be a ble to look, among 
other things, in detail , a t the nature of the sca ttering from the bottom surface. We will study 
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ex tensively in a loca l a rea ; we d o no t have to m ove very fas t because we are no t in a n a irplane, 
in fac t we cannno t move very fas t. We will ta ke ad va ntage of be ing a long time in one place 
to stud y, in as much detail as we can, one pa rtic ula r area. And , of course we ho pe tha t this 
will be useful in o ther places eventually. 

R OBIN: I think tha t there a re two further comments. One is that we have alread y sh own tha t 
you can view the difference b e tween a fl a t subg lac iallake surface a nd the rock surface. We 
can further improve our range resolution, which m ay help . The other point con cerns changing 
the wavelengths a nd selecting o ther para me te rs to stud y pa rticular problems. I t would be 
fine if propaga tional conditions in the ice permitted use of all the wavelengths a nd frequencies 
tha t we w ish to use for our va rious problem s. However, not only equipment d esig n but ice 
propagation conditions will lim it what we can do. 

LLIBOUTRY : The shadowing function should b e most interes ting in the case of tempera te 
glaciers which surge, or where there has been a n ice fall , because there may be a n insta bility 
for some typ es of shadowing function. "Ve know tha t in gen era l, tempera te g laciers, com
pletely tempera te and a lways temperate, do no t surge and do no t fa ll. So wha t is h appening 
in those few tempera te glaciers w hich do surge, as some Icelandic glaciers? O r in the case of 
the Allalingletscher which fell ? It would be interes ting to examine the shadowing fun ction 
of such glacier b eds, to see if they are not difre rent from the others. 

M EIER: T ha t is a good poin t. Are there any o ther possible ways by which we could infer the 
roughness of the beds or ex isting ~l ac i ers? I a m really trying to ge t into this proble m of how 
can we mod el glaciers, and it d oes not do us too much good to m easure beds whe re there is no 
glacier, and then use that to calibra te our g laciers. I wish we could do the two toge ther. Are 
there any o ther ideas on this? 

CLARKE: I wonder if Berna rd Hallet and Dr Lli boutry would reAect on whethe r they really 
think tha t the sp ec trum of the b ed now has an important role to play in sliding theories, since 
we now see the bed in such a m ess. 

H ALLET: For som e time we have been looking a t rock surfaces exposed by the r et rea t of the 
glaciers. 'vVe did a bit of spectra l analysis on differen t rock types and where different p rocesses 
seem to domina te. The mos t sp ectacular result is that you can ge t a very very roug h surface, 
and you j ust wonder how the g lacier can slide over tha t. If you use a gross a pproxima tion of 
the sliding theory, taking fa irly reasona ble values from the basal shear stress, yo u ge t slid ing 
velocities tha t a re an orde r of a m agnitude o r two lower than tha t of thc present g laciers, or 
the glaciers in the immed ia tely surrounding a rea. These recentl y deglac ia ted rock surfaces 
a re assumed to be very much the same in front of the glacier a s they a re below the glacier. 
The most problem a tical surfaces are the very ro ugh ones for which the sliding theories are not 
suitable. For these surfaces, I wonder if it is reall y worth the effort to show just h ow rough 
they a re and how the roughness is distribu ted th rough the wave spec trum. 

LLIBOUTRY : The roughness of the bedrock when it has been wash ed proglacia lly, h as perh aps 
very little to do with the real situa tion. This is displayed in the ex tent and the fo rm of cavities . 
In the case of cav ities, the spectra l power d ensity has nothing to do with the sh adowing 
function, nor with the boundary condition. This is very simple to understand . L e t us assume 
tha t the obsta cles have very gentle slopes on th e u p-stream sides, a nd very steep o nes on the 
down-stream sides . Now, the sp ec tra l power d e nsity is symmetrical. I f the slid ing law was 
d ependent of this fun cti on, the fri ction wo uld b e the same for ice Aowing in one direc tion or 
in, the other, wh en obviously it cannot be the sa m e . On the other h and in this case the shadow
ing fun ction is no t the same for bo th directions. 
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HALLET: I might p o int out that for the profiles we h ave measured w e fi rs t take the w hole 
p rofile a nd analyse tha t spectrally. Then we try to account for the cavities. You know there 
is good contact between the ice and the rock where there a re striae, and you know the a rea 
that h as been skip ped by basal ice. \ '\T here there wa s sepa ra tion, you can d raw in a cavity 
based on subglacia l observations or you can use various kinds of extrapola tion functions to 
give you a smooth c urve . T his gives yo u an idea of gen eral effective roughness of the g lacier 
sole, not that of the b ed . Even when using tha t modified roughness, yo u obta in extremely low 
sliding velocities for wha t seem to be a reasonable basal shear stress. Physically, it is just too 
rough . 

W . F. BUDD : I would like to commen t on the ques tion raised by H alle t on the very rough beds. 
This is roughness on a la rge scale fo r w hich regela tion, I think, is understood not to be 
im portant. So the important thing is the viscous d rag or non-linear v iscous drag . \<Ve find 
tha t it is j ust too ha rd to ge t high roughness to stop ice m oving under those condit ions if you 
have reasonably high shear stresses . The reason is that the yield stress of ice is time dependent. 
It is tim e dependent b ecause recrys ta ll iza tion becom es important. For stresses in excess of 
two b a rs, you cannot support a load for any length of time; the ice w ill ac tuall y shear off. 
Now fo r big bumps the ice would no t be held very lon g if tha t was the only mechanism , in 
fact it seems to me th at you need som e rock in the ice under these cond itions to hold it there. 
So I think it is no t a p roblem of too much roughness b ut the fact that rock is a t leas t on e way 
of holding the ice, on ce the stresses ge t high . If you h ave low stress like the one ba r th en it is 
no t so cri tical. 

F . PESSL: I was im pressed with the smoothness and the rela tive steepness of the b edrock 
surface tha t yo u were working on . I wonder if much of the till has not perhaps been w ashed 
off, so th a t now yo u d o not see the sediment tha t m ay have been on the glacier bed , nor tha t 
whic h m ay have occupied cavities o r d epressions in the b ed and perha ps sm oothed it out a bit. 
Also , your comment about the p rese n ce of mora ine d own-slope would suggest that sediment 
was availa ble a t one time to build th e m ora ine. H ow much of the sediment tha t might h ave 
been on the rock has disappeared ? 

H ALLET: In certain a reas it is very difficult to estima te how much h as been removed. You 
ca n go to areas tha t have been exposed in the last few years and if you see a fairly uniform 
distri b ution of debris despite the presen ce of pro-glacia l streams, th en on e can be fairly sure 
tha t yo u have not lost very much from those areas . Now my feeling about the effect of d ebris 
on roughness is th a t it would just further roughen the bed . If we are a lready skipping the 
cavi ti es, whether there is debris in the cavities or just " q uarried bedrock" does not make much 
d iffere nce. The way I see it is: we a re t rying to m a ke t he bed as sm ooth as we legitim a tely 
ca n a nd we are ignoring addi tional ro ughness you can get from fragm ents that are coupled 
to the b ed . Going back to the other p o int, I think it is very importan t that glacia l geologis ts 
look for a reas where they can es ta blish tha t the ma ter ial has not been rem oved post-glacially, 
and try to estima te from that some thing a bout a d ebris conten t in the ice. 

BOULTON: I think it is importan t tha t p eople should not go away from this symposium 
throwing their hands in the air abou t our lack of con sensus. Ga rry C larke said tha t ou r ideas 
of the g lacier- bed interface are in a m ess. I think it is rather tha t new work has demonstra ted 
tha t o ur old genera liza tions are either n o longer tena ble, or tha t they a re the wrong ones for 
current problems. W e a re thus a ttempting to evolve n ew genera lizations , and it is merely 
tha t we have not yet agreed what they should be. 

GLEN: I think I am right in saying tha t there are som e glaciers in Anta rctica fl owing into the 
dry va lleys in Victori a L and which are now fl owing in the opposite direc tion from the direc tion 
in which the ice sheet fl owed at an ea rl ie r stage . I f we a re right that a g lacier tends to produce 
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a sole that is nice a nd smooth a nd the bed has some roughness which, because of the shadowing 
function business, the glacier does not see, and if we were to suddenly take that glacier and 
m ake it go the other way, it should have an awful time. I wonder, has anybody looked at 
glaciers which are now local glac iers flowing in the opposite direction from the direction in 
which the ice shee t moulded the landscape to see how they are ge tting on? Do they slide? 
Perhaps of course we are too late and they have already turned the erosion round a nd are 
going the right way again , in which case the ice sheet should have some trouble when it comes 
back! Perhaps they are all cold glaciers and therefore it is irrelevant, but is there anywhere 
in the world where this sort of thing has happened? 

MEIER: I am sure the answer is yes, but! 

HENOCH: There are many examples of areas where ice has, a t different times, flowed in 
diametrically opposed directions . The Columbia Icefield is one of them. The flow of ice from 
the Cordilleran I ce Sheet is known to have crossed the Continenta l Divide. Some of the 
Columbia Icefi eld glaciers must now be flowing in the opposite direction to the flow of the 
Cordilleran Ice Sheet over the area. However, scars indica ting the flow of the Cordilleran 
Ice Sheet are only found high above the valleys near the last glaciation limits. I do not think 
we need envisage the flow of the Cordilleran J ce Shee t up the now-existing valleys . Ice of the 
thickness of this ice sheet could have been stationary in the lower part of its vertical profile 
where the slope of the floor of the valley was opposed to the direction of flow near the upper 
part of the profile . The floors of now-existing outle t glaciers have scars indicating the fl ow of 
ice down the valleys. Any scars indicating flow in the opposite direc tion have been obliterated 
if they were ever present. 

GLEN: Yes, I expect we are too late. 

H ALLET: I just have one further comment on the spectral analysis . We have no trtnade 
serious attempts to cover the whole range of relevant frequencies, and so we have gone down 
to a size range where we think r egelation is important for the velocities that were assumed. 
I might add tha t the kinds of velocities that I have been thinking about are in the order of 
tens of metres per year, and basal shear stresses are assumed to be around one bar. As we go 
through higher stresses certainly regelation does not appear as an important factor. You 
know the process is quite different, and the effective roughness of the bed seems to be very 
different. . 

MEIER: I think perhaps that in the future when our units are renegotiated the unit of pressure 
known as the bar will be defined as the average shear stress at the base of a glacier ! 

CLARKE: One thing that struck me as interesting in the papers by Kamb and others and by 
Benoist was the m easurement of what the exponent of the roughness spectrum was. There 
seems to be quite a la rge variation, certa inly not indicating the kind of isotropic bed or the 
white spectrum that people wish for . ! wonder if there is not some interesting la tent informa
tion there about the history of the ice mass that once covered such terrain. Perhaps one could 
go around measuring roughness spectra on the Canadian shield a nd make interes ting deduc
tions a bout the ice sheet that covered it. 

LLIBOUTRY : I understood both studies lead to the same exponent. 

CLARKE: I thought it varied from a round two up to more than three. 

HALLET: We had three profiles that we did pretty carefully and our average turned out to 
be very similar to that of Benoist; surprisingly similar. We had 2.4 versus 2.36 I believe it 
was. But I has ten to add that in a paper pre-print Drs Melosh and K amb showed that there 
was quite a variation from about two to four , a nd so they are on both sides of Nye's non-
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dimensiona l or white roug hness. This is a tantali zing sor t of result in that if you ge t some 
number that is pretty uniform, rega rdless of bedrock, one would say tha t m aybe some sub
glacia l process or combina ti on of processes g ives you th at kind of morphology, more or less 
rega rd less o f what you s ta rt with. That wou ld be a very int eres ting res ult , but I think that is 
a bit too simple. 

LLlllOUTRY: 1 t was a lways measured in the same range o f wavelengths? 

H ALLET: The waveleng ths tha t I looked a t were a littl e lo nger than those Ben oist looked a t , 
a nd I b eli eve the ones tha t M elosh and K amb studied were from about 5 cm to a cou ple of 
metres . So their sca le is a little coa rser (00 . But they a lways used the same scales and within 
tha t range of sca les they observed that kind of variation from abou t two to about four. 

CLARKE : T ha t is very interes ting. You can probably distinguish between a frozen bed and a 
melting bed. 

RILEY : rf we cou ld just look a t the heights of the roughness ra ther than a sp ec tral ana lysis , 
how close wou ld such he ig hts be to a normal distribution ? 

HALLET : I frankly have not done tha t ; until I saw the paper by Beno is t and Llibout ry I 
never thoug ht of doing th at. 

RILEY: "Vhy I asked is that I a m looking a t very small ro ug hness heights n ow, of the order of a 
mi lli me tre or less, and, looking a t the distributions of roughness on a rock surface afte r a 
rock-to-rock contac t, they a re anything but normal in distribution. 

BUDD: I would like to comment on the question of the average stress a t the base of the glac ier, 
pa rticularly in comparison with the shear stress of one bar. If you have on e bar average, you 
do not need very big bumps to generate shea r stresses well in excess of two bars. Under that 
shear stress , the recrys ta lli zation of the ice ta kes the orders of months to get (0 the stage where 
the tertiary and accelera ting creep can set in. This means tha t we might have to ta ke this into 
account in what controls the flow of the ice because we wo uld have to get the recrystalliza tion 
taking pl ace as the ice moves up and over the bumps. You cannot leave the ice there for a 
very long ti me before that sort of thing sets in . After it does set in , with the passage of the 
glacier it moves to the n ex t spot and it h as go t to be recrystallized again to go on to the nex t 
part. The big bumps are no t enough to stop the ice. 

MEIER: I would like to move on to that class ic enigma of recrystallization . I know the paper 
by Souchez was very stimula ting to me, showing another different m echanism . I believe 
Gordon R obin wanted to make a comment on this. 

R OBIN: I think that the work presented here in several directions has shown quite clearly that 
in temperate ice, pressure-melting starts when you first apply pressure, and the pressure 
de ter~ines temperature as Souchez showed by his chemical studies. With regelation around 
wires, a fin e film of melt water was seen to shoot out ah ead of the wire. You could see the 
melting within the ice mass ahead . That experiment, and Liz Morris's theoretical paper, all 
point to thi s process taking place. \Va ter is produced in the ice . The temperature is d ete r
mined by the pressure fi eld , where the pressure is increasing. Meanwhile, as a further conse
quence, water is being squeezed out. Pe rhaps this idea has not been widely accepted , but the 
other problem of the flow properties of ice in which there is a proportion of free water present, 
needs attention. Some work has been d one in this fi eld in the laborato ry. In addition the 
heat-pump idea sugges ts that after the pressure field is take n off, it will take some time for the 
ice to warm up again, and m y rough calculations for basal glacier ice suggest how long this 
takes . Whether or not this is important perhaps remains to be seen in the light of further 
field observations and the laboratory work, but I think what is perhaps undoubted is that 
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there is a considerable varia tion in the amount of free water in the ice near the glacier bed . 
T his is going to produce an effect on flow equivalent to the roughness variation which we have 
been discussing in regard to ice and rock. So here is anothe r variable which just makes the 
problem more complicated . 

LLIBOUTRY : As an average probably there is no change in the water content (otherwise in 
the ice at the front there would be plenty of liquid wa ter), but at a small scale, there are surely 
big differences. vVe must question also if there are other processes in the creep of ice which 
must be taken into account. First the ice is bubbly a nd this gives a very strong delayed 
elastici ty as observed in the experiment with " Penelope" b y Mr Brepson (I did not have the 
time to explain this the other day) . W e must take into account the delayed elasticity of 
bubbly ice which gives a pressure on the up-stream side of a bump but not on the down
stream side, because the expansion of bubbly ice happens a little after it has separated from 
the bed. A lso transient creep makes the problem very difficult. Either we take a very si mple 
model such as Glen's la w to obtain rough es timates and then the fact that we do not know 
exactly the value of its pa ra m eters is unimportant, or we use the real complete law (which is no 
longer Glen's law) in a numerical computation. 

T. ] . HUGHEs : I would just like to reinforce the comments that Dr Robin and Professor 
Lliboutry made. The only parameters that have been quantitatively incorporated into a flow 
law are the external ones of temperature a nd stress. It was known for years tha t the creep 
properties of ice, from a qualitative point of view, are greatly changed by m a n y factors: the 
density of ice , meaning the bubbliness; the purity of ice, b o th dissolved impurities and sus
pended particulate impurities; the grain size; the grain fa bric ; none of these have been 
quantitatively incorporated into any kind of a flow law even under steady sta te . When you 
throw in the added condition that you have near the glacier bed , transient creep, all we have 
is the work ofDuval. Also, recrystallization relates creep-rate to the crystal fab ric, but exactly 
how is completely unknown . If we are going to move away from the standard Glen-type creep 
flow law that has been applied in sliding theory and get into the new realm that G eoff Boulton 
suggested, where all of the conditions of purity and fabric that Tony Gow talked about with 
possibilities of shear ba nds, there has got to be an awful lot of work done on the creep flow of 
ice. The nature of the Glen body and Glen flow is very re levant, because ice especially near 
the bed is not a Glen body. It cannot possibly be, so to treat it in sliding theory as though it 
were, it is no wonder tha t you get sliding-rates tha t as Dr Hallet mentioned , are orders of 
magnitude lower than the sliding theories predict according to measured roughnesses. The 
flow law is totally unrealistic for the situation at the bed , and that in my opinion is where the 
major thrust of further work should be. Finally, at long last, we should quantitatively 
incorporate all of these internal properties of ice into a flow law. 

MEIER: Perhaps f should ask Dr Glen how his body behaves near an ice/rock interface. 

GLEN: No I think that is not what you want is it? You want somebody else's body! While 
agreeing completely with what Dr Hughes said about the importance of these other para
meters I think one thing we can say is that a lot of them will not help reconcile the discrepancy 
which Dr Hughes has mentioned. Transient creep surely must make the flow faster under the 
application of the stress, not slower. Impurities usually make the flow faster, not slower. 
Fabric usually works in a direction to make the flow faster , not slower, and this will not help 
if the discrepancy is that the predicted flow is slower than comes out from the idealized model. 
This sounds the wrong way round for all these things, which does not encourage me in trying 
to insert some of them in the hope of getting better agreement. But perhaps I have got the 
sign of some of these wrong, I hope so. 
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R OBIN : I would like to point out tha t if the hea t-pump concept was accepted , it is som e thing 
tha t w ill make it slower if you have go t a frozen bed , o r frozen patc h es. 

BUDO: I think J ohn Glen's description was comple te ly back (0 front. To make the m odel 
work we needfaster f1 ow, very much faster in fac t. \Ve h ave a great d ea l of trouble of attaching 
pla tes to ice for shear ex periments in excess of on e bar in which to carry them through to 
terti ary creep. There is no way with a reduced stress on the plates that you can prevent the 
high shear if you have got little bumps or as rough as you make it. You produce stress con
cen tra tion which can m ake the plates shear off, and the only way we have found to m ake 
proper samples that work is to have cyli nders going through yo ur m oving partitions w ith a 
thinner amount of ice in the middle, so tha t your stresses in the d eforming part are far less 
than wh a t you have o n your pla te boundaries . Even then , once yo u go more tha n two bars, 
yo u quickly ge t into te rtiary and accelerating creep. 

GLEN: Can we be clear on this? D o we want faster f1 0w in order to account for the bed 
ro ug hness we find? 

HALLET: \Vhat I observed is this , if you take a look at the conventional theory, and I was 
using Nye's theory, you predict sliding velocities that a re much lowe r tha n what yo u ac tually 
observe. 

GLEN: Oh, tha t is t he right way round for the add itional terms I m entioned to help. 

LLIBOUTRY: Without cavitation? 

GLEN: Oh yes, of course. 

H ALLET: I wou ld like to point out that if you increase d ebris I think that is going to further 
slow it. If you increase solu tes it is going to furt her slow it. So as D r G len suggested , som e of 
these things which yo u can incl ude wou ld simply g ive you add itional discrepancies. 

GLEN : Yes, but some of them work. Transients, I think , work. 

HALLET : That is righ t. 

GLEN : And disso lved impurities do not? 

HALLET : Well solutes, if you incorpo ra te them in the theory, will g ive you even slower 
predicted rates, which a re already too small relative to those observed. 

GLEN: On the creep sid e of it , these things will help. If they slow down regelation and increase 
the creep then this o f course cha nges the critical obstacle size. It could do so quite dra m a ti
cally, could it no t ? 

HALLET : Yes, it ch a n ges, but it does n ot change it very dramatically. 

BOULTON : If you ha ve d eformable sediment benea th a g lacier it would act as if it were resting 
on ball bearings. The reduction of sediment strength due to excess water production could 
act to speed up movement. 

ENGELHARDT : I would remind you of the model of K amb concerning what seems to reduce 
the . sliding velocity considerably or stop it completely, from all our observations on Blue 
Glacier, which go back now for 25 years. On several p a rts of Blue Glacier we see no, or very 
li ttle, sliding and we h ave formed the impression that rock fri ction in this act ive subsole drift 
is the most important part. 

LLIBOUTRY: We must not gene(alize in observations. I would like to bring here ano ther very 
diffe rent observa tion in the case of some big Arctic glaciers like K ongsbreen in V est
Spitsbergen which does not slide most of the year but in summer slides at several hundred 
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metres to one kilometre a year. There is not a change in the basal quantity of drift during 
summer. There is a surge each summer, and in this case it might be explained by some 
subglacial water. It has nothing to do with drift. 

RAYMO NO : \!\Tell maybe this is going to change the direction a little bit, but we seem to be 
reaching the idea that water at the bottom of the glacier has a primary control on sliding. 
I noticed in the very interes ting ta lk that Dr Iken gave yesterday that she suggested that the 
sliding velocity could increase dramatically at the onset of separation, but as cavities developed 
sliding-rate would slow down somewhat. 

A. IKEN: Yes, in the model the sliding velocity does slow down very much when the cavities 
have fully developed . The model does not, however, take into account bed roughness at a 
smaller scale. In reality small-scale roughness elements are present and when cavities have 
developed , contact is lost with some of these o bstacles. Therefore the sliding velocity will 
rema in higher than predicted by the model. The observations at U nteraargletscher do, 
however, suggest that even in the case of a real glacier the sliding velocity is much higher 
during the stage of cavity growth than at the time of maximum cavity volume. 

MEIER : Unfortunately our time is about to run out. I would like to ask if there ·are some 
comments that people would like to make in regard to the paper by Baranowski on drumlin 
formation. 

GLEN: I think the important point about this is the suggestion that the drumlin is basically 
an erosional form , and that it is produced by erosion of the existing sediment. I think this 
is a suggestion which is obviously in an important area where a morphological feature has 
caused a lot of difficulty in explana tion , and I th ink it would be a good thing to h ear whether 
this meets with interest and is something which the glacial geologists think looks as if it is 
likely to be an acceptable idea or not. 

MEIER: I found the abstract very thought provoking. We must bring this meeting to a close. 

GOLDTHWAIT: I have had the dilemma all my life of sometimes being called a glaciologist 
and not quite believing I was, and sometimes being called a glacial geologist, and sure that I 
was brought up that way. I think it would be too bad if this welding of the two aspects of 
glaciers were to be separated. I ask you to end the meeting by thanking at least four groups 
and organizations that have made this welding possible. I will mention first, of course, the 
organizing committee. They did a tremendous job: Bob Rogerson, Vic Prest, Stan Paterson, 
Bill Mathews, Fritz Koerner, Stephen Jones, Peter Johnson. Most especially of course 
Garry Clarke and Simon Ommanney did a marvellous job of planning. The second organi
zation we owe great thanks to is the Royal Society of Canada. Getting the funding is ever 
necessary and has allowed wide attendance from many countries and laboratories . I think 
we did a noble job to haul J ohn Fyles, spokesman for the Royal Society, down off the pipeline. 
Third , and most critical to our comfort is Carleton University . In spite of summer heat the 
meetings are comfortable, facilities for rest are excellent, and the meals close at hand were 
first class. Finally the International Glaciological Society in the persons of Madam Glaciology, 
Hilda Richardson, and our hard-working editor John Glen are to be congratulated for accept
ing this meeting back-to-back with its symposium and undertaking the huge job of editing 
and publication. 
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