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The distriiutiotl and ddmk patlum of c*m in ~ a b r a d o r , k  weh as 1*r morphology, 

stratigraphy and lifhologi4 oo~position of 6ve systems located in central (&ab&ro~ and 
I' 

1 .  a O s s o m -  am), western ( & h a b o ~ o ~  a6d irAshuanipt, eskek) and northern Iabrador 

r '. . (*Lac Brissow sku) wcm hvestieted to propose a model .of &ke~b~rmation and debris 
P 

L entrainment. Eskers are not &rmfy distributed, and are more abundant on pla!earl areas while 

= , they are savce to absent in mountainous terrain, near all ooas%, ani  in a regioa entred over the 
I 
i I 

presumed ice divide of the Labradorean sector of the Lamutide Ice Sheetr Zskers show a Horton 

drainage organization with up to third,order segments (7 of 25 systems haw 3" order segments). 

Organized esker systems are up to 400 km long, and servioe a subglacial drainage basin of up to 

1 I 17,000 km2 . Eskers are coarse-grained . tunneideposits, steep-sided, sharp-crested, straight (SI - 1.07) 

single ridges, which pass into less than 5 km long double or multiple segments. m t e d  with esker 

ridges are finer-grained progladal and supraglacial flwiogladal deposits such as aprons lapping on 

to the ridge; flat pads, sepkted from the ridge by a shallow ditch; splays, highly kettled deposits 

I ' I . otherwise resembling pa& and blankets of gravel which may or not mask older deposits. Adjacent 

I I associated deposits were formed after the sedimentation of the ridge. Lithologies fouad in an esker 
i l 

rid&. are d&ved imm upeker till (in a corridor up to 3S-Qh on either side &f the ridge) which b 
\ 

itsehIrderived from bed& Lker are deposited by the laying bf shingle-like tabular sedimentation 
8 %  

' units in a subglacial t u ~ e l  (25-30 km long) near the margins of the ice sheet. 



La htr i iut ion et Jes pawns &, drainage des eskers au Labrador, de merue gue la 

morphologie, stratigra@ie et cbmposition Uthologique & bnq sys- d'eskers ao Labmdbr &nual 

(les eskers & b b m  et *Ossokmanuan~) wxidental @es esken ahabogamo* et dshuanipis) et 
. - 

nordique (l'esLer acLac,Bris~on*) ont bid 6tudieS afb  d961aborer un m a l e  de fonytion .des eskers. . 
. & 

On retrowe un plk grand mmbte d'eskers iur  la plateaux qukn r@ns kntagne-, en ,bordure 

ds eOm et dam la rdgion de partage glaciaire du s e c p r d u  Labrador de lSInland$is Lsmentidiea. 

Les eskers montrent un systemeld'organisatiou de- type Honon dong c e W  segments sont du 

troisi&me ordre Odes  25 syst&~~o ont d a  kgments de 3' ordre). La rylt&mes d'esker qui montrent '. 

cet organisation, a n t  jusqu'a 400 km de long, et deservent uhbassin de d'minage sous-gla& allant 

jusqu'P 17,000 kmz . La eskers sont des UpOU grossie.~ sediment& dans des tunnels sous-glaciaires, 

sow forme d'une crtte saillante'f flancs abrupts, ~u sinueuse (IS - 1.07). Des segments (< 5 km 
- 

long) B .cr&te double ou multiple.sont egalement presents, Des d6@u flwio-glaciaires proglaciaires 

et supraglaciaires i grains tins k n t  sediment& pterieurement P la sedimentation de la Crete e; se 

retrouvent sow forme de tabliers qui remwrent paniellement la crete, de bourrelets plats &par& 

de la cr&te par un fos* peu profond, d'hsements P kettles, et dicowenures qui pewent ne pas 

masijuer les.depbts antecedents. Les lichologies reprhntees dam la crete sbnt fonction du till en 

amont et dans un comdor de 3.5 km de chaque &te de la Crete, qui, eux, dependent de la roche en 

c Les unit& de Jedimentation tabu'aires sont dispo~des comme la pose de barddux dans un 

tunnel sous-&laciaire de 25-30 hn dc long, P panir de la marge glaciaire. 



. 
Esker~ have long been recognized q a 'nwi&ghhl  landform characteristic of l'crntinentally 

J glaciated tenain (Hint, )943; Charlesworth, 1957; Price, 19n). 'llaey represent one of the most 

r 

* 
important deglacial of the Qurentide and Fennoscandian ice skeets (Sugden apd.Johu, 

i 1976, pp. 264270). of edters is the'subject of ongoigg debate (Price, 1973; Stoelting, 1978; 

E 19SI: ~ ~ h a o r t J ~  a n & ~ h i l ~ ,  lm, Hebriuid and Amark, 1989). Despite their 

i / . 
/ - and economic importance, fundamental questions on flow of meltwater, 

P 1 of glacial debris, acd flwioglacial environments ,of depbsition, all of which 
t 

bear direct$ on the- formatioi of eskers, have not been answered. Modem eskers are o ~ i o n a l l ~ ~  
I ' - r  

a~sociatdwith alpine glaciers and small ice caps, bht they do not appear to be good analogues of - .  the 

Pteist&ne eskers, which formed in association with ice sheets of vastly greater areal extent. Modern 
1 - 
1 eskerspo not appear to be abundant, yet ancient ones are ubiquitous in glaciated areas. Some of the ' 

I 

I modem eskers appear to be supraglacial, yet most evidence bearing on the origin of ancient eskers 

. I  point to a subglacial origin. The present, however, is the key to the past, and what tittle inference 
*' 

' 1  that can be made from modern to fossil qkers is to be viewed as a piece of the solution. . . 
This research is an investigation of the origin of esker systems in Labrador, focusing on their 

I E 
distribution in the context of bedrock topography and ice sheet morphology, and their morphology, 

I 

I i ' .  
intern1 stratigraphy, and lithologic composition with respect to till and bedrock. The observations 

and analysis provide the tiasis for a model of esker formation. The questions addressed relate to-th'e - . # 

location of formation of eskers'within tbe ice (supraglacially, englacially or subglaclally), the 

1. depsitional environments (open channel versus tunnel deposition), the length of tunnel in which 

I ' 
eskers are forming, the conditions of the ice sheef during the formation of the eskers, and where and 

1 A .how debris is incorporated, transponed, and deposited in the system. To know how eskers are formed 

i ' _ -  
is @tical to aur understanding of late glacial dynamics and ice sheet decay, and will contribute.to the 

I. 
knowledge on ice she& in general, and the Laurentide Ice Sheet in particular. Understanding how 



;. . . . . 'I- .- r 
, - 

e , 

debris is incorporated into esker systems may also be used, for exampie, b3c the mineral. eaplomon 

industry to trace mineraliaed debris from its location in an esker system back to its origin in bedrock. 

Eokers.bave almost always been defined by varied criteria, and are mi as long, narrow, 

sinwGridges (landform) of flAoglacial (origin) sand and gravel (material) (eg.: am+ 1866; Qosby, 

1902; Flint, lm, 1971, p. 214; Hamon, 1944 Banerjee and McDonald, 1975; Embleion and Kin$ 

1975, p. 467; Ritter, 1978, p. 410, Drewry, 1986, p. 152; Henderson, 1W Ashley et al, 1991). Their 

can be confusion as to what constitutes an esker due to the variety of morphologiks and 

sediintdogical characteristics within and between esker ridges and other types of flwioglacial 

deposits (Stoelting, 1978). Cbarleswortb (1957, p, 416) suggested use of the term reskerw for all 

accumulations of fluvio&chl sand and gravel and the use of the term mw, plural ccosmw, for the 

ridge itself.. Although those terms have used in the Scandinavian literature, I&S~ North-Americans 

Use the term aesken, for linear accumulations of flwioglacial sand and gravel. Eskers are defined 
P 

11ere as namk (with respect to the length,of the feature) ridges, primarily composed of coarse sand 

and gravel (Appendix I). The most common characteristics of e s b  are their linear form, steep 

flanks, sharp crests, abundance of coarse debris (pebbles and larger), and orientation sub-parallel to 

lati ice flow direction. Genetically, eskers are subaacial meltwater stream deposits atld may be 

associated with othet Orpes of flwioglacial sediment and landforms that, in combination, form an 

esker complex. 

Numerous esker @terns are found in Labrador, especially in the interior, relatively flat, lake . 
plateau physiographic region. There are a few settlements in Labrador, and most of them are located 

along the Llbrador &st, so that most of the interior land has not been substantially modified by 

human activities. Air photo -coverage (1949-1979) exists for the area, and there are indicator 

lithologies, located close to esker systems, that can be used for compositional and entrainment studies. 

AU eskers located in Labrador were used in the overall study of e ~ k e ~  patterns, while seven esker 

systems  gabbr brow and ~Ossohaanuanw eskers, in central Labrarior, ~Shabogamo~, dtDe Mille~, 
C 



'*Moose He* and aAshuanipb eskers, in western. Labrador, and eLac Brissollw esker, in nonhem 
* ,  

Labrador, Fig. 1) were the focus of more detailed work. These seven esker systems were chosen 

i t  because of their accessibility, and wderlyiag varied bedrock geology. , 

The physiography of Labrador has been desched by Douglas and Drummond (1955) and 

1 r - ' Hare (1955; 1959), and s u m  by Bostock (I%> 1x9)  and Greene (1974). The Lahrador 

Peninsula is located on the Canadian Shield, which is characterhd by an even, mon~tonous skyline 

, broken by a few monadnocks and rangesof hills (Bostock, 1%9). It bas been subdivided in a number 

\ of physiographic ateas, amongst which the George, Kaniapiskau and Lake plateaus ate reievant to this 

study (Fig. 1). 

Cenval and westem Labrador are located on Lake Plateau (Bostock; 1969). whicn is a slightly 

, subdued, driftcovered part of the main Labrador peneplain (Hare, 1959). The northwestern-most ' 

pan of w t e m  Labrador is located on Kaniapbkau Plateau (Bostock, 1%9) or Upland (massif-type 

upland of Greene, 1974), which is composed of rugged hills with a? etched fracrure -tern. A steep 

escarpment marks the boundary between the Kaniapiskau Plateau, which has an average elevation of 

750 m asl, and Lake Plateau, which has an average elevation of 500 m asl. In both areas. average local 

relief is 150 a Across central Labrador, average elevations decrease eastward, from 500 m as1 to 
cPj 

approximately 350 m asL Near Churchill Falls, the deeply entrenched (360 m) Bowdoin Canyon, head 

.of the Churchill River, and a few unnamed canyons of comparable depth, are located near the 

terminus of Gabbro esker system. Bowdoin canyon and others are controlled by bedrock structures 

and trend roughly east-west. The Lake Plateau has numerous lakes and rivers, as well as abundant 

f string bogs and swamps. Central and western Labrador are located below tree h i e  (Fig. 24, but the 
1 .  

highest hills are colonized by tundra vegetation. Low areas have an abundance of black spruce, 

caribou moss, and alders, which are. preferentially located on wet grounds. Both regions are at the 

southe'rn fringe of the zone of discontinuous permafrost. 



Fi- 1. - Physiography of Iabrador and Nouvcau Q- (from Bostock, 1%7). Study areas 
(cenaal (1). western (2) and northern (3) hbrador) are dashed in. 
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Figure 2. Terrzin of the study areas. A) Central and western Labrador on the Lake Platcau 
(NML A12221-170; Gabbro esker). B) Northcrn Labrador o n  the George Plateau (NAPL A18290- 
60; Lac Brisson esker). Thc arrow points lo ihe esker ridgc on each photo. Also note the ribbed 
moraines (A) and fluted landforms (B). -. , 



Nmhem L a b d r  is'located on a bedrock controlled plateau tilted up towards @e east, the 

Nain-George pIateauAbf G-e (1974) or George Plateau of Bostock (1%9). The region has an 

average elevation of H)O m ad, with local relief of up to 330 in near Lac Brisson (George River 

valley), and 500 m to the east. It is cut by deeply entrenched U-shaped valleys that trend east-west 

(Fraser River). Lac Brisson area straddles the regional watershed separating Ungava Bay and 

Labrador Se+ Lac Brisson 'area is above tree line and is underlain by discontinuous permafrost. The 

vegetation is composed of mosses and lichens, with a few dwarf trees located on protected, south 

facing slopes. Lakes and rivers are abundant in the area, and a few bog; are also present (Fig 2B). 

-@=? 
The.bedrock b Labrador is composed of high grade metamorphic rocks and intrusive rocks. 

as well as of a cover of younger, less metamorphosed sedimentary and volcanic rocks of Precambrian 
- .  

age (Greene, 1970,1974). There are also a few, small, isolated Cambrian and Triassic units. Labrador 
'# 

includes four Structural ~mvinces:'the Grenville, Super@, Churchill and Nain provinces (Fig. 3) 

defined by structural trends, radiometric ageS of metamorphic events, and degree of metamorphism. 

~edrack'of the Superior Province underlies the northwestern comer of western Labrador, 

folming the Kaniapiskau Plateay and is comp'oaed of granulite gneisses of the Ashuanipi &@ex 

and acidic intrusive rock (Fig. 4A). The gneiss is well banded and pyroxene-+ring, intruded by - .  
p)bxene-bearing granodiorite and syenodiorite, as well as massive and quartz monzonite 

(Perdval, 1987). 

The southern region of western and central Labrador lies within the Grenville Province, 

including high grade metamorphic rocks of Neohelikian age subjected to deformation during the 

Grenvillian orogeny, and acidic, anorthosite and adamellite plutons. The southern metamorphosed 

part of the Labrador Trough, (i.e. the southem extension of the Kaniapiskau Supergroup, which 

includes all rocks of the Labrador Trough in the Cburchill Province) includes schists, metadolomites, 

quartzites and iron formations'of Aphebian age, and are intruded by Shabogamo Gabbro as well as 

granites and pegmatites. 



Figure 3. Suucnuaj prwinces of Labradot and Noumu Qutbec (from Gretne, 1974). Study 
arcas (central (I), ,&tern (2) and northem (3) Labrador) are dashed ia 

9 





In the nonhero part of western and central Labrador, bedrock of the ChurcbilI Province is 

less metamorphosed than south of the GrenviIle Front The bedrock include; ~ ~ h e b i a n  sedimentary 

and volcanic sequences of tke Kauiapishu Supergroup comprising the Labrador Trough, and high 

gmde memorpbk  rocks and unmetamorphosed anorthwitic and acidic plutons to the east of the - 
Labrador ~ r b u ~ h  amprising the Eastern Basement Metamorphic Complex (Wardle, 1981). Some 

of the rocks of the Churchill Province are of Helikian age, such as the supracrustal Sims Formation, 

which comprises a pink quartzite and a red arkose, located at the eastern edge of the Labrador 

Trough. Shabogamo Gabbro and various acidic inuusives, also of Helikian age, are found in the 

Trough and east of it. 

In northern Labrador, bzdrock of the Churchill Province is composed mainly of high grade 

quahfeldspathic gneisfes intruded by various late plutons of quartz-monzonite composition, as well 

as by a highly differentiated granite, the Strange Lake peraikaline granite (Fig. 4B). A unit of 

quartzite is located west of Lac Brisson. The quartzite and the gneisses are of Archean to h v e r  

Proterozoic age, while the intrusive rocks are of Middle Proterozoic age. 

Indicator lithologies, easily identified and traced in glacial add fluvioglacial sediments to their 

limited and well defined outcrop area, are wed to evaluate both distance arid direction of transport. 

Wherean indicator lithology crbps out wer a large area, tracing of debris outside of the outcrop area 

provides a basis for estimating minimum distance of transport. Indicator rocb used in this study are, 

in central and western Labrador, quartzites and arkoses of the Sims Formation, volcanic rocks of the 

Blueberry Lake Group, slates of the Knob Lake Group, and iron formation of the Ruth, Sokoman 
? 

and Wabush Formations (respectively units 7,'-6.5 & 4, and 5a k 4a, on Fig. 4A), and in northern 

Labrador, thestrange Lake peralkaline granite, a hornblende quartz-monzonite, and a quartzite, both 
J" 

unnamed (respectively units 4.3, and 2, on Fig. 4B) (Appendix 11). 

Suriicial deposits exist over virtually all of the Labrador Peninsula, although some areas only 

have a partial cover. Most glacial landforms and deposits are believed to have been developed during 



the Inst, or Classical Wiscousinan glaciation. Only upon studying small scale erosion features and 

glad  dispersal pattern (Klilssen and Bolduc, 1W, 1986; BoMuc, 1W, Thompson and KIassen, 

lwraf KIassen and Thompson, lW, 1988) does it e r n e  ibat the geological record of glacial 

history in Labrador relates in part to prelate Winsinan events. 

The fitst mention of glacial geology on the peninsula can be found in Low's (18%) extensive 

rep& of expeditions d m  the main rivers of Labrador during the summers of 1893,1894 and 1895. 

He recognized a major centre of ice'aqmulation in Labrador and central Qdbec by striae 
. u  

measurements. Since then, work based on tift of proglacial lake shores provided evidence for a 

residual ice centre located in the area of the Labrador Trough, near Sg9 e$lle (Bamett and g - 

Peterson, 1%6) (Fig. 5). Work done in the periphery of the ice sheet however, may not be valid to 

reconstruct the location oian ice accumulation centre (Henderson, 1959). 

M e t  of the work undertaken after Low on the Labrador glaciations was restricted to the 

~ o m 6 t  Mountains, until some of the interior became more accessible with the building of the 

Q~lt%ec North Shore and Labrador Railway in the mid l%O's. Work in the Torngat Mountains 

yielded the recognition of three major glacial events, based on weathering differences among 

-topographic zones separated by lateral moraines (Ives, 1%7), named x b m a k t o ~ k u ,  ~KDroksoakv 

and aSagleb, and interpreted as Early to Middle Pleistocene (aKomalrtolvib and aKoroksoakw 

glaciations) and Classical Wisconsinan (~Sagleb) (Vincent, 1989). The earliest, and most extensive 

gladation was the Komaktorvik Glaciation, which completely covered the Torngat Mountains, m p t  

for the highest suqmiu The second glaciation, the Koroksoak Glaciation, was less extensive than 

the KbmaktorviL Glaciation, as the Torngat Mountains were nunataks, while the soutqern hiUs were 

C completely covered. Finally, the third or Saglek Glaciation, corresponds to what has been defined as 

the upper limit of the Labradorean Sector of the Laurentide Ice Sheet in the Torngat Mountains 

i (Prest, 1984). During the SaglekGlaciation, the T o v t ,  Kaumajet, Kiglapait and Mealy mountains 

were all nunatalrs. The centre of radial outflow and of mimimum ice thickness at this time was located 



Fylrc 5 ,  Surfidal geology of J ~ b n d a  and part of Norva .  Quebec (fmm Gfeene. 1914 

Lobrador) are dasbed ia 



1 . - 0. the Kaniapiskau plateau (Fig. 5). + .  

The Torngat M o w t a i ~ ~  ,k been idenwed as the location of initial build-up . , of snow and . 

ice at  the beginnini of the ghcM epodu (FJint, 1943). Thi lowering of the sn& line howev~r; as * 
. - . .  

1 .  mmt happew .I the m t e  demio&ted, wodd allow snow and ice to accumulate in, the 
' 

f - interior plateau and spread radially from it (Henderson, 1.959; Dyke a ol; 1W).  No arguments were 

1. made for or against a migration of the ice centre towards Hu-n Bay, where it was believed that the 
4' 

maximum thickness of ice was located during ihe Wlsconsinan n k h u m  (Hendemn, 1959). The <- 

ii evidence that Henderson (1959) found all pointed to the presence of an ice dispersal centre in 

bbrador-~oweau Quebec 

On the basis of glacial striae and dispersal of distinctive erratic& both Henderson (1959) and 

1 Hughes (1964) argued for more than one ice flow direction in central-eastern Quebec Areas north 

of Schefferville however, appear to have only recorded the latest ice flow, to the northeast. In central 

Labrador, based on the truncated radial pattern of drumlins, two sets of striae, and trans* of 

Labrador Trough rocks 105 km west of the Trough, two flow events, the [irst one to the WSW and 
.? 

the later one to the NNW, were reported (Hughes, 1964). Most of the landforms are not 

topographically conuolied, indicating that the movement occurred when the ice was thick enough that 

it was not affected by the hills and valleys in the area 

i Henderson (1959). who worked along the Q u e j  North Shore and Labrador Railway 

comdor, also documented two ice flow directions. The oldest was to the south-east and south, and ' 

CI tbe second one was to the northeast. T W  last one, however, was not found in the centre of his area , 
1 

Henderson's map (1959) indicated both an oMer and a youngest northeast flow in the Scheffe~lle -T 

C (" 2.- . - .are&. Recent studies of striae doaunent ice flow events of distinct trends and ages in central (Klassen 
. -. 

and Bolduc, lW, Thompdon and Klassen, 1986) and -tern Labrador (Klassen and Thompson, 

1987). M ages of norrheast flow have been identified, although the second of the last is not 

prominently inscribed on bedrock. A regional flow to the northeast appears to have occurred prior 

to the final south+& flow that moulded most of central Labrador. The southeast flow appears to 



i 

6m besn a late, .(+ ice stream Elowing from the-central Labrador Trough u; the south-east. 

i a  
most likely d m h h g  the ice sheet through Lake M W e  and to the Labrador Coast (Klassen and 

Thompson, 1!387). 
I '  

I "  - An ice divide has been tecoguized in central Labrador-Ungava, largely on the basis of 

f '  - landforms, and has been desai'bed as U-shaped. The dynamic history of the ice divide has been 
t 
1 . proposed (Dyke and Prest, 1987), but the geologic basis for ice sheet modelling, however, remains . . 
C I. sketchy. In the context of this dipenation, the general positibn of the centre during the last pan of 
1 !  

the @adation,- to the formation of cake* was over Nouveau Qu% likely northwest of . 

Schefferville, as eskkrs radiate away from that area The position of Lac Brisson esker and others in 

northern tabtador indicate that the ice divide was'located west of George River, at least during their 

: I ' formation, which is where the 10 Ira paleogeographic reconstructions of Dyke and Prest (1987) places 

it. The 10 ka position of the ice margin in Labrador (Dyke and Prest, 1987), (75-7.7 ka (Clark 8c 

Fitzhugh, 1990)) roughly corresponds to the limit between the zones where few eskers are located, 

and where esker systems dhich form an elongate demdritic drainage pattern are found (Elg. 6). 
b 

G W  suatipaphy 

Stratigraphy, or the lack thereof, has always been a problemtin this sector of the Laurencide 

. Ice Sheet. It is believed that surficial sediments in Labrador have been - deposited during the last 

I :  glacial eveno, and organic material should be about 8,000 yrs BP or younger. u01ds wood ('t date 

of 24,250 600 yrs BP) had been reported near Schefferville (Granberg and Krishnan, 1984). as well 
L 

as anomah$y old "C dates (ranging from 9,980 2 40 yrs BP to 16,975 1,040 p BP, (Suavers, 

1980) a time during which the area should have been under a thick cover of ice), but most of the 
I '  

1. dates have been questioned because of suspected contamination. Klassen and Thompson (1987, l m )  

I 
repon a stratigraphic sequence from Wabush which includes at least two tills of differing character, 

as well as intertill fluvioglacial and iake sediments, all of which are of Pleistocene age. Wood 

! collected from the labsediments gave a ~50,000 yrs BP "C date, and seem to indicate a climate 

much warmer than today's. Seeds of a preSangamonian species, Aracites (Aracispennum) which 





J 

occurs within Late Tertiary deposits in Arctic Canada and Lower.Pleistocene deposits in Scandinavia 

have also been 

stratigraphy of 

identitled (KhsseP and Thompson, I=). More work is 

Labrador is umve11ed 

Evidence for ice mcwements and &glacial landfonas mostly relate to the Late Wisconsinan 

events. 'hm reconstruction of the Laurentide Ice Sheet during Late Wisco11~.in place the ice sheet 

margin either in the Labrador Sea (maximum) or inland of the Labrador coast (minimum (Prest, 

1984). By 12 ka, the margin of Lawentide Ice Sheet had reached the coasts (Dyke and PresL1987. 

Vincent, 1989). where it may have stayed for a long time, as Clark and Fitzhugh (1990) place the 7.5- 

7.7 ka ice margin just inland from the coast Deglaciation proceeded through three stages (Greene, 

1974; King, 1985). First, the retreat of the outlet glaciers in the Torngat ~ounta ins  occurred. This 

was followed by a proglacial lake stage, where lakes were dammed up against the regional watershed 

as the glaciers retreated to the north, blocking drainage through Ungava Bay. Glacial Lakes Naskaupi 

I and I1 and McLean I and I1 (Ives, 1960), located along George River and Whale River, were 

amongst the largest proglacial lakes, and left the most prominent shore lines. Other lakes were 

located in the Torngat Mountains (Ives, 1957). and in the area of Wabush-Labrador City (Harrison, 

1963). The close association between eskers and drumlins (Vincent. 1989), and the patterns of striae 

and dispersal of erratic5 (Klassen and Thompson, 1989). indicate that the ice shq t  was active during 

most of the deglaciation. Based on tile pattern of flwioglacial deposits and meltwater channels, it 

has been proposed that final deghciation of residual ice masses occurred in the Schefferville area 

through general stagnation of a residual ice mass in a warming climate (Derhyshire, 1962). 

In the George River area, eslrers originate west of the George River valley, in the area of the 

presumed ice divide, and trend eastward, directly across George River valley and the regional 

watershed, a. climb up the valley side of about 150 m, and extend aaoss the eastern plateau, 
0 

demonstrating meltwater drainage to the Labrador Sea. The emplacement of the eskew, some of 

which are over 125 km long, had to occur prior to development,of major glacial lakes within that 



valley. Recent work by Klassen and 'I'hornpn (1988; IUassen, pers. comm., 1989) indicates that the 

doavtrc around a pinniqj pfnt at the n o a m  tip of Lab& @yke and Ro1,lW). If the re- 

evaluation of Clark & Fitzbugh (1990) fos the liming of glachl lake Na5kaupi is correct, then there 

was about 500 years for ice reuiat to occur between the Labrador Coast and the pyition of the ice 

margin4during the g k b l  lakes event. During the formatbn of the esLer segments crossing the 

George River valley, the ice sheet had to be >1MO m thick and the ice margin >I00 km away (see 

p. 75 for calculations) @r the ice surface gradient to control the direction of flow of basal meltwaters - 

and sediments across the valley rather then ponding the water in a subglacial cavity over the valley. 

Glacial deposits in Labrador have been mapped on a reconnaissance basis using air photos 

with limited gbund checks over the whole peninstla (Douglas and Drummond, 1955; Vanderveer, 

1973; Fulton, Hodgson and Mining, 1978, 1979a to f; Fulton and Hodgson, 1979; Fulton, Hodgson, 
v 

Mining and Thomas, 1979a, 1Y19b; Fulton, Hodgson, Thomas a d  Mining, 1979; Fulton and Mining, 

1979; Fulton, 1986a. 1m Bolduc, 1W, Klassen et 4 in prep.). A few small areas, usually the 

target of detailed mineral exploration programs, have been mapped in detail (eg. Morrison, I%6, in 

the Churchill Falls area; Batterson, 1989, for the Strange Lake area). The main glacial features of 

tbe Labrador Peninsula are the abundant dNmlin fields. areas of ribbed moraine, and large esker 

systems over the whole area, except in the interior, where an area of relatively few landforms and thin 

drift appears to outline an aal-shaped rice divide*. The paucity of end moraines, especially in the 

interior, is an outstanding characteristic of the Pe$nsuia. Tbe close association between eskers and 

dNUIlin~, as well as the lack of widespread hummocky moraine in the area lends support to a wet 

based retreating ice sheet experiencing basal flow m e  and Prest, 1987). 

Glacial deposits .in the three study areas F1g. 7) are attributed to the action of the late- 

W i n s i n  glaciers. Most of the area is oovered by till, wbicl! is drumlinized and has extensive areas 

of ribbed moraine. 'Ike orientation of the drumlins and of the ribbed moraine trains indicates ice 
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Beaches - Eskero 
Ofin Hummocky till + Ribbed till 

Streamlined landforms 

Figure 7. Generalized surkial gcolog iron1 ;air pholo iacrprctaliun br i h f  lhrcc study areas. A) Cenml and western Labrador 8) 
Northern Labrador Eskers under study arc I )  Cabhro cskcr 2) Ossokrnanuan cskcr 3) Shabogamo esker 4) De Mille aker 5) Moose H a d  
cskcr 6) Ashuanipi cskcr 7) Lac Brisson cskcr 

h From Klassen et 01, in prep. 



fkm towards the south-southeast, in central and western Labrador, and towards che northeast in 

northem LabIador. 

PREVIOUS LITERATURE 

The distnition of eskers in Canada is restricted to south of the 72' latitude, suggesting tbe 

need for a temperate (wann based) glacier and rapid ablation for the formation of eskers (Bane j e e  

and McDonald, 1975). Ianger, integrated esker systems seem related to temperate glaciers, whereas 

shon and scarce e s k e ~  have been attributed to polar conditions (Ringrose, 1982). Esker 

characteristics, distribution, morphology, stratigraphy, and lithologic composition, as well as esker - 

origin, supraglacial or subglacial, have been discussed in many papers, and will be presented in this 

section. A brief review of meltwater production and debris availability, however, needs to  be 

presented first, for both are needed to construct eskers. 

. Mcdswater- 

Meltwater can be produced at the glacier surface by solar heat and thermal convection of air 

across the surface, within the glacier by heat generated by ice flow, and at the glacier base by 

geothermal heat, ice flow and pressure melting. Over polar ice sheets, surface melting, surface runoff 

and rain are only minor contdbutors of meltwater. while in a temperate glacier, surface meltwater can 

be at least one order of magnitude more imporfant than basal meltwater (Shreve, 1972). 

The production of meltwater at the surface of the glacier is controlled by annual and diurnal 

Cycles, and occurs mainly during summer. Precipitation as rain is imporlant in the total amount of 

. surface water discharged by a gIacier (Haakensen and Wold, 1981). Surface meltwater, however, is 

important in the formation* eskers an$ if it reaches the subglacial drainage system. Surface 

the snow and firn aklng grain boundaries aild by way of a network 

depth to form a venical drainage network (Shreve, 1972). 

impermeability of the ice, acts as a bamer to funher . 
\ 

venical flaw @rewry, 1986; p. 22-23). The surface meltwater that percolates to the lim/ice boundary 

is discharged through high-level englacial tunnels until, near the terminusof the glacier, the high-level 



englacial conduits may c o m  with tbc sqbglacial system via moulins (Fig. 8; CoIlins, 1977 in Drewry, 

1% p. 23). - 
Englacial meltwarn is found iy lou concentratiop &ugh?at chi glacier, and tends tod 

increase near the base of the glacier (Sugden and John, 19% pp. 19-23 281). It contributes 

approximately 0.01 to 0.02 m/urhnit area of water in mast glaciers, but &ld be up to 0:4 m@Eunit 

area if the slidkb velocity of the glacier b up to 2 km/yr (Dmvry, & p. 21). .figlacial meltwa'ter 
2. 

percolates daamward through either interganular veins and c a p b e s ,  or in cracks, fissures and 
> 

moulins (Nye and Frank, 1973, Drewry, 1986; p. 23j, the last three being more efficient in carrying 

englacial meltwater downward to the basal system (Fig. 8). The number of conduits deaeases . 
downward, but t k u  size increases @rewry, 1986; p. 23). The larger passages tend to get bigger, 
I 

, while the smaller ones are abandoned (Shreve, 1972). From radar and dye work, as well as from 

theoretical considerations, there are few extensee subhorizontal networks of englacial channels 

(Drew, 1% p. 23). Due to the size of the Laurentide Ice Sheet, even though englacial meltwater 

. was likely present at low concenLItration, it probably contributed a large amount of water to the system, 

and presumably to subglacial meltwater discharge. 

Basal meltwater production is estimated to -about 10 mm/yr/unit area (Shreve, 19'72). to 30 

mmfyrhnit area @rewry, 1986; p. 21) and up to 60 mmfyrlunit area (Sugden ahd John, 1976; p. 281). 

At the base of the glacier, water is present as a sheet of various thickness (a few mm, Weenman, 

1% lm Walder, to several tens of meters, Shaw and Kvill, 1984; S ~ W ,  1%; 1989), or in 
- .  

canduio of various.shapes and s- Water may also be ponded beneath the ice sheet in lakes varying 

from a few square kilometres to up to 8,000 km2 @rewry, 1986; p. 29). 
,- ... 

.. . . The b d .  mehvator system 
i* 

Water at the base of a glacier flows in the direction of surface slope of the glacier if the bed 

is level (~hreve, 1972). Over an uneven bed, if the subglacial topography is &mpletely buried by ice, 

water also flows in the overall direction of Surface slope of the ' w e r ,  but f o l l ~ ~  valley floors and 



it. 

Figure 8. Meltwater passages in a hypothetical ice sheet. Away from the ice margin, the lower limit of  the supraglacial meltwater system is 
the firnlia boundary, which is somewhat impermeable. Close to the ice margin, rnoulins may mnnect 4 with the subglacial drainage system. 

i 



meltwater descending to the base, as weli as to passage constrictions (Price, 1973, p. 141), can drive 

i lhe &ter up-hiIl (Carey and Ahmad, 1961; Shreve, 1972). The steeper the ice surface, the less 

topography influences the esker path (Shreve, 1972). 

In a subglacial system, the size of a tunnel may change due to a difference in the time 

c * response of frictional melting of the tunnel uiggered by an inaease in meltwater drainage (on the 

D - order of hours to days), and ice aeep, which tends to close the tunnel in response to low pressures 

Y . resulting from a lower discbarge event (on the order of weeks) (Shreve, 19n; Dmq, 1986; p. 20). 

Tunnel size is not siguilicantly affected by short-term fluctuations (diurnal cycle), but adjusts to longer 

ii rerm cycles (seasonal cycles), with a response time of weeks (Shreve, 1972). Therefore, as has been 6 

documented in modern glaciers (Amborg, 1955), the.tunnels enlarge rapidly in response to a high 

1 discharge event (Matthews, 19n)  such as spring thaw, but may not close entirely during the next fall 

and winter, especially if there is residual flow. A tunnel may thus be reutilized the following year. 
I 

I 

Dry tunnels can remain intact for periods longer than a year especially if the rate of movement of the 

ice sheet is slow (Mannerfelt, 1981). Tunnel closing rates also depend on the difference between 

overburden and water pressures (Rothlisberger, 1972) such that higher tunnels, or tunnels under a 

thin ice sheet take longer to close. 

The most favourable conditions.fbr the formation of large, but not necessarily long, eskers 

is a large subglacial meltwater discharge and a low ice surbce gradient (Shreve, 1972) coupled with 

a large debris source, such as would be found at the base of a stagnating, or nearly stagnating i& 

C 1 :  sheet. Long eskers appear to be theiesult of the upice migration of the stagnant marginal zone and 

its associated tunnel systetn (Price; 1973, p. 141), so long as the formation of the tunnels is restlicted 
I 

to that stagnant zone. 

C 
aebryprodvelion 

Without debtis, meltwater cannot build eskers or other flwioglacial landforms. In modern 

glaciers, other than mountain glaciers, the basal 10.20 m of the ice appear to be the only pan carrying 

, a significant amount of debris (Shiltc, 1984). Studies of the Matanuska glacier in Alaska also indicate 

:. 
'I- 



that the most debris-rich part of the glacier is the stratifie4 facie of the basal zone, which is up to 

749gddebris by volume (Lawson, 1979). A litetature-based study of the amount of debris in a 

temperate $ader by P a l  and Frederick (1981) estimates debris-rich ice to be only *55% debris by 

I .  volume. 

An i& sheet 1500-UWW) m thick, such as t$e one that covered Labrador {CLJMAP, 1')76), over 

an area with maximum local relief of approximately 500 m, would not be expeued to have any . 

significant amouk of supraglacial debris. Englacial debris bands (medial moraines) corresponding 

to higher topography can be erpeaed. but - could only be tap~ed as a source ofbebris fey the - 

esker systems if they Were. intemxted by a matwater conduit. 

&ker debris must therefore be primarily of subglacial origin, derived from either debris-rich 

basal ice or glacial sediments, or both, implying that the esker-forming stream was :ocated at, or 

regularly intersected, the base of the ice sheet. A secondary source of debris entrained hy subglacial 

meltwaters is debris derived directly from bedrock by subglacial mechanical erosion (crushing and 

abrasion), as well as, to a lesser de& mechanical and chemical erosion by meltwater itself of the 

underlying substrate @rewry, 1986, p. 89), and erosion of preglacial sediments. 

There is insufficient sediment within an eske,r-equivalent volume of glacier ice to form an 

esker (Shilts, 1984). Basal glacial sediments may be melted out of the tuna@ ice walls, especially 

during high flow events such as spring thaw, contributing to the meltwater stream coarse and fine load 

(Drewry, 1984 p. 147). As ice aeep redireas ice and its basal debris load towards m esker-forming 

tunnel, more material becomes available N for further erosion by the subglacial stream. The debris in 
- .. 

an esket tunnel is thus brought in by ice moving in the direction of ice flow, ice creep towards the 

tunnel, a ~ d  flwioglacial erosion (Shilts, 1% Fig. 9). Fme material may a h  be brought in by 

Weerunan 6lms.- Where both supraglacial and enpcial  debris are present, they may contribute to . . , . 
esker debris if they are tapped by a meltwater , . .  stream obnnecting to the subglack31 system. 

. . 
&kr&mctmma . . 

. . 

+ While esken are characteristia of glaciaied terrain, r e ~ ~ ~ r t u d i e s  are few (Stoelting, 1978: 
I 



'L 
Figure 9. Enuainment of debris in & esLer.aunneL Inmfporation of &U 6f component 

In an esker is by direct and indirect glacial Iranspott, foUowed by flwioglabl . . transport. In 
tbjs example, there is m direct flwiogladal emion of component J(r. . ' 

(Modifkd from Shilts, 1984) 



d 

I 
b g r b 8 , 1 9  Aylsworth and Shilts, 1990). Mat  eaker studies rn conducted on smaU portions 

. . of eshwa, and even mgh a serie of esker charmeristics can be established that relate an esker 

i - segment to the regioa where it is located, an overall unified description is dillicult to make. This 

i seaion will review lypical aker chamcteristics as daaibed in the literature. 

ixswi6- e 
- - -  . - - 

&ken, pd glpdal landforms, generally are not chancmbtic'bf regiomi3 icedivi~es, but 
! l - 
r L  

are w p r e a d  in Maine, Labrador-Ungava, Keewatin and Scandimvia, in areas near to, and cent@_ . ; 
_-_. . 

BTOund, the residual ice masses (Fig. 6). 'The relative absence of melkater in areas of divides (Lauriol ' 1 

. I and Gray, 1987) may explain the lack of eskers, or the ice may have been too thin in the areas of ice 
2 

divide during final melting that a coherent drainage system could not exist (Shilts, 1985). In areas 
b .  

I ' 
:I f where eskers are preiralent, the main characteristics of esker disviution are the apparent Honon . 

branchirrg patterns, and the a p p k n t  concordance with topography (Flint, 1971). Aylsworllr & Shilu 
'I 

I I 
(1- however, bpve noted a lack of topographical control on crLa plbs in Keevmtin. Over much I 
of Canada, es6 tend to awr as an integrated Horton drainage pattern, with second order streams 

(Banerjee and McDonald, 1975) in most areas, and up to fourtb order in the area of Keewatin (Shilts 

. and Ayhorth, 1198). Honon dnsritim (up to 3"' order in Labrador, platel) for eskcr system 

indiites Wt meltwatez drainage which formed eskels was organized and functioned as an integrated 

*tern over large areas of the ice sheet. Eskers tend to slightly change their m u s e  to stay in a valley 

and usually on one side of it (Ciuuleswrth, 1957, p. 421)' unless the angle between the valley and 

. regional ice flow direction is too large. When eskers cross high topography, they do so at the lowest 

I pass, where an eroded chanael is often found (Charlesworth, 1957, p. 421). In Sweden, large (and 
I, 

- presumably long) eskers follow the topography more closely 3han small ones do (Lundqvist, 1983), 
b 

and appear to be directly related in size to the size (width and depth) of the valley in which it is found 

(Hebrand and h a r k ,  ISSS). 

1- , . ,  
Eskers are'iikely the product of the reworking of glacial debris, and the amount of till and 

glacial debris in an area qay be the controlling factor on the size and location of eskers. Around 
I 



j. 
Great Slave Lake in the Northwest Tenitories of Canada, in ateas of high accumulations of till, esken 

I ate abundant, while in areas of no or small accumulations of till, eskers are few (Charlesworth, 1957, 

p. 423). The amount of till is mlated to the type of bedrock, and in the area of Great Slave *few 
f ' 

e s k e r ~ ~ . m  located over resistant aystalline rocks of the Precambrian Shield, whereas they are 
-. ZL> . .  

f 7 abundant over more easily eroded Palaeomic sedimentarytaryrocltp (Aylsworth and Shilts; 1989). In 

1. northern Saskatchewan, prominent eskers are located on Precambrian bedrock, where there is little' 

Y else ip terms of glacial deposits, whi& may indicate an almost complete remobilisation of glacial 

debris, as well as on the Athabasca sandstone, where there is a thick till cover ( einer, 1980). @I 7 
b sou* central Maine, the Great Pond esker (+o- called the Katahdin esker system) changes from a 

single ridge feature over crystalline bedrock to a bhded system of ridges and valleys W r  sedimentary 

i - bedrock (van Beever, 1971). The topographic settihg of the braided segment, likely the multiple ridge 
f 's egker segment of Shreve (1985), is in a gently ascen mg reach of the esker. 

i- In Keewatin, there are esker systems up to 700 km long. with unbroken segments up to 75 

- km long (Aylsworth and Shilts, 1989). Individual ridges are approximately 12-15 km apart (Banerjee 

and McDoaald, 1975; St. Onge, 1984a and 1984b) in the area covered by the Laurentide Ice Sheet, 

and up to 20.50 hn apart (Kaitanen and Suoem. 1978) in .Scandinavia. Major hkers may bave 

tributary and distributary ridges, 'analogous to fluvial systems (Cbarle~worth, 1957, p. 421). 

1 aDistniutary.l, ridges are close to the main esker, and usually reconnect with it down$sker from the 

point of disuibution. Esker systems form a sub-parallel dendritic pattern (Craig, 1%0) on a regional 

s scale that may reflect the shape of ice lobes and the irregularities of ice retreat, as in finland 
, * 

0 I 

(Dormer, 1965). Near the tMnk qker, tn%~taries bend at a sharp angle towards the trunk esker a few 
- 

kilometres up-esker from the junction, whichhas been proposed to be due ti, the effect of the w o l i s  - 
d o n  on esker drainage pattens (Aylsworth and Shilts, 1989). 

b DIters tend io occur in areas of low relief (HellaakosU 1931; Flint, 1971, p. 214; KoteEf & 

C 
t Pessl, 1981; Koteg 1974; Hebrand and h a r k ,  lW) or low angle slopes (Price, 1973, p. 140). 

Although e s h  tend to be roughly parallel to late ice 3ow directions (Crosby, 1902; Hellaakoski, 



1%k Bird, 1%7; Fli~t ,  1971, p. 214; Embleton and King, 1975; p. 473) and may even be used as ice 

ROW h d b b  (Bouchard and Martha& 1984), some eskers vend aao9s. and can be perpendicular 

to, ice Urn  (Donna, 1966: Sb(h* 1w 85;urM lol Gmy, 1987). 7Ee imp$atibn h that eskem m t  

. . plnUe1 to ice ih. indicate that the flwiogkhl rylremr bn. k emplrcd in staguant ice (Lauriol 

and Gray, 1987). or at least sluggish ice (Sbilts, 1985). Banerjee and-McDonald (1975) argue that 

- there is no need for invohIng.a stagnating ice sheet for the fbrmation of eskers, and argue that esker 

f a m / d e ~  indicate well defined ice fronts, as do th& close assxiation' of eskers with recessional 

moraines (Henderson, 1%9)., Howartb (1971) noted that the margin of Breidamerkurj(IkuU in Iceland - 

was active during the time of his study of eskers in front of that glacier. . In most areas of Labrador, 

eskers are sub-parallel to ice flow indicators such as streamlined. landforms and striae, which may 

indicate some activity in the ice sheet during eskkr-iormation (Vincent, 1989): 
' 

t 

~oPphorogy 

Eskers vary from sinuous, iwnov.mnd step-sided ridges Yth or without k d s ;  aprons or 

pads, to multipIe-crested, or even braided deposits (Meier, 1951; Flint, 1971; p. 21% ~ i h b o n h  and 

Shilts, 1% Fig. 10). Sharpcrested eskers are usually found associated with present-day descending 

topgraphy, while broad-crested eskers are found commonly in steeply ascending topography (Shreve, 

1985). mica1  eskm tend to maintain tbeir width-height ratios down-esker, although the ratios may 

be digerent between esker 'systems (Ringrose, 1982). Some eskers increase in size downstream 
L 

(Embleton and King, 1975, p. 467). which bas been taken as an indication that eskers aie formed * 
simultaheously along their whole blgth, up to 150 km (Shre~e, 1985). Individual ridges may be up 

to 80 tb 90 m in height @onner, 1965, Lee, 1965) with triangular cross-section (Charlemonb, 1957, 
Z 

p. 420). Tbe morphology of eskers may be related to the conduit shape (Price, 1973) which, in 

Manitoba can be directly related to differing hyd&ym& conditions under diierent ice repimes. 
. . 

Short, wide ahd low eskers are associated with a'cold-based, polar ice sheet, while lop& narrow and 
4 

' higb eskers are related to a wet-bssed, temperate ice sheet (Ringrose, 1982). 

Along esker ridges, accumulations of f l w i o g l a ~  can for? hnmmockr, inre@larly 
1 

28 '? 
L 



Figure 10. Esker morpholog.. Oblique air photo of the most common esker morphology, the 
s lwp sided, sharp crested ridge (A), with flpking aprons (B). This is approrimately km 45 of lac  
Brisson esker. , 



~ndulaiing forms (Hebrand and hark;  1989) and planar forms such as plateaus and terraces 

(Aylswonh and Shilts, 1989; Hebrand and Amark 1989), on which meltwater channels and kettle 

' lakes are found.   he s u m  gradient of the planar forms is conrrblled by a threshold, which 

pnsumably controlled flwioglacial drainage, such as a previously deposited glacial landform or a 

bedrock obstruction (Hebrand and &ark; 199s). Between the esker :idge and other deposits of 

flwioglacial sediments, there may be marginal troughs or even ketle lakes (Charlesworth, 1957; 

Banerjee and McDonald, 1975), which indicates the prance of sustaining ice walls, or ice blocks 
4 

buried during the-deposition of other types of flwioglacial deposits associated with eskers. The 

emplacemeit of most fluvioglacial deposits associated with eskers likely postdates thhposition of 

the esker ridge itself, as is demonstrated by a flat-topped esker ridge emerging from a sandur in front 

of Breidamerku rjakull in Iceland (Howarth, 1971). 

Esker crests may be sharp or flat-topped (Bird, 1%% Bane rjee and McDonald, 1975). In flat- 

topped deposits, the sediment at the surface is often finer sand (Crosby, 1902). Flat-topped deposits 

have a horizontal crest after isostatic rebound, even if the ground surface is not level, which seems 

to indicate a stream course between ice wails (Lundwt, 1983) or presence of a lake (Price, 1%). 

The tunnel cross-section may dictate whether the deposit will be flat-topped or sharpcrested (Price, 

1973, p. 141). Experimental formation of an esker showed that eskers deposited in a *proglacial lakew 

retained their form if the water level was lowered slowly, bst a flat-topped deposit resulted from 

disturbances during lowering of the water level (Hanson, 1943). The final shape of an esker is thus 

due to the deposition mode combined with postdepositional modifications, such as slumping, 

solinuction, frost action, eolian activity, wave action and beach processes in areas of submergence 

(Donner, 196% McDonald, I%% Granb, 1981). 

A rather unique approach to the description of flwioglacizl landforms was taken by Stoelting 

(1978) in his study of eskers in eastern Wisconsin. Using a strictly geographical approach, he 

described eskers (sinuous forms, aligned parallel to meltwater drainage), type esker forms (similar to 

eskers, but field relationships left doubts as to their origin), crevasse forms (straight to sinous, 



-- delimited by kettle holes), .od morainic forms (straight .nd wide features, with a high relie!). 
< * 

- ~.si,ting's (1918) descriptive approach to esker studies puts esker segments along a continuous ridge 
ew. 

into separate categories, which can only add to, and not resolve+ the awnfusion* he thought existed 

on the concept of an alter. His study is a contribution to the understanding of the morphology of 

eskers, but cannot add to a study concerned with the origin of eskers. 

S @ ~ ~ ' P P @  

Eskers contain a wide range of sedimentary structures, which may or may not be laterally, or 

longitudinally continuous for more thad a few hundred metres, because they form under variable flow 

conditions. Sedimentary structures in eskers range from massive to faintly cross-bedded units, 

indicating progradation of bar fronts (Bane rjee and McDonald, 1975). There may be a poorly sorted 

matrix present in clast-supported units, indicating deposition as a slurry. Units crf sorted fine sand, 

silt and clay, as well as pebbly mud may also be present Sediment coarser than sand is typically . 
water-aforn (Flint, 1971. p. 215) and commonly shows anticlinal structures in cross-section (Crosby, 

1902; Rint, 1971, p. 216) with an outward dip of 10" to U)" (Embleton and King, 1975, p. 468). 

Anticlinal structures may be due to secondary water currents of helicoidal shape up the esker flaqks 

and down the tunnel ice walls (Shrwe, 1972) or to removal of ice walls inducing collapse of the esker 

flanks and antictinal-looling layering of the sediment (Charlesworth, 1957, p. 421; Cheel, 1982). 

Other structures, mostly associated with sand uniu, include ripples, dunes and graded bedding 

@rewry, I%, p. 152) as well as cut and fill structures (van Beever, 1971). 

Ekcause antidunes do not form in full pipe flow (McDonald and Vincent, 1972). the presence 

of antidunk in eskers has been aitributed to flow in open channels, either in a partly Wed tunnel, 

or subaerially, inditing deposition near the ice margin where tunnels are enlarged, or deposition 
. . 

I - 

during low flow events in late summer and fall. A structure which & be characteristic of tunnel flow 

is the sliding bed (Saunderson, 1977), which consists of clasts and matrix moving en bloc on the floor 

of the tunnel, not as a suspension, but as a bed. Gravel beds may have ,been transported as gravel 

bars during flood and deposited as sheets during low flow (Ring* 1982). Post depoaitio&l 



i 

I 

( .  

Suucture are normal faults, indicating melting of supporting ice walls, and high angle rewene faults, 8 
i 

implying melting of buried.ice (McDonald & Shiltr, 1975). Ball and pillow svpctures imply rapid 

C 

dewatering (Cheel, 1 W )  

i ' 
1 

i Interpretation of the environment of csker deposition was attempted by Ringrose (1982) by 

statistical d l y s i s  of stratigraphic data. She looked at the vertical and lateral continuity of 

sedimentary faciq and found that two principal stratigraphic .quences, in conjunction with 

morphological characteristics, could be linked to environment of depositicn and ice regimes. In the 

hrst sequence, the abundance of coarse gravel bcies, either of the sliding bed or inchamel types were - 

indicative of sedimentation in an ice tunnel in a rapidly melting, somewhat active ice sheet, in which 

local ice movements compensated for frictional erosion of the tunnel. An alternatidn between tunnel 

* 
flow and open chamel flow led to the alternation of the two t p  of gravel deposits. The second 

sequence was indicative of braided stream deposits, and the width of the deposit suggested deposition 

in a wide reentrant of the ice front, the ice unable to compensate for frictional enlargement. 

Sedimentary structures are commdnly interpreted in the context of three models: 1) the esker 

was deposited as a delta in a proglacial body of water - this includes subaqueous outwash deposits of 

Cbeel (1982) and Henderson (1988), and beads of Shilts and McDonald (1975) - ; 2) the esker was 

deposited in a subglacial tunnel; or 3) the esker was deposited in a subaerial channel Although each 

of these setting has a set of characteristic sedimentary structures - such as a distally fining sequence 

in the case of the deltas, anticlinal layering for tunnel deposits, and overbank flood deposits for the 

subaerial esker - it remains constant in all descriptions that the esker itself is a deposit of coarse sand 

and gravel, with cobbles and boulders up to 1 to 1.5 m in size, while any other flwioglacial deposit 

is finer-grained (Fig. 11). 

Lirhdogic cmpo* 

Only a few detailed studies of esker lithologies have been attempted (Hellaakoski, 1931; 

Trefethen and Trefethen, 1944; Lee, 1965,1%8; van Beever, 1971; Perttunen 1989). Other studies 

not directly focused on the lithologic composition of eskers (eg. Kaitanen and Stroem, 1978; Baker, 



Figure 11. Esker and associated deposits material. Debris in an esker ridge is normally coarse-grained (A) while associated deposits are 
usually much finer grained (B). .. 
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' adjacent till. 
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Redrafted from Hellaakoski, 1931 



in the ti& Sandstone percentages are oogsistentiy higher in till than in esker material, for all. size 
8 

fractions, indicating that that bedrock type has an important influence on the sizes of clasts found in 

(I ' crumbling appear to be the most important she reduciion faaor, whik in % esker, gnndiag and 
81. 

rubbing depend on-the location with respect to the whole esker (core versus sides). The main 
I Ih 

similarity between lithologic curves for till and esker is the same rise and fall. ia-percentages. The 
C 

Lithologic curves (rapakivi granite and sandstone) for the esLer are displaced 4 Itm downesker with 

respect to the corresponding till cpm. Based on these observations, lill is the parent material for 

esker gravels. The direction of tGe disphcement from till to e s k  debris is the dimtion of flow of 

the meltwater stream which formed the esker. Eskers form subglaciaIly, and derive their sediment - .  
from glacial debris Vansported at the base of the ice. As a result of this study, Hellaakoski (1931) 

added to the definition of eskers that they are petrographicaliy similar to adjacent till. 

Trefethen and.Trefethenls study (1W) of theXe~d7eC esker'in central Maine indicated that 

studies on the fine fractions did not yield much use@ information, while larger Wens gave . . 
iniormation on clast dispersal The main findings of the study were that, in the esker and for both 

size cIasses, far-travelled clasts (>80 lan) account for no more than 5% of all clasts, while the average 

travel distance is 5-13 km from bedrock sdurces. Fragmentation of the larger sizes tends to increase 

. the proponions of a rock type ia the sand fraction. The larger fractions also tend to be deposited 

sooner than the tine fraction, interpreted to be due to variations in the stream competemy. The 6ner 

.sizes have therefore a wider distribution than do the larger sizes. CIasts coming from granite 

mountains not crossed by the eslter were found in i t  Based on the absence of striae indicating ice 

movement towards the esker, Trefethen a d  Trefethen (1944) attributed the presence of those clasts 
I I 

to the input of deb* by bysmall englacfal tniutaries that did not form eskers, rather than to local ice 

creep tobards the main esker tunnel They did not study clast composition in till, but the esker is 

lo&ated 06 a till dispersal train from the granite mountains produced by regional ice flow to the SSE 

(Thompson & Borns, 1985). If granite clasts are found in adjacent till, then their presence in the 



i ' 1 .  . /--- - - . '  i 
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eaLer is to* arpeftea and thus 80 Itm of Vonspon is not entirely gladoflwiaL 
I , .. I - 

Lee (1%5) studied the M m  esku which passe8 near Kirkland Lake in Ontario to assess 

the potentialof using the Ijthologic composition of e s h  as a tool for mineral ~ l o h t i o n  Relations 

barsa ~ p O r t  distance and domposition of differeat s i ~ e  fractions were iwatigatcd. $ee (1W) -. 
I r confirmed Hsltukoski's (1931) f b d i q s  that the peak abundance of a rock, type in esker s e d i i  , 

.- 
1 .  

o&us etancq h m  the Pd mtact with that rock type, although no relations witb till 

f "  
(which vr not Ot) abpdama are demonstnrted. He named the distance b&?en p- . 

1 i - - 
contact of a rock type an$ peak ahdance of that rock type in the esbr, the tramport distance a b .  - I - . 

, Valm of arb are shi@ for debris having similar hydrologic cldicteristics ( r - w c  gravitg, 
. "  . 

shape). For dunits 'an0 magnetic ;ba fragments 335-8 mm, rK.  is 13 6 3  km while for larger 

. I  - duaites,itisLar ~ o i t r a c h y t e c ~ ~ l 6 ~ a ~ i s 5  t3~km,whileforpldgraW,itis3t 3km- 

~ t ~ ~ ~ a a ~ l e ~ ~ a l G f o r ~ ~ ~ ~ b u t i h e ~ ~ t s a u r a o f ~ p e ( n ~ ~  

on data for dther Mkbtors, is belimed to be witbin a 16 km radius of the first peak in thd p p e  
*. , b?!e .*. d 

4 .  

. , m e  e k e r  Mdied by van Beever (1971) is located in south central M&ee I He ollr it .the 

*. 
&reat Pond &ken, although it hu been referred to qlbc ~Katahdin esker system. by Stone (1899) 

and Shew ( 1 ~ ) .  *van Bsenr (1971) looked n @e lithologies of clasts taken from wi& 1 m desp 

of the &t of the Great Pond wker an6 of till samples located close to the a k a .  8Tbe indicator - - 
, . 

lithologies bed by va5 e r  (1971) are a redbed upit, a ronglomhte, and a syenite. In till, for aU 
'? 0 

s in  classes, the dkmce betyen proximal mnun md peak abundance *,'for the redbed unit, 1.4 km . 
z 

. , . I 

and for syenite, i Okm vbile &.the hcngl~uteraie it candM be deten&ed, owing to the +cry low 
. - 

(<2%) percentages of obnglomerate cup There vo not a gradual haease in 
- .  

. percentage in the till of any of the indicators to'a & .  maximum value, but rather an abrupt appearance 

of the i W t q  at maximum abundance within 1.6 bn of the proximal contact. In esker sediments, 

&e uK* value for redbed clasts is 3.8-5.5 km, while for syedte and for conglmnte clasg a b  
~ 

cann& be ev~ luad ,  doc to.thc low (<3%) hequenq of both indicators. For van Beever (1971). the 
,. ., 

I 
I 

37 i 
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l i ~ ~ r o m p a r h ) o . o f r . ~ ~ ~ o n f o w h a M : ~ ) ~ s ~ ~ o f ~ ~ k  

i i 

. sq- 2) tk r e sLpp .o f  the be4mk source to.stterm enxiow 3) la d p m ~ w  distance < ,  from . 

, a b o d m r * ~ o ~ ~ q t b o s k i i o a l l b o ~ p o u 1 . b h m o d ~ o k m ~ r ( 1 ~ ) . & ~ t i e r t b n t  b . ;  - - * c the . .u-. 0 

m d  th. ahi , . trodlf em&d bom the bedrock-by the meltwater stream, rather . 

than e-n of the dejwis in theice and of previously . w t e d  i i l ~  Iie also concludes that the Great 
' .  

=pon& erta i$ a suqlld.l t&l -it,, uh that the rapid draarc (55 km hom the pmdllul 
* * .k. . I  

mnm) in the percentages@ redbed dnts is the result of a$hort lived and,ovcrIoaded stream, or 

of rapidly broken'hrge elasts into smaller ones. 4 %  - 
' I 

* In south- F&- along nine e s k m  were made iqorder t o w  . ., the distances 
.h ' b, - .4. . @ of r tpms  in f l ~ b @ @ J  systems (Perttunen, 1989). Garnetiferas rwlp occur north . ? 

, > ../ . a 

. - .  of.&- m t e  o f m t h a t e *  - F-d which itself is garnet-free. !Samples were collected 
' 

. - ,  

' from t+ axe of eskeewhere gravel pits exist&, and from the base of . A  1 m deep pits dug at the esker 
9' 

~on-pne&ernus pebbles appear in eskers 8 b dwa-ice from the &tact be- 

ghuetiferous bedrock (up-ice) a d  the tapakM granite . .) area (down-ice). Ow&seare present along 
.. * 

cbc whale length of eskcr studied (793 ldb). M low ( ~ 5 % )  wcentages. over npDLivi granite, and in 
I- I - '  , - 

a . 4 

somewbt bigher ( 5 ; 1 5 % ) ' ~ n t a ~ e s  over garnetifernus bedrock ~erttanen's mode1 (1989) of garnet 

transport ilicludes three l&ls b abundance.$ The Bnt level is higb abundance' ( l l 4 % ) ,  for a f F 1 

b * t i tance of8  km from the iource area. .The second is intermediate abundances (3-U%), for a distance 

of mnsport af &37 km. The tbird is loss abundances (el%), for a d i r m ~ ~ .  of tmsbn of 37-794 ' 

I 

~m. She cautiod , that _ low abundance3 (<3%) can be found in any of the thr&*mbe, and I I 

I . . 
indiidually cannol,be taken as iddlotor of the sample being located far from its source. Rather, C.  * ' *  the p a t m  displa@ by a number of sample may be more indfbthe of the sourn area' pf the 

-6 0 r - I 

mi- under .study. . . - 4 
9 

&$tudii on the lilbologies found in eskers all show that l L s  :there is a varying transport (3-13 km) 

C - 
donaker b e k n  source o h  lithology in bedfO~k and its peak abundance in esker sediments (Fig. 

f , U). Factors influencing transport distances are rock ryp+ size of outcrop area, andklast sira under 





study. Most studies suggest that the debris found in &IS is eroded from US and basal ice, except 

for van Beewr~l971) who be- &at direct f l d  erosion of bedtock by an esker s m m  is tbe 

main &tri%u&r to esker debris. Comminution of large clasts, eariching the smaller size franioas 

I is recognized as an important factor in the dispersal of finer debris farther from the source. Size 

reduaion mechanisms (smaller dasts are derived from bigger clasts) are thus an important pan of the i system and contribute to :engthen uansporr distances. 

-*d* 

The history of esker studies has been reviewed by Jopling (1975). ?he first acwunt of an 

esker~lke feature in the British literature dates from 1699 when an Irish obsewer described a 
p. 

steepldided, sinuous ridge, flat and wide enough at the top to use as a road (in Davis. 1979). The 

I ' observer attributed the formation of the ridge to m m e  violent motions of waters* from the Noachian 

Deluge. StratifiMdrift (including eskers) was rmgnized during the latter nineteenth century to be 

of fluvioglacial origin, based on the presence of stratifications (indicating flowing waters) and on its 

close associaiion with glacial drift Thus, models of esker formation are closely interwoven with the 

evolution of <he gacial theory. Observations which led to the development of two theories 

(supraglacial and subglaci?l) for the formation of eskers are: the occurrence o f  supraglacial meltwater 
4 

d 

and the presence of subglacial debris, the extensiveness of some esker systems; the general agreement 

of esker path with lopography except where they cross transverse hilts. - 

t - - 
Supraglacial eskers were suggested because of the availability of meltwater on the surface of 

1 alpine gIaciers. The debris necressary to form the esker can be englacial Litially, but as the ice melts, 

I the debris is uncovered and beoomes supraglacial, and is then picked up- stream (Cbadeswont, 

1957, p. 426). Alternatively, it was suggested that a supraglacial stream, at first, might melt by friction 

the underlying ice, until a base level is reached. From then on, it was assumed that the wanner (4'C), 

,denser surface water would sink below the colder, lighter water, melting more ice. ~ c c o r d ~ n ~  to this 

theory, the colder water is constantly warmed at the surface, subsequently sinks, thus leading to a 



coatifi\lous ownurn (Crosby, 1902). The water percolates through the englacial sediment, melting 

mote ice below. Deposition occurs when flow ceasa in rhe stream channel (Craoby, 1WZ). Such a 

temperature separation, &owever, is unlikely to develop in turbulent s u p m ~  sueams, such as exist 

on modern glaciers, and must have existed on the surface of the Laurentide Ice Sheet. 

Shilts (1934) and Aylswonh and Sbilu (1989) have suggested that the drainage pattern of 

supraglacial meltwaters may contribute to the integrated pattern of esker systems. According to this 

theory, eskers might be d e p i t e d  in short segments near the glacier margin, downstream from where 

supraglacial meltwaters pltmges down to the brrse of the ice via moulins. Headward migration of the 

moulins by frictional melting, roughly along the path of the supraglacial streams, places the surface 

drainage pattern at the base of the ice. That interpretation is based on the assumption that a 

dendritic drainage pattern is characteristic of a level, featureless plain such as the surface of a large 

ice sheet. 

Conditions at the surface of an ice sheet differ from those of normal drainage. The ice sheet 

surface is characterized by a steeper slope down-glacier, less precipitation in the acatchmentn area of 

the streams, and the dynamic nature of-flowing ice, the network of drainage routes differ somewhat 

from river patterns. Supraglacial meltwater stream tend to form a sub-parallel, dendritic network. 

witb a decrease in stream density up-stream, and large integrated pattern are rare-over actively 

flowing ice (Sugden and John, 1976, p. %I. Tbe presence of moulins and crevasses may substantially 

alter the surface drainage pattern on an ice sheet by redirecting meltwaters to the base of the ice, and 

weaknesses in the ice may be exploited by meltwaten to form straight channels (Sugden and John, 

1976, p. 285). 

A final argument against supraglacial eskers in a continental setting is that much of the 

surface of a continental glaaer is practically free of sediments (Embleton and King, 1975, p. 473; Pessl- 

and Frederick, 1981). the only available surface debris wming from nunataks. This scattered material 

.could hardly be expected to contribute enough sediment to form the large and widespread aker  

systems found in continentally glaciated areas. Supraglacial debris can only contribute to an esker pile 



if it reaches the base of the ice, likely through moulins. 

Subglacial esken anre proposed because deposition occurs subglacially (Stone, 1899). 

q According to this theory, subghdal tunnels were thought to be full of water and sediment flowing at. 

i 
. 

varying velocities, except at later stages where- and when eskers were deposited in short (few 

kilomeues) segments in tunnkh (Chatleswonh, 1957, p. 427). As the ice retreats, segments are added 

Y - in an upesker direction to those previously deposited. The timetransgressive deposition of esker 

segments would make the esker appear as a long, continuous ridge (Bane jee and McDonald, 1975; 

i Hebrand and Amark; 1W). 

Tbe subglacial theory was used to explain the fact that esken have a tendency to follow 

vallqrs (Flint, 1971, p. 216) and that melting of undeilying ice would destroy sedimentary suuaures 

in esken due to collapse of the sediments (Flint, 1971; p. 218; Banerjee and McDonald, 1975; 

Coupland and Mayewski, 1980, Aylswonh and Shilts. 1989). Petrie and Price (1%). however, noted 

that an esker ridge maintained its form after over 25 m of lowering from ice wastage. Price (1973, 

p. 156) also observed that an esker at Breidamerltu rjdkuII was Iowered 10 without destruction 

of its form. Internal structures could not be observed in Price's study due to the coarseness of the 

sediment and collapse of section exposures (Price, 1973, p. 145). 

While subglacial kskers should be buried by outwash (Crosby, 1902). esken have been 

observed to emerge from a sandur as it was lowered from ablation of buried ice (Howarth, 1971). 

Crosby (1902) also believed that till could not be found on top of esken, a efacb he took as 

indicating that subglacial deposition was not possible. More recent observations by Embleton and 

King (1975; p. 479, Fleeger (1986). Mannerfelt (1981). Ringrose (1982) and Saunderson (1975), 

amongst others, have shown that till is sometimes found on top of eskers. 

Eskers formed in subglacial.tunnels debouching in a glacial lake or sea, can lead to formation 

of a subaquatic fan or delta @?ad) with a narrow ridge of flwioglacial sediments deposited in the 

tunnel leading to it (de Geer, 1897, Fig. 14). Annual retreat during the summer, with stillstand during 





the winter, of the ice margin would lead to the building of sumessively younger beads in aa upsueam 

dkaion, and, rime-Cransgresivc deposition of a series of segments on an adveme slope could lead 

to a deposit that would appear to climb uphill (Banerjee and McDonald, 1975). If the formation of 

Eans and deltas is Lannual, then the average distance between them is the average annual glacial retreat. 

Continuous retreat could produce a quite long esker system, with somewhat regularly spaced fans or 

deltas. De Geer eskers lwe been d e s a i  from numerous locaWes, wherever short esker segments 

leading to a fan or delta-like deposit are found (eg. BMer, 1963 Lundqvist, 1965, Bane jee, 1%9, 

Bane jee and McDonald, 1975; Cheek 19Q Headerson, 1988). Even- though an annual nature for 

the beads is not alwayj possible to demonstrate, their presence along the esker system requires that 

the ice margin terminate in a lakeka, and be stable over a period of time for deposition of the bead 

Mcuiern theories on esker formation associated with the decay of continental glaciers agree 

on one point: the tunnels were subglacial (Shreve, 1985, Aylsworth and ~hilts, 1989; Hebrand and 

Amark, 1M). It is now recognized that ancient eskers had to be formed in the bottom meters of the 

ice sheet simply because that is where the debris was found (Pessl and Frederick, 1981; Shilts, 1984). 

Supraglacial meltwater may be involved in esker forming processes, but deposition occurs at the base 

of the glacier (Ringrose, 1982; Shilts, 1984, Shreve, 1985, Aylsworth and Shilts, 1989; Hebrand and 
0 

brlr.1989). Considering the thickness of ice involved, the subglacial system maybe defined as the 

. bottom 30 m of the ice sheet, which would be about 1% of the total thickness. The length of tunael 

in which esker deposition occurs varies from nothing (deposition occurs in front of the glacier 

(Hebrand and h a r k ,  1989)) to a few kilometres (Shilts, 1984, Aylsworth and Shilts, 1989) to 

simultaneous deposition along an esker 150 lan long (Shreve, 1%). In most esker studies, the debris 

forming the eslcer is simply assumed to be available, usually by erosion of previously deposited till, 

or of debris l k t e d  inside the ice, rarely by direct fluvioglacial erosion of the bedrock. 
i 



mf=wJ- 
Atrial photographs cuvcring ctnwaJ, western (approdmate scale 1iWW) and northern 

( a p ~ r o X h t c  scale 153,WI) Labrador were reviewed in preparation for field work. Esker systems 

were mapped at a scale of 1250,000 and compiled regionally at a scale of 1:1,000,000 (Klassen a ul, 

In prep.). Eskers as n a m  as 50 m can be recognized on a u  photos, but the esker symbol on  a 

1:2M,000 map covers a width of approximately 500 m, and on the compilation map, only the widest 

features can be representedto scale While a Iine can be drawn along esker Iatures, it is not 

representative of the size of the esker, but shows tbe occurrence and extent of esker systems. A more 

detailed study (150,000) of the eskers visited in the fiekt was carried out. At that scale, the esker 
5 

symbol coven a wid* of only approximately 100 m. It was therefore possible to map most features 

of esker systems, with the exception of the smallest aprons. 

The eskers were identitied on the air photos by their morphology, a narrow ridge, usually 

subparallel to late ice flow directions, as indicated by fluted landfonns. Because a gravelly tetrain is 

U~Ually better drained than a silty terrain, and colonized by caribou moss and scattered spruce uees, 

eskers and other gravelly deposits usually appear with lighter tones on air photos covering forested 

areas. Sandier deposits have a &form light to medium gray tone, while coarser deposits appear as 

spotted light and dark gray (Fig 15). A ihin blanket of &el often covers other deposits (ribbed 

moraines, fluted landforms, ground moraine). Although its tlkkness cannot be assessed From the 

photographs, it is assumed to be thin (less than 2-3 m), as the blanket does not hide the morphology 

of the other deposits. 

In densely vegetated are&, it is not always possible to locate the contact between flwioglacial 

materia[ and glacial ~ t e r p l  B was not passiblc either, from air photos combined with topographic 

maps, which have a contour interval of 50 feet, to accurately assess tbe height of eskers and their 

associated deposits. Width estimates of tbe ridge itself, and of the whole 'flwioglacial complex, 

however, could be made from air pbotw. Nevertheless, measurements of eslter parameters were 



Figure 15. Ruvioglacial deposits on an air photo (NAPL A12017-12). Note the light wlour 
of glacioflwial deposits on the photo, in contrast with the dark grey which is characteristic of till. 
Esker ridges are represented by the symbol > > > > > > z, indicating the direction of meltwater flow. 
Associated deposits are: splay (Ks); pad (Kp); apron. (b), thick blanket (Kb); blanket over nibbed 
moraines (Kbflr); and blanket over till (KbrI'). Kettle holes are found in B e  splays, on one of the 
pads (*) and dividing the double and multiple a e t d  eslter segments. An area of till (T) is located 
east of the glaciofluvial coqer. ,. 



attempted on combined air pbow and topognphicaap, and in the absence of other information, 

t h ~  provide some general c011strainur aM) ~ n n a t i o n  on tcrs (Table 1). 

A total of 305 esker samples and 295 till samples (about 2-3 kg of sediment, in which all 

stones of about 10 cm and larger were removed) were collected to assess compositional variations by 

lithologic a* mineralogic analyses (Table 2 for sample dismiution; Appendix 111 for sample 

location). Of the dl samples, 28 in central labrador cofkted in 1983 (Bolduc, 1985) and 131 

in northern Labrador were mllected by Martin Batterson (Geological Sunny of Newfoundland) in 

1983 and 1984. While in the field, a portion of the esker samples was wet sieved to separate the 4-5.6 

mm pebble fraction used for lithologic counts. Samples from northern Labrador were further ' 

separated (0.71 - 0.79 mm) for mineralogic analysis. 

Samples were collected at depth of 50 to 100 cm, and at an interval of approximately 1 km 

along the crest of selected trunk eskers, and 5 km on mbutary eskers At the junction between 

tributary and trunk esken, samples were collected at a closer interval (about 0.5 km) upstream and 

downstream from the junction. In addition, in some areas, multiple samples were taken where ' 

stratigraphic sections were exposed, at a vertical spacing of approximately 1 m, and, if possible within 

diierept stratigraphic units. Associated deposits were sample in some locations. Till samples were 
1 . 

collected adjacent to eskers at irregular intemls of 5 to 10 km, and as pan of a regional scale 

sampling program by the Geological Survey of Canada (Klassen & Thompson, 1990). 

At each sample site, the esker was characterized according to the distribution and size of 

surface boulders. morphology of the ridge, and occwrence of  associated landforms. Where q w e s  

permitted, lithologic counts on the cobble fraction were performed on ClaSts of 5-20 cm. At least 100 

cobbles were picked at random from the base of exposed sections or from the surface of non-vegetated 

esker crests and piled up on a tarp, then separated into lithologic categories. Those clam which could 

not be readily identified were split open to expose a fresh surface. Clasu which could still not be 

identified, were put into an ~unclassiAedu categbry. The number of clasts in each category was then 
'I 

recorded and uansformed to percents. A number of replicate counts were executed on days i 





i 1 Table 2 Sampie distribution according to analysis type. Only those samples taken for pebble 
and sand munts were taken back to the labhtory, while those forcobble counts, once the count was 

t performed, were left in the field. 
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than the original count, and using a different group of cobbh, to assea counting variability. 

Stratigraphic seuions were eqmed witbin busrow pits 8mdated with cammaion aaividea 

and at st- cats. Exposures are few, and they arc comw,dy slum- wia the base of the 

esker3arely expo&.. A section about 1 m widc an cleared with a smaJl lolding -'&om the top . .. 
of the esker ~~ as possible. Height of the esker creat above adjacent terrain was estimated 

, . * 

with the use of an altimeter. Stratigraphic units - Besaibcd qualitatively mainfy warding to the 

size &om present in ibc deposit @om, a~bbles, pebbb silt*), .I .r to 

- 
amount and type of matrix (mauix-supported mixed units, for which a descriptor, cuazse, medium, fine 

or very fine, indicates the size of the clasts, , M e  the matfix comprises smaller sizes) (Table 3). 

Because of the constraints imposed by the limited development of Labrador, most 

.-, observations relate to the upper part of the esker ridge (suahgraphy, lithologic composition). As a 

result, the interpretation on lithologic composition made from the collected samples is biased tawards 

. . . mmpoaitional &ang& along the crest of the esker, while stratigraphic interpretation* made fmm 

the narrow exposures. 

Pebble subsamples (from we~-sieving esker samples in the field) were air dried and sieved to 

remove material smaller than 4 mm. Variable size subsamples were necessary because of the highly 

variable pebble content in esker sediments in order to separate at least a50 g of pebbles (4-5.6 mm) 

for lithologic categorization. The average weight of one pebble being about 0.1 g, the number of 
1 

pebbles in 40-50 g of pebbles is 40(r500, sufficiently to reduce counting variability to <3 w%. Nor 

all samples contained pebbles, and only those which did contain pebbles for central and western 

Labrador are reported in this work. 
-, 

Clay and iron oxide coatings were removed by soaking the pebbles in a mild solution of 

sodium metaphcwpbate overnight, agitating the sample to loosen all panicles adhering to pebbles 

while taking care not to break any of the pebbles, rinsing thoroughly and air drying The washed 

sampled was then resieved through a 4 mm screen to remove all <4 mm particles detached during 



. - * .  . . 
1, 

. . 
. . 

o w n  .. 'QP Description '. . 

. aast-supported 

630 an, up to 5670 an rounded to well rounded gravel, clut-supponed Armouted lrd or bedlm. s b M  
. k 1 - -  M a w  is coarse sand 20 small pebbles Very high energy flows 

: -  I 1 Matrix is coarse sand to-granule High energy flows ' 
. obbblor 1015 'cm, rounded to well mnded gravel, clast-su~porUxi I Armoured bed or bedload sheet 

Pebbles 4-5 cm, up to 10 a. munded to well rounded gravel, c l u t - s C ~ p ~ &  Amloured bed 
wtrix  is coarse sand to granules High en- fliows 

~ i x e d  inits 

c o a n m  , (BouIders inaoon. .u*kcma&. 
VI 
C medium mix Cobbles jn a coarse sand to pebble matrix 

( Sliding bed.of p r o g ~ ~ ~ i v e l y  
4 lower intensity 

fine' tpix Pebbles in a coarse sand to g p ~ u l e  matrix 

Very fine mix el cm clasts in a sandy matrix ,i 'Bka . load; boderate ejiergy flows 

Sand ~ndifferentiatd coarse, medium and fine-grained sand, &#J load; law intensity flows 
Climbing ripples; planar laminations, normal and reverse faults - k 

Siltclay ~ h l n  layers of silt and clay, sometimes as rhythmites Suspended load 

Diamiaon Till-like deposit, with 40-50 an angular dm in a silty~mtrir Olqcial deposit 
A 

Table 3. ' Description of sediment types found in flwioglacial deposits in Labrador 



I 1 

the washing. Pebble subsamples nighing more than 100 g were apFt using ihe opposite quadrants *: 
F . . 

I metbod ( P ~ ~ ~ ) .  In this splitting method, the pebbles arc mifomly spread over a sh'eet of paper 
D 

C 
and into four pup by tracing a sol, tbrougb the pebble+ The pebbles in tw, opposite . 

L 

quadrants are removed, and the lithologic a n t  is performed on the mmahbg pebbles. 
S 

/ v 

All prepare+ samples were separated into lithological ~tegeries by visual inspeaion, followed , i by an inspe&on of each group h &les under a binocular mhoscope to uorrUiD that all pebble 

were placed &to p e  proper lithologic c a t e m .  Eat& lithologic group was weighed on an . . electronic 
* 

scale and the weights recorded. Tbe weights Were converted to weight prcents. A uumber of 
7 - 

replicate qunts, on the same pebbles for unsplit samples, gnd s& a resplitted portion of large . . 
subsamples, were'-ted on randqmlyLse!ected samples on a different dry than the original count, 

1 .  * 
to assess counting variability while avoiding remembering the original count ." 

1 
In'northern Labrador, because of the unusual properties of feldspars from the Strange Lake - 

penhaline &mite (Mariano, 1988). the subsamples Were further separated to remove the sand 
< 

il hct ion  (0.71-0.79 mm). This size category rr;pr&ts sieves with ween  openings of 0.75 r#~ an4 0.5 ' 

tp respectively. Using sand of this size fraction allowed a rapid dry sieving without particular prior 

1 preparatidh, and no spedal preparation was necessary before the graids could be observed under 

cathodoluminescence (Mahm, 1988, p e n  comm.). A pi- of *&-way tape was then placed on a 

i ' glass slid+ and sand pains were s p q e d  on the tape with a metal spatula, &ich was wiped clean 
d 

. 
, betweqi samples. lbo glass slides were introdlaced ,into the vacuum chamber of the 

C1 *. . 
catbodolurninoscope (Nuclide luminosocope ELM 2B), and a vacuum was pumped for approximately 

I " 5 min"ta. until the pressure in the chamber reached approximately 30-40 milliton A. e l k o n  beam 
. . 

was then shone onto the sample, the settings' of the power supply being as follows: power at 9 

kilovolts, beam T e n t  at 0.6 milliamperes, low focus at 35, and the bleeder slightly on, allowing some c ;a 'a to &netrate t h e ~ c 8 a m b e r t ~ ~ i t h  L the pieceding settings, feldspars from the Strange-LPtc 

' \  peralihne granite lumbesk red to orange, and other minerals which may or may not come from tbe 

- Suaage Lake peralkaline to white (quahzfand ygllow (potassium feldspar). 
L 
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TIke-n&&bf & ty$k of 1 tmkschg  as weu as the totai number of non-luminesciqfi 
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1 ~mincrals, were recorded and mnsb& to pepcyets, To asps muntizi~ F i l i t y ,  replkate wunu  
s t  / 

a a c - ~ o n d i a e m t ~ t h ~ ~ o r i ~ c o m ~ ~ d u s ~ a e s ~ r p ~ ~ ~ c o f g s i n r h a  new 

/' " slide. .a. 

? 
/ 

f . /  Sand grains from s a r n p l e s w  in the cathodolumine~cence study, as wel1.a~ mounts of rock 
B .  

samples from the Strange Lake perabline graniti?; were am&d semiquantitatively using a JEOL 

733 Superprobe, available in the Department of Material Sciences of Lehigh University to contirm 

the presence of red-luminescing feldspars in the samples known to come from Strange Lake 

peralkaline granite. With this instrument, cathodolumin-nce can be achieved, and an analysis of 

the elements composing {he grain can be realised. The result of the analysis, performed by P.H. 

Benoit of the Depamnent of Geological Sciences of Lehigh University, indicates that the red to 

orange luminescing minerals are low-anonhite plagioclase. It also indicated t$t the riebeckite and 

its brown'qltered core so characteristic of the Strange Lake peralkaline granite do not luminesce. 

Tbe clay fraction of till samples was removed for geochemical analyses by a commercial 

laboratory (Chemex Ltd of Vancouver, British Columbia) and used for the regional study of till 

geochemistry in Labrador by Klassen & Thompson (1990). The fraction of the sample from which 

the clay was removed was dry sieved to separate'the 45.6 mm pebbles. The washed pebbles were 

prepared and characterized similarly to esker pebbles. The amount of pebbles in till is highly variable, 

and in most olseSYess than SO'g of pebbles were available. Caution should be used in interpreting 

resulu from till samples which have Less'than 10 g of pebbles, although they, along with all other till 
'/ samples, have been used in consmaing till dispersal trains. Not all till samples contained pebbles, 

. .  
and only, those till samples from central and western Labrador having pebbles are reported here. 

I ?eCa~Se some (131) samples in northern Labrador were collected by MJ. Batterson for a different 

purpose, most samples did not contain pebbles. All samples, however, contained a sufficient amount 

of sand grains for a mindog ic  count described previo9ly. - 
To test the Validity of trendswhich were picked up during the analysis of the large body of 



informdtiion gathered in the cuusse of this study, a number of statistical techniques have been applied 

to the transformed data (percent cobblcs; weight percent pebbles, percent sand pins). Regression 

analysis supplied,by QUA'ITRO' from Bgrland, onesiample T-test and tests of normality provided - 
i 

by StatgraphicgQD from SlSC were used. Cluster analysis supplied by a so!lware package, SPSS*, was 

a@ used, Statistics on stratigraphic sections, and tests used to disaiminate between till and esker 

Lithologic population, we& calculated using QUA'lTRO@. The stratigraphy was treated using 

upwards transitions residual matrix analysis, following SeUey (1969) and Ringrose (1982), and refined 

by Walker (1979,1984) and Harpet (1984). 

RESULTS 

ESKER DISTRIBUTION 

~ n o f o s l e t ~ o n t k ~ m b ~ ~ e n i n r v l c r  , . 

In Labrador, the distribution of eskers can be described in terms of three distinct zones (Fig. 

6; plate 1). The first one is referred to as the en0 esker zones (zone &'Fig. 6) and is characterizeb 

by few to no eskers. -11 is located near coasts, along the Churchill River, over Harp Lake Massif, and 

in the central area (uice divide*) of the peninsula. The s a n d  mne the rdisorganized esker zonew \ 

( p l ~  B, Fig 6). is characterized by sm;iH eskv segments' (c20 km long), that de6ne no obvious \ 

drainage organization. It fringes Ute uno esker zmew along the Gulf of St Lawrence, to the east and 

southeast of the central #no esker zone* and surrounds the Harp Lake Massif. The third typi of 
t 

mne, the .organized W r  m n h  (mne C, Fig- 6), has bng eskers (up to a few hundred kmsy 

organized as a Horton-type sub-parallel drainage pattern, witb main and tributary eskers defining 

elongate drainage basins (Plate I), and is located near Ungava Bay, north of Hamilton Inlet, and over 

-the area which roughly corresponds to tbe Lake and George plateaux. 

The uno esker m n b  along the coasts is not devoid of flwioglacial sediments. Generally, 

small eskm on plateau areas lead to valleys in which extensive proglacial flwioglacial sediments are 

located, but in which eskers have not developed. Om the Harp Lake Massif, the &I of cske~rnsy  

be due eithir to the near absence of till, without which eskers evidently can not be built, or t8 the 



the order of400 m, and presumably, d t w a t e n  from the interior of tbe ice sbeet fl(lRRd sound h e  

Massif rather than over it, as shows by e s k  segumts at the base of the Massif which curve around 

it, rather than climb over it. The urn esker zmt* located in the centmi area of the peninsula is also 

the site of the presumed late glacial ioe divide (the lack of eskezs in that area was part of the criteria 

used to locate the ice divide) and of gladal M c h  (Dyke & Prest, .1981). Under glacial lake 

h t  NasLallpi, there are numerous small esker segments leading into and out of the George River Valley. 
i r 

Near residual cenues, the ice mass was likely too thin to maintain a coherent subglacial drainage 

network controlled by glaciostatic prksure gradients. as postulated for Keewatin by Shilts (1985). 

The udisorg;mized esker mnes located east and southeast of the central *no esker zone, 

(Fig. 6, Plate I) may be explained by the thinning of the ice sheet, at which time no coherent drainage 

system could be maintained (Shills, 1985). The wdiirganized esker zoneu located along the southern 

an0 esker zone* may be attributed to the rapid deglaciation near the Gulf of St. Lawrence, which m y  

not have permitted building'of long and integrated esker segments, as suggested by the isochrone 

reconstruction of King (1985). Near the Harp Lake Massif, 'the reason why a wdisorganized esker 

: 1 zones should exi!it is not clear, but may be related to the rearrangement of meltwater dfainage due 
I t  

to the topographic obstacle represented by the Massif. 
a * 
l i '@e mganized esker zone, represents that sector of the ice mass which maintained coherent 

integrated meltwater drainage as the base of the ice sheet allowing formation of integrated esker 

systems. In this mne, esker systems are up to 420 km long (when small gaps between esker segments -> are measured with esker segments) and the drainage basin area of an individual esker system is up 

1. . to 1 7 m  km2 . There is a linear relation 
/ 

1 ,  belween longest esker in a system and size ofbasin area (Rz = 0.81; Fig. MA), but the relation may 

I .  . also be due to how widely separated (average 12-15 km) sub-parallel long eskers are within a system. 

&I lrker system (marked by an asterisk I$~ig .  1614 and 16B) located near Smallwood 
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Figure 16. Relationship belween drainage basin size and esker length. The 99% confidence 
interval is plotted for each basin area (measured with a planimeter) and each esker length (measured 
witb an opisometer). Lengtb of the longest esker is recorded, which may not be the uuunkw esker 
of the system. Asterisk (*) indicates rbe position of that esker system partly located in Smallwood 
resenoit, which has eskers at an angle (70") to late ice flow direction. A: Linear W o n  B: Power 
law hrnction 



R-ir is at an angle of up to 70" to  ice flaw directions, and has a very different shape (square) 

than other sgstems (reangular) in Labrador. Because of the particular conditions wbicb led to tbe 

fdimation of My system (see! p. XX), it mny be excluded from the analysis. Tbe comlation mefficieni 

for the linear relat 'h q 

* L = 59 + 0.m 

is improved to Rz = 0.91. 

For fluvial systems, the 4elatioBhip bemeen mainsueam length and basin area can be 

expressed by the followiog equation (I-bck, 1957) 

where L is the mainstream length, A is the basin area, a and b are bnstants (the intercept and slope 

of the regression line on a log-log plot). The exponent b is greater tban 0.5 implyiag that drainage 
I 

basins tend to be more elongate as their size increases (Robert and Roy, 1990). This is an allomeuic 

(scalerelated distortion of geometry) interpretation of the relationship. A fractal interpretation oE 

the length to area ratio relates measures made on different scale maps, for each of which a and b are 

calculated. A cbmbination of both interpretations explaias the relationship (Robert and Roy, 1990). , 

Nevertheless, b appears to always be less than 1, therefore an exponential relationship appears to be 

true for fluvial systems. 

Apptying a power law function for flwioglacial systems in Labrador (Fig. 16B) as for flwial 

systems, the relationship between esker length and drainage basin area is: 

1: The correlation coefficient Ra = 0.84 is a better fit to the data than the linear function when all 

e ~ k r  systems are taken into account 'If the anomalous esker system is removed from the analysis, 
. -. 

then the equatioli becomes 

but the correlation coefficient is only improved to Rz = 0.86, less than for a Iinear relationship. A 

linear relationship between loagest esker Jengtb and drainage basin area is valid for flwioglacial 



systems, indicating that drainage basins do not become more elongate as theu size increases, and that 

the wid& of the flwio@cial cbrridor &ys conslant. 

There appears to be a fundamental difference between flwial and flwioglacial systems, which - 

is that. flwi~glacial drainap b i a s  retain theu elongate shape regardless of esker size. While 

supraglacial meltwater systems resemble fluvial systems (dendritic Brainage pattern) over a level 

featureless plain (Aylswonh and Shilts, 1989), subglacial drainage must be controlled by other factors, 

such as underlying topography and amount of water to evacuate. Subglacial topography varies over 

Labrador, and it is more likely that the length-area ratio is related to the amount of meltwater to 

evacuate. The regular spadng between eskers (12-15 km) also reflects the amount of meltwater to 

drain, and is therefore a characteristic of the subglacial drainage of an ice sheet. The length-area ratio 

and the regular spacing between ekers indicate that of the quantity of meltwater present subglacially 

is efficiently evacuated by an elongate tunnel system reprknted today by esker traces. - 

In general, the overall orientation of eskers in the *organized esker zonew is sub-parallel to 

lateiee flow directioh! as recorded by itreamlined glacial landforms (area A, Fig- 17). To the eas5 

eskers are oriented NE to E, while to the south, theu orientation changes from SE to SW, radiating 

about the location of the presumed ice divide. Tbe prevalent pattern of esker distribution in the 

worganized esker muew, indicates that the main control on esker location is by the glaciostatic 

gradient imposed on the subglaclal drainage system by the ice mass. Thus, eskers are generally 

oriented parallel to late ice flow. There appears to be a control from subglacial topography on the 

details of the paths, such as detours around hills, and crossing high topography at low passes. 

Near Smallwood Reservoir there is a difference of up to 70" between esker orientation and 

ice flow trends (area 8, Fig. 17). This area may mark a major reorganization of glacial flow a M m e  

where local influences on glacial dynamics during the time of esker formation,, played a more 

impo&nt role than overall g l a d  conditions during the formation of drumlins and other fluted 
\ 

landforms. The most probable local control may have been a presumed ice stream located over 

Churchill River valley and Hamilton Inlet (Kla~sen and Thompson, 1987). which could have drawn 
/? 



Figure 17. . Orientation of =ken with respect to late ice flow, & mrded by fluted landforms. 
In general, eskem are sub-parallel to late ice flow (A), but may be up to 7CP h m  it (B). 



ioe from the S- Resemir area, &us changing the   fa tic g d k n t  and inducing meltwater 

fkw towards it; but not strong emugh to reshape ffuW laadlorn deposited during regbud ice tlow. 

&ken located in tbe c r o w  ester mll~ ,  are $enerally located in the margins of broad, . 

e20-40 m deep, valleys of the Lake and George plateaus which usually parallel ice flow orientations. 

The &ern valleys slope towards the coasts from the drainage divide, but during deglaciation, t 
to differential isostatic depression (about 1 m/km), meltwater flow was gene* uphill, driven by 

C 

differential gladmtatic pressures in the overall ice flow direction. Where isolated hills are located 

across esker paths, eskers tend to go around the hill and then resume their originalmientation (Fig. 

18A). The scale and frequency of these bends has not been investigated, but for those eskers which 

ha& been mapped in detail the bends are infrequent, affect less than 5 km of esker length, and can 

be affected by local topography. Where ranges of hills are located aaoss esker paths, especially at 

the modem drainage divide, esken change their course to cross the adverse topography at a low pass 

I 
(Fig. 18B). In the eskers may be absent, but fluvially eroded areas of bedrock are present, and 

! the esker typically reappearstwithin a' kilometre of the pass. Exceptions to this pattern of concordance 

of eskers with topography are found in the George River valley. The valley was transverse to ice flow, 

and esken originating west of tbe valley lead into and out of it, climbing eastward more than 150 m 

In less than 5 km (Fig 19). The implication is that the ice sheet had to be thick enough during the 

formation of those esker segments ia the valley that meltwat$rs flowed across the valley, rather than 

ponded as a subglacial lake. Alternatively, the esker segments may indicate drainage into the valley 

from both sides, an indication that the esker path was in fact controlled by drainage northward along 

George River valley. The continuity of the esker systems supports eastward flo& across the valley. 

Rwrsal of.flow would have been expeaed to produce a gap in the ridge during reorganization of 
r- 

meltwater flow. Also, based on the absence of esken in the steeply descending valleys near the 

Labrador Sea and Gulf of St. hwence  coasts, it is unlikely that a ridge could have been built in 

valleys descending tqwards the George River by meltwaters flowing into it. 



Figure 18 Relationship betanen eskers and topography. A) Esker paths go around isQlated 
hilb, and resume their original orientation on the other side of the hill. Tl~is is approximately km ' 

40 of Gabbro esker. Contour interval is 50 Pt. B) 'IEe path of eskers is modi@d to cross 
mumxsc hi@ topogmphy at low passes. This is approximately km 45 of Lac Brisson e s h .  
Contour interval is 100 d 

I .  



Figure 19. Eskers across George River yalley. Eskers descend from the plateau on the western 
side of George River into the v?lley, and climb up onto the plateau east of it. Elevations are In 
feet asl. George River is at an elevation of about 300 m, while the plateaus on either side are at 
about 425-480 m. - 

a .  

. . (modified from Ives, 1960) 



. Witbin the ccotpntad esktr ZQI#* esker systems are composed of a trunk esker, to which 

Inbutmy eskefs are aconnecmb. either d ' i r e  or by meltwater channels or areas. of bedrock 

presumed svipped of glacial debris 'by subglacial meltwaW flow. Integrated esker systems (where 

short and long eskers, triiutaries and trunk, are pan o f a  subgIacial drainage comdor) have second 

* and tbird order sveams (Plate 1). There may be up to 10 aUibutariesr to a trunk esler, and each 

tniutary.may have a few lower order sueams. Most uunk esken, however, have relatively few 

tributaries, with only second and third order st&ms existing. The spacing between tributary junctions 
.. 1 

od the trunk esker is 10-W ion. Most longer tributaries are subparallel to the trunk esker, such that 

- . the drainage pattern is parallel. The apparent drajnage pattern formed by eskers is similar to 

i ' 1 reticulate patterns defined by surface meltwater streams on the Greenland ice sheet (Sugden & John, 

9 1976, p. 2%). but at a scale one order of magnitude larger. 

. 1  * . . En northern Labhdor, besides a few, short tributaries, usually less than three along each larger 

esker, !here does not appear to be an ategrated drainage pattern to the esken. For those systems 

which are integrated. the len@ of the sys&ms (in the overall direction of ice flow) 6 twice the width 

i 1 (taken perpendicular to ice flow) of the system In central and western Labrador, most esker systems 
I C 

.( 

are 'coniped of two long (>lo0 km) eskers towhich up to 10 shorter (~40 km) tributaries are 
I ? \ 

i s 
. -. 

connected. Because of the two long esken, the length (along ice flow) is up to seven times the width 
* - 

~cross  ice flow) of the system. In all cases, the shape of drainage basins approximates a rectangle + 

The paths of tributaries change notably a few kilometres from their junction with the trunk I I - -  -1% . . 
(Fig. 6, P .k 1). This is most apparent with longer tributaries, which are subparallel to trunk esken 

I I , for r long d ihnce  and are &parated 'from the trunk by 10-15 km. Approximately 3-5 km 'from 

junctions with tfink eskers, the tributaries sharply bend, at an angle ip to 90.. towards the uunk 

esker, and continue along the new path until it merges with the trunk. -The angle of the bend does 
-* 

not appear related to the length of the tributary. Tributaries too small-(<5 km long) to have a 

I ,  
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. .I 
i mglc to the trunk." Most longer and soinc shorter ones also, appear to ptefermtially comect I. 
I '  " 

abm & left (from t h t m ~ t  for those cakem trending southeast). I. Uu five systems studied, 
. . I - & Ifom the left (loqking dowoesker) for 30 tributaries out of 35-d the exceptions are 

F 7 -=. tisWIy short (4 b) estteff. Tnitary esker j d o m  from the left have also been noted in 
4 .  

a lkewatin and rb&e, they ha& been attributed who Coriolis effect ?ver a Wge featieless plain, such 

I I . . 
asL surface of an ice sheet (Aylswotth & Sbilts, 1W). . . 

b 
' 7 

The ContrI ova &b &ker is t r i 5 u G  to another does not appear to be related tosthe 
a / : L 

& k ovedl ICngtb of eskeri. h g  eskers - may + be tributky to smaller ones, ;hc aiteha to define a 
1). . . 

iributary beiig ;be *bends t h t  an esker has wh& it  merges with another esker. This, the control 
' 1  . .. 
, I on whicb esker is trunk and which is tributary must be the tunnel which.p., the mqst favourable 

' 1 meltwater drainage conditions, such as outlet through a lower'valley. Based on the patt- 

. I . . tributary over mOJt of Labrador, the hydraulic control appears ,to be most effective a few 

ldlotgetres (3-5 krn) away from the w n k  'esker, as that is from where the tributaqf modifies - ... 
+ - I 

! 1 ~l l ad . t i bm by I4cbrand ud h d k  (1989) of the area of subglaci3l drainage needed to 
i l  . ., 

a 3 

. . supgly em@ water for a discharge of 1 mJ /s in a 10 m wide subglacial.channel if the wte r  came' 
- I 

1 

For iueh Bow velocities, the ~ b g W a l  stream bog not allow trampon of debfir lnrkr than sand- - ,  

- , - 
size., Tkmaximum size of draramage basins in Labrador - - is 3n the order of 15,000 . . km2 , and becaw 

b. , I' 
the sib-l m e l N ~ c r  p ~ r a i o n  was tikily in the same order of magnitude in Gbrador as that 

- ptulateQ {or &den (1 a n 3  kin2 a), the discharge Y subglkal tunnels in Labrador if the w t e r  was .- ' I '  
den'tirely subglacial would have been less than (XI cm3 k in a 10 m (nide tunnel. It is likely that , - -  

. s u b ,  .tanneb .I& F- of imbglackd .. &ken directly in the -Be basin 1. 
,, ' 6 -  

- of an eslrar system were tm mall to fom any estM h Labrador. Thus, sup~glacial and englacial 'D. 

"- a . -* : m~~dten  are neelpuy to a&munt ~JE qopntjy of me~twate~ needed to tramport the sediment 

[ :- " " .  " -  . - . '  \ '  a 
a, : l - -. I .  

' I  65 I ' 



. . 
within the eskqs they studieb, 'Ihenfore, if the * -  tunnel syspxns represented by eskers existed 

i .  ' 

. simu\tadpwly dufing degbciation, Ibc). could have handled the subglad d A g e  of its drainage 
2 , .  

'.- =*-.. 
r ,  r - . 5  W,n, without the capaciiy to brm eskex ridges. It is conceivabLe $at  englacial meltwatec~p~-w@ - -  

b . as s u p g k h l  meltwaters, which OV(Dtollly reackd the basa3 tonne! system, were required so that - 
r "  *. .ha 

the subglacial stream competence was enough to transport esker debris. 

~n bb-r, ma alcn.are located in broad, gentle, weU to i l ldehed valleys, with an 
* 

-overall slop of 0.DDODl - opa4 to negative s l o p ,  befoe isostatit recovery, (Table 1; averap 
P 

1, correction bf 1 mbnx Parent & Occhietti; 1988). Eskers are often located either along or within lakes 
F.& '<* 

,::, aid rivers, which they cross infrequently akl do not suba~tiaUy impound drainage. Esken aie not 

d ,  - ,  

-3 3. . . 
. ,- found at the lowest point of t h i r  vallueya Although the edge of the Labrador Trough, a 

local relief of about 330 rn, may have had e supraglacial expression in tpe form of a broad depression 

on ice surface, most othec va l l q  are shallow ( ~ 2 0  m deep) and illdefined, with, presumably, no 

obksp&ndiig supraglacia) topography. Therefore, for esker paths to be locally rontrolled by subtle 

subglacial topography, the~tream in which atcn formed must bave at the base of the 
L 

'ice sheet and topographic effebc must have been significant with 

Suprpobition of the supraglacial drainage pattern on the subglacial system, much as a 

template, has been pmpacd by Sbilts (1%) to explain the apparent branching of esker paths, and 

may even explain the a p p a r d  straightness of eskers* related to striiight supraglacial streams on the 
. . t .  

steep ice margin. Whi& supraglacial drainage may affect-tbesubgiacia1 system when it merges with 

i( the patterns of supraglacial drainage on modem ice sheets (subden & l o b ,  .. 1974 p. 286) are not 

at the same Bas esker paths imply cbe subglacial system be* Supra@Cia1 stream density 

a* t ~ b e  wub higher than eske~sysiems, and mqre likely to change rapidly due a presence of 

ct&mses* differential ice movement, etc. 
-, a 

While riven are hot dim$ analogous to meltwater s t r & n ~  they provide a basis for 
e 

amparison. Unda rnditiom of loo, slopes and broad valleys, rivers are e x ~ ~ ~ ~ e d  , . to develop a . . 



.. 
f - 

ma&rhg pattern, with swty Mia of 2 and bigher. W e  a common -ption of an a k e r  
i 

'is of a sinwus ridge, all eskers studied in Labrador are straight, with an o v e h  sinuosity index 
. . - ranging between 1.05 to 1.1 (Table 1). Observation of low sinuosity modem streams show that these 

low sinuosity rivers often carry a coarse bed load (Ritter, 1978; p. 241). The straight nature of eskers 
5 " 
1 

i , may be partially related to the coarse load which is transponed in the aka tunnel analogous to 

11 b The most imponant control on esker path and sinuosity, however, is likely the ice surface 

$ 
7 

gradient which, especially near the ice margin where esker segments are presumed to be formed, is 
; .s 

sleep, as controlled by the velocity of the ice and the thickness of the glacier. Secondary control on 
. . 

esker path by subglacial topography affects segments of the tunnel where local conditions do not 

fakur the overall orientatio~'~iven by the ice surface gradient 

- ** 
S . s 

L - ' I Esker mo hologies (Fig. 10,15 and 21; Table 4; Appendix IV) most ofien qxn in Eabrador 
/ 

i l are the single ridge with steep flanks and a sharp crest, the double ridges, and the multiple ridges. 
e -, 

15 ~ommonly, double and mpltiple ridges have a principal ridge which is higher and coarser grained than - - 
8 " the others. All can have steep flanks and sharp crests. Eskers which have flat'top appear to have 
t r 

been modified-@ wave action when they were uncovered sub-aquatic&, or by current action in a 

river-lileoenvironment between i a  walls in an open tunnel at the margin of the glacier. In the 

system which were studied more closely, single ridges rep!-nt 5@75% of the tom esker lengh. 

*double rid& are 0-2096, multiple ridges are 0-3%. while g a p  account for 2040% of total esker 

f "  . 
length. Ridges are 3-30 m-high, and 30-350 ni wide at the base. Esker complexes (including- aprons, 

I *  . pads, and splay) are up to 1.5 km wide, while blankets of pPKI can occur & much as 3-4 km on 

either side of the esker ridge (Table 1). - - 
a-4 

EsIters studiedhave a low overall sinuosity index (1.05-1.10, measured as the crest length over 
\ - 

I the 'straight lill~-le&th h0m beginning to end) while ihaividual segments range from straight 







(SI=1.00) to b r a t h y  sinuous (SIs132). TBe low sinuosity may be related to the influence of the +- 

! valleys in which eskers are often f o q  :De subglaaal tunnels meandered in the confines of the 

valleys, but did not spill over their edges, The most sippus segments are found where eslcers circle 

around hills or where they cross low points at divides. Sinuosity and other faaors such as slope, may 

q - be re la te  t ~ r i d g e  morphobgy. For -pie, Gabbm esker, wbieh Qas (be greatest pmporUw of 
, +& 

single ridge'skgments (75%) is the straightest esker studied (SI=l.OS), apd also has the least negative 

.. - 
, slope (-0.&05,before isostatic reukry), except for the overall slope of Shabogab and De Mile 
\ 

esker systems: which end in a vallg leading to the St. Jawrenoe Estuary. . \ 
\. Z 

: M or more ridges can form as the result of blockage or collapse of the ice roof on an 

g I 
existing tum'el (Aylshrth and Shilts, 1- (Fig. 21B) or due to changes in the glaciostatic load as 

meltwater is directed up gently k n d i n g  reaches (Shreve, 1985). The best example is Ossokrnanuan 
. . 

pk&, which ha? the most abundant doubleaested and multiple-crested segments. Ossokmanuan 

eslrcr bas the most negative slope (notcountipg G c  Brisson/eSker because it has a short segment in 
I 

I A /' 
. the George River M e y )  of -0.0022 m/km. It has to be kept in mind that bemuse of differential 

isostatic depression at the time of esker deposition, most esker segments in Labrador were deposited 

against a & m  topography (Tab@ 1). :- 
.C - 

- --The sharp crest and steep sides of the ridge may be primary f&tures imposed by ;econ&ry 
- .  / - 

water currents (Shreve, 1972) on either side of the ridge. The currents flowed up the ridge to the roof 
c 

of the tunnel, and down the ice walls to the tunnel floor. The action of the water currents at the base ' 

of the ridge is to erode and transpon the sediments up the ridge. The debris is deposited near the 
4- 

5 ' crest of the ridge where both up-currents on either side of the ridge converge. Alternatively, slumping 
, 

of the sediment after melting of the sustaining ice walls can produce the same morphology. Slumping 

may be,suspected if postdepositional faulting is identified in the ridge (eg. McDonald and Shilu, 

1975). -Faul t iagm qpt recognised in those eskers studied in Labrador, maybk&use faulting can * 

C -  . & -  

not bk easily identified in coarse'sediment. ' a 

\ 

Ridge morphology indicatg that eskers were deposited in a subglacial tunnel. the position 



1 

of which, in the c o n t w f  the ice sheet, was control& by the presence of subglacial-valleys. From 

1 
the morphology, it is not possible to establish where in the tunnel (near the iq margin, a few km 

I ' 
from the ice margin,.br deep i t h i n  the ice sheet)-the ester was deposited, or ha . long  a s p e n t  

1 is deposited at any one time. . ' 

Fluvioglacial comprising esker systems, but not pan of t h  ridge, are termed 
-- 

a p c k b t e d  deposits,. They bmdrise f*ur main landform types, termed: uapronsm, ~ p a d s ~ ,  usplays*, 

and d l a n k e t s ~  (Figs. I S  a d  @ T& 4; Appendices I and IV). They are deposited in an ice 
2, * 

marginal o r  proglacial environment, commonly in contact with the ice. They can either be continuous 

along the esker ridge, or periodic in distribution. For the five eskers under study, aprons and blankets 

are found along 3040% of esker length, pads alongp12-33%, splays, 0-15%. none, 3-23% (Appendix 

W, Table 4). Esken may be flanked by none, one or a combination of these landforms, or by none. 
- 

Some landforms, such as pads and blankets, may be found in areas where ridges have not developed, 

but generally along the path of fluvioglacial systems. Aprons, pads and blankets can be continuous 

over 10's of kms, while splays punctuate the esker ridge for segments up to 3-4 km long. 

brprons (Fig. 22A) are always in contact with the esker ridge; lapping onto half to two-thirds 

of its base. Ridges which have aproris have gentler side slopes than those which do pot have aprons. 

Deposition of an apron is thought to occur in an immediate proglacial setting, where the meltwater 

stream debouches from the tunnel; In that position, the stream is no longer confined, or less confined 

if a reentrant at the ice margin has eldped, and the stream spreads out on either or both sides of "4. 
the ridge Widening of the &m&t with tim\e,ad thus evolution of the stream. from nearly parallel 

to the ridge initially to away from the ridge, may be exp&ted. Migration of the stream sideways with 

enla,rgement of the reentrant may also explain why aprons do not cover esken entireiy. Wide aprons 
. b  

may AVC an ,upaker  icecoaua slope, indi&ling standstill of the ice margin during sedimentation 

of a fan-like deposit which otherwise has the characteristic3 of an apron. 

Pads .(Fig. 228) are flat. low, with respect to the eskgr ridge, landforms deposited in an 
- 
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i Figure 22 Model *formation of asociated dep&its. Associated deposits are sedimented in 
a progIacial or supraglacial posiliD11. after sedimentation of the esker ridge. Aprons (A), pads (B) and 
splays (C) are represented. l%e numtyrs represent"dil7erent stages of formation of s s s o d . ~  
deposits. Arrows point to the resulting W o r m  on each sketch. Blankets, which are not sketched 
here, result from uncon6aed sed+ntation in a proglacial retting. 

72 
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. i 
I 

./ . , 
unconfined proglacial Pads arc adjacent to a ridge, typicalIy separated &a it by a 

shallow ditch that k likely an in tion of the melting of buried sustaining ice walls. Pads b y  also 3 - *  

be hated as an extension of ap/om. in wL*b case the ditch is not +n.r Aprons which are . . 
continuous with pads may signify proglacial sedimentation for a period of time long enough to allow I 
total unconlsmement of the stream, and qtreat of the reentrant in the ice margin. - a 

Sphys (Fig. PC) are aJko low, with respect to the a k a  ridge, Iandforms, but ditlu from pads 
I 

by the presence and a b u n 6  of kettles. The kettles imply that the splays formed wer  i& in a 

pmglaciaJ or supraglacia1 pdition. The ice blocks b y  be present at the margin of the ice sheet in 
I 

the stagnant zone, over w h a glacial stream spreads out its fine-grained load. The deposit would 3 
then be expeaed to thin a from the ice margin, and to have an ice contact slope on its up-esker PY \ 

face. Ibe finegrained rqhiment may be deposited in a subglacial cavity, followed by collapse of the 
, , 

ice roof and subsequent ,hg  by more fine-grained sediments from €he now subaerial glacial stream 
i 

In this case, tbe deposi would be expected to be gradational in grain size to the esker ridge, which 

itself would not be as'well defined. as if it had been deposited In a narrow tunnel. The splay would 
I 

also be thinning a T  from the ice margin, and may have an ice-contact up-esker face. 
I 

Since obsebtions splay did not indicate a thiming.of the hndform dawtream, and 
\ 

because i c e c o n w  slopes are p ~ n t l n o t  only on the upstream face, but around a!1 edges of .the 

deposif, another: mechanism may have acted to form splays (Fig. 22C). Near the ice margin, where 

ice is less than 80-40 m thick, craasses may reach to the base of the glacier. Deeper crevasses do hot 
I 

usually exist, knee the ice is normally plastic eiough to agjust to str- by plastic defomtioa. 

.rather than by creMssing (Sugden & John, 1976, p. 74). Similarly, most moulins on modern F e r s  
s 

' i 

have been bund to be between 25 an@.& m deep (Sugden & John, 1976, p. 289). A aobgla&l steam 
ti' 

may be diverted up through a fountain, which would deposit fine &in& sediment carried up with 

the f@v ja a bowl-shape depression at the surface of the glacier. Upon melting of the underlying ice,<% 

kqttlo and icesontact sbpca would result. Because the connection of a fountain to the subqcial a 

#- 9 
tunnel sFt& is a random event which on& persists "ail the i& margin has, reWated @t the 



fountain, splays are not arpected to be located continuously along tht esker, but be present along 

limited segments of the ridge c. 
Blankets are composed of s a d  an& gravel deposited on top of previously deposited glacial 

deposits and can be thick emu& to completely mnsk underlying morphology. More typically, 
' 

blal;ar i& found on top of ribbed moraine, especiaUy in western Librador along Shabogamo and 

Ashuanipi eskers. Blankets can be found in contact with till 9 t h  wich it progressively merges (no 
I B 

. . steep margins), and are likely the result of unconfined sedimenitation in a proglacial environment. 
- 

1 - The morphology of eskers indicates that ice h present during their formation, that it is thin 

(40-40 m thick, to allow crevasses and moulins to reach to the base of the glacier, and to allow 

subtle subglacial topography to play an important role on @e paths of eskers), and that the esker I 

tunnel (in which esker deposition is taking place) terminates at the ice sheet margin, in order for 

aprons and pads to be deposited. While deposition of the esker ridge and of the associated deposit 

i 
--- . 

is not synchronous, glaciological considerations indicate t h t  formation of the ridge occurs near the -,- 

ice margin where the subglacial tunnel can enlarge by frictional melting and not be closed by ice 
1 1  

I creep. Only in an enlarged tunnel, or if water velocities othenvise decrease, can deposition of the 

b F- esker rid-n. 
' 

The only indication from the data collect& in this study that subglacial tunnels penetrate 

C deeply inside the i i  sheet, is IbC p r s c l r t  of esker segments on both rid& bf the George River MU3 

in Nouveau QUebec, a local relief of about 150 m (330 m froq bottom of the valley to top of the hills 

' on either side). If esker paths are affected by gentle topography when the ice is thin, then ice has to 

be thick for esker paths to not be affected by a major topographic feature. The glaciostatic gradient 
1 

in such a situation would have induced high water flows in the tunnel, but not deposition of 
d 

sediments. Along Lac Brisson esker, there are no indications of meltwater escape routes which could 

b have handled a large amount of fast flowing subglacial meltwaters except near its eastern& end, 

r 
II at the head of Anaktalik Brook. There, numerous meltwater channels cut in till attest to a major 



drainage evenr. If that is indeed the position of tbe ice margin at the time a tunnel was present aaoss 

the George River, then, us@ Np's equation as a rough approximation of ice thicka& (Sugden & 

~ohn4976, p. 59), the ice chi& over George River might have been in the order of 1500 I& about 

100 km from the ice margin. A 100 Itm long tunmi may not bave had sediment deposited along its 

whole length, but it is likely that in this particular case (Lac Brisson esker), esker segments were 

formed at an early stage, far back into the tunnel, when the glaaer was still thick, in order to keep .. b ... 
the hydraulic head necessary.to drive water up the George River valley side. This example may serve 

1 . I 

to empkasize how much local coaditions are important in the development of particular esker 

segments. 
1 .  

Limited exposure and the coarse-grained character.of the sediments made examination of 

sedimentary structures extremely difficult, and a statistical approach was used to determine likely 

patterns in sfdimentation and draw inferences as to depositional sequences. The stratigraphic 

infonnatidn was desaibed using wunitsm, defined as a layer of sediment of comparable character, ie. 

:&iment size, roundness, and type and abundance of mntrix, which may represent one depmitioml . . .-. '. 
'$" event in the formation of eskers. In 72 sections located in esker ridges, sediments comprise beds 

. . - -. , 
.ranging from less than 0.10 m to 10 m thick with grain sizes ranging from s i l t - t~  boulders up to 1 m 

in diameter (Fig. 23A; Appendix V). units &e, in decreasing order of relative importance (rehtive 

Bb total thiclmas): fine mix unit it 47% of total measured Cpictncn); medium mix unit (M, 11%); 

clast-supported units (cobbles, C, and boulders, G: 10% each, pebbles, G: 7%); sand (S, 8%); very 

fiae mix unit (M, 3%); diamicton unit (T, 2%); coarse mix unit (M, 1%); and silt and clay unit (SC, 

.: 4 % ) .  In the esker ridge, there is a lack of well developed, small scale sedimentary structures, such 

as ripple marks, laminalions, thin bedding, although the scale of exposure (1 m wide sections 

unswercdfmay not have allowed their recognition. TIiye is, however, a crude layering, which is at ,* 
times befined by a very well developed 1-15 m thick unit cbmpcwed primarily of boulder-supported 





gravel. This suuctyre is here ,called athe boulder be6 and is mded as C, in the stra1$.a~m 

The We mtx unit is rahssii to faintly stratified, rarely fhin&)ipwards (clast size), ranging in ' 

6 

thickness from 0.20 to 8 m. Ihe fine mix unit is normally massive. The matrix is composed of !he 

W ' h m e  sand, with or witbout granules. Pebbles up to 7 an occur disseminated in the unit o r  in 

*kte leeks. ~l -a minor component, ~ g e r  ~ t s .  may be p-nt t h r o u ~ ~ t  the unit or 
b 

I 

concentrated at the base. p e  clasts are rounded to well r o ~ ~  rarely subangular. The unit is 

loosely to we1 packed. The fine mix unit is found k t  often at she base of sections, and therefore, , . I 

the maximem thickness reported is a minimum estimate, as the lower contact was not uncmered in 
4 

all cases. -- - 
Medium mix unit (0.2 to 1.5 m beds, exceptionaUy 4 m and 10 m tbick) and coarse mix unit , 

(0.5 to 1.3 m beds) a& similar to the fine m i  unit in that they are a matrix-sup~rted, heterogeneous - 
mixture of sand and clasts, but the size fraction of the clasts (oobble, 5-25 cm for the medium m k  

boulder >25 cm for the coarse inix) are larger than for the fine mix unit. Each unit may have a minor , 
amount of clasts smaller or larger than the'unit descriptor. The matrix of tlie coane mix and the 

. . 
medium mix units can be composed of anything smaller than the clasts, although coarse sand to 

granules is most common. The number of clasts in these units is at times great enough that some 
2 ' 

clasts touch, forming partial support to the unit. The units are massive to faintly stratified, and are 

loosely to moderately packed The medi-um mix unit is found mostly towards thebase of exposures, 

while the &rse mix unit is found independently towards the base or the top of sections. 

Clast-supported units, (boulders: 0.3 to 2 m beds; cobbles: 0.1 to 2 m beds and pebbles: 0.05 

- to 2.5 r. beds) are e~~enthllyrimilar in that they are&mposed of clasts forming ibe fram-rk of 

tbe unit, between Which a sandy matrix can be found. The basic 'differen* benveen clast-supported 

units is in the size fraction (boulders: >25 cm diameter, cobbles: 5-25 cm diameter, and pebbles: 1-5 

c- 
: r;; cm) in~01;ql. The clasts may be ihbricated, and range from loosely packed to tightly packed. Matrix, 

- 1 I - - 
_. \. -. when present, is corn& of fine to maw sand. with or without granules. St& clasts. other than 



t& desaiptot, may be indodeb, in minor quantities, in each category. Chst-supported units are 

a I a S h  to hintly stratified, and may.coarsen or  fine upwards. They teed to be found towards the top 

of eJQo6Pres. 

C - .  Undifferentiated sad units (0.05 to 3 m beds) are massive to leminated, and may have a few 

clasts. Some beds may coarsen or fine upwards. ?e sand units in the esker ridge do not appear to 
n 
I be located preferentially at the base or the top of exposures. The very fine mix unit (0.1 to 3 m beds) 

is found towards the base,of exposures and are compo6ed of small pebbles, 0.5 to - 1 cm in size, with 

a sand matrix and may have a m b r  amount of small pebbles. The very Eine mbr unit is massive to 

taintly stratilied, and may coarsen upwards. Tbo units of silt and clay, each 0.2 m thick, laminated 

with sand, and seven diamicton units, most likely till, 05 to 1 m in thickness, have been recognized. 

~hk)diamict& units, till, have a silty matrix with subangular pebbles, and are-massive. Diamictons 

are found towards the base of exposure, Athough not necessarily as the basal unit. 

The bulk of esker sediments he mixed sizes, ir pebhl? in a ooarse5aad to matrix. 

l)'pi~ally, sections through the ridge show an alternation from a pebbly gravel to a ciobbly-bouldery 

gravel,clast-supported or matrhr-supported In longitudihal sections the continuity of some beds over 

\ 
a few hundred meters can be observed, but the most characteristic features is the abrupt changes in 

the nature of the sediment between adjacent sections. 

In esken, smallscale sedimentary structures were not observed, except for some laminations 
i &. 

in sandy sedime&s. 7be mast characteristic (ulure obseqxdrVedis etbc boulder bed.. It is pr&nt in 

27 sections as one, rarely two, l&r(s) per seaion add is commonly located half-way to two thirds of 
\ 

the way up from the estimated base of tbe'esker ridge. Cobble-supponed and boulder-supported 

layers are present in 49 seckons in up to three distinct layers. The longitudiaal continqity of ttie 

boulder bed could not be assessed, as very few longitudinal sections are 'expos4 but is estimated to 

be in the order of a few hundred meters long, and found sporadically aldng the esker. mere  is, 
- * h 

however, a distinct change idthe Ebusaer of the sediment a& and beiow t& boulder bed. 'The 
. . 

'ehanian grain size is abrupt, usually from a m& unit with pebbles or cobbles below the boulder 
, . - 



I " 

i .. . 

- bed, to t ly  bod& bed, to a fine mix or sand unit above the bod* bed. - 
r - 

the boulder bed, crude, subhotbntaf laydng within units dellned by subtle change 

I ' in clast sipr (not Wge,enbugh to change the catepy of the descriptor) or weak alignment of pebbles 

I ., , 
' (loog axis $&on 'parallel to the ridge, dipping upcrker), was also obscMd Other apparent 

T 7 

& layering in the sediment pUe was dobed by the changes in sedimcnuy units. 
i + 

heating the stzatigraphic.&u with the upwards transition mavh statistical technique 

F 7  
1 

doaibcd in Appendix M, the m M  characteristic esker ridge sequencemy be constructd, based on 
J, i 

relati& stratigraphic positions of units within esken, avengesunit thickness, and the most common 
- 

upwards transitions. The  data s?gget that an esker would s u n  with a fin~kh or a medium mix unit, 

. foUmed by clast-supported units (cobbles, then pebble), a sand unit, then a pebble-supported unit 

, again, If there was continuous deposition in an esker tunnel during its .life*, ir from the time - - ,  -?P-';': ' * 

deposition was initiated to the time the esker was ulicover@, the wqucwc depicted M, 4 C. + 
+ 

: I  , 
S - C, might be a reasonable approximation of the sedimentation &lr If the sequence was found P. 

Superposed a number of time$ in sections, then it might indicate yearly sedimentati01~ In a subglacial 

stream, however, daily and seasonal melmter input fluctuations are likely to produce high capacity, 

r 
l ii . high competence s t r u m  which may be responsible for erosion of especially fine-@ed units or 

' modification of deposited sedimentr, such as winnowing of fine debris in coarse-grai~ed units. 

1 : The sequence suggested by the statistics is supported by field obsemt ion~  but is notcomplete 

because it does not take into aomunt the presence of the boulder bed, which has been identitied as 

1. - . . 
one of the .most sUildDg features of crker ridges. The boulder bed nry well be more apprent than 

statistically important. The boulder bed is not found preferentially above or bclow any other unit, II . 
at p &tien? that is statistically significant. Either the doulder bed is the result more  section^ in 

y h k h  the bould'er bed is present, need to be doaibed in order establish statistical 5ij3~ifi~hce. Bpvd 

- on field obsenations, the boulder bed is the result of a random catastrophic event for whish there are 

no precursors lrft in the sedimentary record, during which-large . . clasts were available, either in ihe ia,  

as a debris band, or in already deposited sediments. m.6 catastrophic event may be spring thaw, 



during which the subglacial stream is ersergetic enough to erode boulde-3 out of the ice and masport 

them some distance. Once the bouIdcr bed is emplaced, it is followwl by an episode of quieter 

sedimentatton, during which de ition follows a sequence similar to that described above. -- A 
In as0chte.d deposits, 18 sections were investigated (Appendk V, Fig. 23B), some of which 

also exposed the esker ridge. Nine sections are located in aprons, six in pads, two in blankets and one 

in a splay. Undifferentiated sand units amount for tXl% of total measured thickness. The fine mix 

unit (11%). cobble-supported gravel (10%). siltclay units (996) are almost equally abundant, while 

diamiaon (5%), very fme mh units (3%). m&& mix units @%) and pebble units (1%) nrr less 

abundant. In associated deposits, the coarser_units are most often found at the base, which may . 
indicate that the tlnegrained appeamnce of the deposits is only su~f i c i a l ,  or that the associated 

. . 
deposit is thin and underneath it, the section uncovered the coarse esker. Sand units and silt-clay 

uni* have s p d s l  characteristics in associated deposits which i& different from the same kits found 
\ 

in the esker ridge, and will be descn'bed in subsequent paragraphs. All other sediments in associa'ed 

deposits are similar to their equivalents in esker ridges, and will not be discussed further. 

Sand beds are 0.m m to 8 m thick, and may be rpythmically Laminated with silt and clay. 

Syadepositional sedimentary structures in sand are laminations interpreted to be related to the upper 

flow regime and climbing ripple cross-laminations. While the orientation of climbing ripples is erratic 

in most cases, in two locations in western Labrador, it suggested unconfinment of the progiacial 

meltwater stream which built tbe apron in which the ripples were found At the base of the sections, 

ripples were oriented sub-parallel to the esker ridge, while orientations farther up the section were 

at a progressively higher angle (up to 90") to the ridge. Postdepositional structures in sand are 1- 

normal faults indicating slumping, 2- reverse faults indicating rearrangement of the sediment into the 

cavity left by the melting of buried ice, and 3- ball and pillow structures indicating rapid dewatehng 

of the sediment. 
C 

Most silt antTclay beds (0.02 m to 1 m) are associated with rhythmically laminated sand and 



10 cm thick. SiSt-ciay W'aq be Qanb to drape over undcrlying'ripples in sand. All m W  

b h a ~ , s a n d - s i l t  pa&'gcp are assodated with the presence of~on$er g)acinl lakes in western 

Labrador, wbich were dammed up against the watershed. The water depth may have been in the order 

of 10 m, based on tbe elevation of the lowest point on the watershed and the position of the 
L* 

rhythmic& bedded sediments. Mow Head esker, witb which rhythmits are d a t e d ,  does n9t 

: appear to have been reworked by wave action, as it retains its sharp crest 

Becaw there are fm secuom of associated deposits, the upwards transition statistical 

technique does not yield as,detai)ed information as desired. Because some of the sections desaibed 
5 

iwxiated deposits in contact with the esker ridge, the most probable transitions picked out in the 

tested residual are really appEcable to the subjacent qker  ridge @& -, C, C, or q). The most 

probable transitions in associated deposits pa se is S -+ M, or SC, and SC -. S, which is mostly 

characteristic of those &ions with rhythmits located h western Labrador. 

Nevertheless, the sediments found in associated deposits are iarfi~tive of an environment of 

deposition less confined than the esker ridge, i.e. a proglacial rather than subglacial environment. The 

position of !he associated deposit sequence, especially the apron, with respect to the esker ridge ' 

sequence, indicates that the sedimentation of associated deposits & t a  that of eslcers, and that 

equivalent size material will have been trausported farther in associated depo&ts than in a k e i  ridges. 

Syndepbsitional sedimentary _ . structures (laminations and climbing ripples) indicate a variable flow 

regime with the stream flowing at 07 above its maximum capacity. Post-depositional structures (faults) 

indicate a t  asmciated deposits were sedimented in contact with ice and even buried dead i e .  

D t a r r s i o n 4 f & d m d c p a n i t t -  . . --i * 
In all Labrador eskers for which there is stratigraphic information; &ere is a set of 

sedimentary uni sharacteristic of the aker  ridge (Fig. 24). and a60ther of the associated deporiu 

Fig. 24). Within the ridge, the fine mix unit is, by far, most abundant. It is iikeiy, therefore, that the 

environment of deposition of the fine mu unit is the most characteristic Within associated deposits, 
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Figure 24. stratigraphic sections for the aker ridge (A) and e a t e d  deposits. apmn (B).' In the esker ridge, the fine mh unit is 
the most abundant and there is a boulder bed at about 2/3 up the section. In the apron, the sand unit is in contact with the esker ridge, 
paleocurrents indicate an unconfinment of the proglacial stream, and there is postdepositional faulting. * 



the sand unit is the most importanf Again, i-rs environment of depbition is likely to.& c h s ~ e r i s t i c  
.., . , 

..of the emhnment  of deposition ofassociated deppits. TiU, which can occor-at the base of eskers 
I 

or associated deposits, is genetidly in-kt &om esker sediments. Its presence, however, implies 

that either the esker tunnel did not reach, lb the base of the ice, or  that the energy of the meltwater 

sm-m was not high enough to-erode the till. Because esker sediments weflying ti& where ohwed, 

were not finer-grained than the till, it is mcre likely that the qker tunnel did not reach to the base 

of the ice. 

a l t e r  debris is derived from till and englacial debris. If coarse sediment is not present in till, 

then the eker  can only be composed of fine-grained material, even though the competerice of the 

stream may be high enough to transport coarse particles. In Labrador, the till is sandy, with some silt 

and clay size panicles, and an abundance of large emtics found mostly on the surface. The blocb 

can be h m  0.5 to 3-4 m in diameter. In eskers, the maximum size is about 1-1.5 m in diameter. 

which indicates that either larger boulders are not transported by meltwater streams, or that they 

rapidly break to smaller size& 

a The mixed units are composed of all size fractions, and clasts are surrounded by matrix, 

indicating simultaneous tra~spon and deposition of matrix and clasu. The mixed units found in an 

esker ridge may have been transported and deposited as a sliding bed such as h s  been described by 

Saunderson (1977,1982). Studies have shown that flow velocities required to entrain coarse particles 

from a mixed bed are lower than if the bl was composed sblely of that size fraction, and convewly, 

fine panicles require higher velocities to be entrained from a mixed bed than from a uniform bed 

(Komar, 1987; Andrews, lm, and others, cited in these papers). Entrainment of a l  particles in a 

sliding bed (Saunderson, 1977') of the ixed units requires progressively stronger flows. c-.+'= . sk. 

The formation of a slidin&% favoured by a high concentration of sediments. as is expected 

in an esker tunnel, a a l m  velocity, but enough to carry all grain sizes involved, and a small drag 

coefficient, obtained by the buoyant effect of sand on coarse gravel, and seepage flow that ufluidizes* 

the sediment (Saundetson. 1977). Seepage flow occurs because in a subglacial tunnel flowing full, 



water which would have formed waves is forced downwards into the sediment The load is deposited 

when flow velodties den& such that the bed can no longer be carried, as would happen where the 

tunnel is enlarged near, the ice margin. Deposition decreases the cross-seaion of tunnel available for 

water 00% whid has the effect of inmasing flw velocities. If fl& velocities increase sufficiently, 

and erosion oft& tunnel ice ceiling by frictional melting is not b t  enough, the bed will stan to flow 

agaia. The' process of deposition and re-entrainment may be self-maintaining w e r  long distances 

(Saunderson, 1977). Flow conditions favouraMe for sliding bed vansport would probably exist 

throughout the summer season, after high discharge events related to spring thaw have taken place. 

Deposition is likely to occur in late fall and early winter, when meltwater supply from the'surface of 
- 

the ice sheet is shut olf by freiing.. 

Close to the edge of the i q w t ,  subglacial meltwater may not be produced, or, if it is, may 

6eeze in the tunnel as cold air from outside penetrates inthe open and only partly filled tunneL The 

glacier toe may also be frozen to its base by a penetrating cold front during the winter. Icing of 

deposited sediments could amour  a season's deposit to prcsem it during the next spring high 

discharge event, as it will take some time before all ice is melted and frozen sediments thawead and 

available for erosion and transport. Winter flow further up-tunnel, which woul6 only come from 

subglacial melting, may not have enough energy to carry sediments en bloc, but may be responsible 

for winnowing of fine particles from a deposited mixed unit An amoureQ.bed of coarse particles 

formed by the selective removal of fine debris would result (Komar, lW), which would requite very 

high energy flows to re-entrain. %not re-entrained, the armoured bed would serve as a protective 

layer against erosion of all debris located below it. Icing is likely more important near the glacier 

margir than near the origin of the eskers, but it could not be assessed from the stratigraphic data 

collected 

Winnowing of fine panicles during the winter may concentrate the coam debris necessary 

to form, during the next spring high discharge event, the most striking stratigraphic feature of eskers: 

a layer, a few meters thick at the most, of well rounded, coarse cobbles to boulders (up to 50 - 70 cm 

84 



e 
i 

I in diameter), called the  boulder bedw. Where boulder beds were obsend, they were located in 
f 

steep-shd and shar3-creJted esker segments associated with deposition in a subglacial tunnel. The 

! ' 
water fiw conditions responsible for the deposition of boulder beds were oont* by the interadon 

. ,  
1 between widening of the tunnel due to frictional melting, and narrowiag due to ice creep. Just before 

I 7 spring thaw, the subglacial tunnel is at its namwest, and the input of water from snow melt, coupled 

:- with a n a m  tunneb g e m t e s  high energy aowJ which can m o b i i  and transport boulders. 

Widening of the tunnel by frictional melting to mcuate all meltwaters occurs within a few days 

(Shreve, 1972; Drewry, 1% p. 20). % increased width of the tunnel, the possibly lower input of 

water after most of the melt hag&en evacuated, yields lower velocity flows, during which the large 

particles are deposited, and the rest of the debris is camed as bed load. 

During transport, rounding and size reduction occurs rapidly for large sues (Schumm & 

Stevens, 1973). Boulders, if exposed to the flow, even if-not moving, can be abraded in place 

(Schumm 8c Stevens; 1973). Abrasion is enhanced by breakage, chipping and fracturing suffered by 

bouldek during transport. Thus, boulder beds, although transported for short distauces, have to be 

deposited fairly rapidly and buried, in order to keep their large size. Boulders observed in sections 

were rounded to well and there wasno evidence of breakage from particle collisions. The 
! 

dmbined processes of breakage and rounding during transport and abrasion in place, act on size 
I 

reduction and rounding of large clasts. 

- '  : If large clrcits are not constantly replaced by more large ckistt, the deposit will rapidly fine 

dowhesker, and coarse particles will no longer be pan of the deposit. Replenishment of cobbles and 

boulders can come from melting of the ice roof and walls, and may only be episodic, as the factors 

controlling the location of large debris in the glacier are varied, including underlying bedrock 

topography and regelation of debris at the base of the ice sheet. 

Gravel units which are composed of smaller clasts than boulders and hrge coSbles, may be 

Ule result of a mobile bed phenomena in which the finer panicles are camed faster than \he coarser 

ones, as they ride higher up in the load where velocities are slightly higher (Andrews; I-). It is 



expected that fhe ma- Component of gravel Layers transported as mobile beds would he fair@ high, 

i and tbat clasts w o w  not be imbrkrated. The 10ngituiM discontinpity of grovel layen n ~ y  be related 
6 " ,.-/ . 

co w no~-replaammt of o&;ro dcbp, it un-bqtiou, .lid i m p o n  as bedload rhcat 

mmgarsl=y 
4 

, a** 

I 

The bedload sheets by  hiti in^ a a. (1988) b r  the traasp3rt of coarse sand and fine 

gravel in river beds may pravide an analog for the presence of gravel layers in &r deposits. The 

bedload sheets are only a f k  grains high, while they are mtM longer, up to 200 - 300 times 

the sin? of the ooarse debris. For e s k  sedimentation, gravel laye6 especially boulder beds, ~ u l d  

be up to 2 m rPiclc, and up to 20d - 300 m long,-if they were transponed and deposited as bedload 

sheets. In a bedload sheet, coarse particles that are in transport at the bed of a stream ire slowed and 

stopped by other large particles already stopped. Finer sediments get trapped in the interstices 

1 between clast& causing the coarse particles to be mobiSe again (Whithg et al, 1988). The Wload 

sheet is coarser and thicker at its leading edge. While breakage' and abrasion oi GX particles - 
should occur during the transport of bedload sek, it has A t  been reported (Whtting n bl. 1988). 

If breakage and abrasion are minor during the transport of bedload sheets, the sheets are 

4 .  fund amen^ different from debris resulting from abrasion and breakage of coarse clasts, which' 

produces a deposit which fioes downstream (Andrews; 1983). The 63igration of bedload sheets is due .. 

to an inherent instability assodated with the interaction between different size fractions duriug 

bedload t-port (Whiting et al, 1988). Provided tbe bed is not fluidized to form a sliding bed, and 

that amouring from either selec@e en&ikent or a mobile does not occur, *he bedload sheets 

. provide a mechanism for the qMively thin, compared to the whole deposit, coarse units. 

Boulder beds are probably associated with infrequent hi& discharge events which would be 
-. 

the only ones-able to transport such a coarse fraction. The high discharge events could be relaied to 

spring thaw, or to the connection of the supfaglacial meltwater Iystem to the subg@isl .system via 
, . . ~. 

moulins. If,boulder beds are associated with spring thaw, it is qnceivable that they should occur 

vertically periodically in the deposit, if sedimentation of an esker section continues over a number of 



years, Pmvidkd bo&n am aWable. A boulder bed transported short mry ycu, 

until its h a l  w i t i o n ,  which is why boulder beds are notbfound at any one seaion more than once 

result of mdf#ng of mP~glacjal Gelmale3 to the subglacial system. 'Ihe location of tbe boulder bed 

in the upper half of the esker may indicate that the ib sheet hatj to be thin enough to allow the 

penetration of m o u b  to its base. The discharge generated by tbe flow of both systems together 

vwId prqumabIy last for a lo&& period than spiry tbaw, +owing the trapsport of a boulder bed 

and its deposition during the fouowing tall - * 

Within an esker ridge, sand units can most c o p o n l y  fonn a surface *caps on top of 3 e  

ridge. Deposition of a sand'cap can &cur aher the esirer has emerged from underneath an ice sheet, 

as an outwash p a  is deposited in . h n t  of the glacier. As bun& ice melts, the outwash plain is 

lowered, and the esker ridge stands out, as seen by Howanh (1971). in front of Breidamerhtrj~ktll, 

in Iceland Other sand unib present in lhe esker ridge must have been the result of sedimentation 

during I& discharge events, f o U M  by protection from.erosion of the sand, probably by freaziag. 

Once ibe sand is buried by other units, it is then protected from further erosion. 

The most represented unit in the associated deposits is sand, which may or  not be laminated, 

or rippled, as primary s truct~es,  and may h v e  high angle reverse and normal faults as secondary 

suyctures. The ripples s e n  in the assodated deposits are climbing ripples, which indicate a hi$ 
I 

sediment load and uloun, velocity with respect to the velocities attained in the tunnel. h the fek 

places where the orientation of ripples could be measured, they suggested a divekion of tbe Bow ayay 

' from the ridge upwards in Ibe section, and therefore, with time. The confinement of the glacial 
5 .  

stream after it exited the ice sheet was thus released with time, as the ice walls melted and allovd 

the stream to migrate more freely. . 
I 

High angle reverse faults in associated deposits indicate the presence of buried ice (McDonald 

& Shilts, 1975) which, upon melting, triggered a resettling of the s&hent to accommodate the open 

space left by the melted blocks. Melting of sustainirrg ice walls would also initiate slumping to 



. C 
maintain a stable slope. Normal bdts would be produced during slumping along e6Ltr margins, 

eroding it entirely. If it @ then the ester should nu on bedhck. It is &probable tbat a melM(Lr 

' I  stream capable of transporting large boulders would not have been able to erodi! ti& Since the fine 

mix unit, howsver, is the mst common near the base of eskem,.it may be that the meltinrater stream 

b mi as competent early on rr it is later, likely when supragbdal meltwarn have mntr i i ted  to the 

basal system. The esker-forming tunnel could also be assumdto have an e n g l a d  p i t i o n ,  which - .  

iii unlikely, as the discusion on m e p t e r  in g l x i e ~  pointed out. The an& place whffe till ,was , . . .  . $ 5  ,4. 
observed under an esker ridge is 3 HupEih! Lake, west of Labrador City and at a locauon/not 

4 9 
- /' 1 

s 

directly related to any of the large esker systems under study, On air photographs, that eslter aBpears 

small, although it has extensive assochted & p i t s  in the form of flat pads which appear to be graded 

to a level controlled by a low, former outlet of a glacial lake, through the modem watershed in 

south-western Labrador. None of the exposures, however, reached bedrock, or even the base of the 

esker, so it cannot be assessed whether the Hugueta Lake example is typical or an exception. 

t The presence of till under associated deposits is more easily explained, as it probably indicates 

- *  

that these were deposited on top of melting ice, after exiting the esker tunnel. The ice acted as a 

protective layer aver the till, and meltout till could sti l l  be deposited as the ice melted, covered with 

- associated deposits. Tbe glacial sueam had likely lost most of its erosive power. 

In a f~ instances, in Gabbro and ~sso&nuan eskers, a till-litstfunit comprising subangular 
a 

clasts in a clayey-silty matrix, was observed near the base of sections as irregular lenses' Their 
. a  

presence may indicate collapse of part of the ice roof and depcsition of pockets of till,' or, 
4 J 

alternatively, masport of frozen till blacks within the flwiogIadal system which essentially acted as 

large clasts. Till blocks may be more common than recognized, but their size (< 1 m across) and poor 

-ure through most esker systems did not allow mapping their full extent 



I '  ' 
TO ad& lithologic data from lilbologic ayes  at tbe same xak (1~0,000) and 

1 
. . datum wetc constructed @g. 25). The datum ref- to a location along the esker ridge, either the 

C 
f upesker contact of the eske~with the indicator in bed& (wenuy, point, A on Fig. 25). or the down- 

, I 
4 

esker contact with the indicator in bedrock ( d t n  pint ,  B on Fi& 25) The second calibration is 

I r because not all indicator'bedrock atre the same width. The i n d m  between eskers and 
i t  

indicator w k  am the only points w& eu be neqoiws.lly identilied horn map for all rock 
" 1 

I 
. b  types. If an indicator bedrock type is located u p k e r  from the head of the esker, then the zero 

f datum is estimated by projecting a Line in the o p P b  diuection to regional ice flow from the head 
I 

1 of the ekes to the indicator bedrock 25B). If an indicator bedrock is not crossed by the esker, 

then the DM datum is estimated-by projecting a line along i a  flow d&n from t$e up-ice bedrock 
I. 

: I contact to the esker (Fig. 2X). For till, entry and exit points are the up-ice and down-ice c o n k &  . . 
respectively, on the esker, of an indicator source. 4 

I 
L ' I 

clEnuy c u m e s m  show the response to the addition o h  Micator rock to the compositioe of 

f ! -esker sediments. Tbe rock type, and more specifically its erodibility should control the strength and 

1, 
1 E 

. d  

rapidity of the response, as referenced from 'the initial crossing of the esker to the indicator source. 
k ' i 

8. 
I I T%e width of the outcrop,, howper, s h o d  m n m l  the length of esker over which the perccntap of 

,/ 
indicator ebr i s  stays high. . ' 

I 
1; - f 

Zen, datum for aexit curvesv is located at the downesker contact with the bedrock source 

of indicator debris. Exit curves show the decrease in indicator values when the bedrock source 34 shut 
I 

I I. oft: The portion of esker eait cuwes outside the till dispersal train s h d d e a e a ~ e ~  ia indicator 

lithology when all sources, bedrock and till, are shut off. Ideally, zero datum for esker exit mves  

I 
I: 

should be h a t e d  where the eskw exits the till dispdrsal Wn of the indicator lithology under study. ' 

Eskrs, however, usually run subpadlel to till dispersal trains, and eskers crossing an indicator source 

I 
are rarely outside its glacial dispersal train, and are thus constantly &fed* by adjacent till. Only four I 

I 
89 

I 

. I 
1 

$8- 

d 

I 
i .  

I I 

- 
%: * 
b % 

, 
x ._-- 

I 



Figure 25. Sketch diagrams of lithologic curve cali'brations. The head of the Gkem (km 0). their 
end (A km 80, B and C: km h), as wey as entry (A) and exit (B) points are identified. A) Wben 
esker path crosses indicator bedrock k: Bkpr path through indicator bedrock and till dispe-nal wain. 
2: Lithologic curve along esker. Distances are calculated along the ridge line. Entry (A) and exit (B) 
pbints a;;k identified 3: Entry curve. This recaliiration allow to visualize how a lithologic prome 
changes after input of an indicator rock. 4: &it curve. This c u m  shows how the concentration of 
an indicator rock changes outside the outcrop a m ,  an aunequivorab point of exit, but still within 
the till dispersal wain. B) Wben esker patb lies within indicator dispersal train, but does not cross 
indicator bedrock. C) When esker path aosses indicatordispersal train. 



esker curves outside the till &penal trajn can.be constructed Zrom the daG in this study, three of 

wbicl~ are related to the s'mge lakc paallrnliae granite (SLPG) (cobble, pebble, ahd ~d sizes), . 
and thc other to thc quartz monmnite surrounding the SLPO. 

PO+= of ait  FMa oomD dim- ~ e s k e ' r h o m  lbc exit point can be nbe adiusl 

cumm. Distal curves haw indicator lithology values 4-10 wt%, and the shape of the cruve is - 

smooth. Distal cunres save to emlate the lev& of an indicator lithology at which -there are no 

siifiarnt cmges in the lithologic composition of an esker. Distal curves can be located attt.any .- 
dis- b m  the bedrock source, but are fouod, ia the c& of esker distal curves, within the till 

. . 
dispersal train foi the same indicator lithology. . . ^ >  

' he  lilaologic composition of esker ridges has been inyestigat+* f a  hxious indicator 

lithologies, size fractious, and individual ridges (Table 5, Appendix MI). Counting variability has been 

assessed by duplicate counts of randomly seleL-ted samples, is 4% for !%and counts, <3 wt% for 
I 

pebble counts and ~7 .5% for cobbles couni  flqble 6). To ease the interpretation of the data, 

movhg averages of five sampls (average value of five samples plofted at the averaged distance, or 

location, for the same five samples) for selected curves have been performed. Tbe raw and average 

curves were compared visually to determine whether moving avcrages eliminated noise interpreted to 

be random (if the general sbape of the curves stayed the same after averaging) without completely 

obliteratinb the information given by the curves. It was found that for longiiudioal curves, tbe 

moving average curves could be used because the magnitude of the respdnse in esker compit ion is 

greater than 8-10 wt%, and persists for distance dm-esker.  However, to investigate the 

details of the effect on lithoiogic composition of the junction between a tributary and 

no smoothing was employed as. the moving average curve would have eliminated any 

may have been present (Fib 26, point A). 

Sample density varies along an esker (Fig. %), and between eskers Note, for example, that 

the scale of investigation at junctions changed to determine the effect, if any, of tributaries on vunk 

eke1 composition. The sample spacing (density) was changed to reflect the apparent size of the 
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Tart 6 Ehimates of the coun bility for each indicator lithologies and for each size , 
fractions reported. The estimates the 99% confidence interval, for an* duplicate counts, 
as estimated by the comparison of ples (Snedecor and Cochrane, 1980, pp. 91-95). Note 
that the least reproducible results and 6lcanic cobbles, which were found in the field to 
be dif£icult to distinguish in the particular characteristics such as bedding (slate) or 
albitization (volcanic rocks). I 

! 



a Averaged da ta ,  esker  
A; Raw data,  till 
u Averaged da ta ,  till 'a 
x: Position of tilk samgleb 
-*: Till samples  u s e d  for 

t h e  compositional proflle 

Figure 26. Sketch diagram of sample locations for those samples which were used to construct lith610gic carves. On the sketch compositional 
diagram, the position ol the raw data is plotted to show how the data are modified by the 5-samples moving average. A) At a juaction, averaging 
may eliminate any indications of the influence of a tributary on the t ~ n k  composition (solid curve), while llsing the original data (dashed cum) 
it is apparent that the composition of the t ~ n k  esker is diluted by input from the tributary. B) Example (drawn from Lac Brisson area) of how 
a till sample can have indicator pebbles, even if it plots before the zero datum. L 



ferrturc Smwtblng over a fixed distance (eg 5 km) r e p d h s  of sample density, however, would not 
, . 

have been appropriate Smwthiag over 5 km would have meant using one sample along some 

portion8 of an esker, and wing up to 10 samples @ong other segments. order to treat all eskers 

s W l y ,  a moving average of 5 samples appeared the best treatment, and the following discussion 

+fen to tho smoothed mms. 

. The samples used to am- till enuy cum& were located within 1 J km on either side of 

tbe e s b .  and plotted at tbe kilometre mark perpem%cular (with respect ta esker path) to their 
b 

' pit ion.  Some till e n t i  awes show that there is i~~di i i tor  debris before the 0 km mark, which can 

be explained by one of t h e  reasons. Fitly, an averaged data point may be plotted before the 0 km 

mark on the lithologic m e  (average distance of 5 samples), as it reflects some samples which are 

located on indicaior bedrock, and which, therefore, have indicator debris. Secondly, esker paths and 

bedrock contacts are not perpendicular, and some till samples were located on indicator bedrock, 
- .  

t 

while the equivalent kilometre mark on the esker was not (Fig. 26, point B). Thirdly, pre-late glacial 

dispersal, in a different direction than late glacial flow, may have brought indicator debris to a location 

which appears to be up-glacier Erom the bedrock source. 

For esker enuy c u m ,  the presence of indicator pebbles before the 0 km mark may be due 

to the effect of the rolling average or to pre-late glacial dispersal, as for till, but also to input of debris 

into the esker tunnel by ice creep, especially where esker paths run sub-parallel to bedrock contacts 

before actually aossing the contact. These examples are minor, however, and dot not seem to obscure 

tbe interpretation of till dispersal trains and esker lithologic curves. 

nurnaycu~cs  

In till, there were not enough data to derive entry curves, in till, for the cobble fraction. For 

the pebble fraction, 5 envy curves are constructed (awes A, B, C, D, and E, Fig 2?). The pebble 

lithologic curves show maximum abundance of indicator lithologies 6.5-2625 km from tbe upesker 

bedrockkker interseaion (10.48 wt% at 2355 ha, curve A; 2282 wt% at 17.00 km, curve B; 2261 
' A  

wt% at 6.60 lm, curve C; 6.48 wt% at 9.70 km, curve D; and 5.85 wt% at 26.25 km, m e  E, Fig. 27). 
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MCY-m B: Quartz-monzonite, Lac Brisson esker, northern Labrador 
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Figure 27. Ti lithologic entry curves. The arrows point to the maximum value on each nuve. 
Pebble data unless otherwise stated. The hypothetical till ~thologic,curve given here is a qualitative 
.composite of the data presented in the. uINI urrry cruvcrs section. 



The till entry &we comppes three segments be@= pclk abundances (cwn A and C Fig 27). The 

Brst segment bas low (2-3 wt%) quantities of @licator lithology, and m y  refleu low percentages 

before, and for a short distance aftemads, the contact. Tbe seoond segment shows an abrupt increase 

(about 5 wt%/km) in pemntages indicates the input of indi&tor lithology to the system, and is typical 

of till dispersal trains (Shilts, 1982;' Ciark, 1987) near the source. The third segment is a gentler rise 

(about 0.5 wt%/km) to peak abundance, which Is not typical of tiLl dispersal Yains, but may be an 

artifact of the moving average, or could also reflect the tact that the compositional profile may not 

be oriencad in the path of maximum compositional change. A fourth segmebt, after peak 

abundances, shows a varying rate of decrease in indicator abundance. 

The jand entry curve shows peak abundance at 31.05 Ian (3.79%, curve F. Fig. 27). SLPG 

sand, however, is only those sand grains which luminesced r@ under cathodoluminescenoe, and other 
'-iq 

sand grains b m  SLPG were not recognized, hence not counted. For this reason, the SLPG sand 

curve is to be interpreted with caution. Sice there are no other sand entry curves in till, it cannot 

Surface till interpreted to be $eltout till was sampled in this study. This may explain why 

peak abundance of indicator pebbles - and sand - are located so far from the bedrock source. 

Sampling lodgment till should have given entry curves with peak abundances close mthe  beginning 

of the source, with an abrupt rise to peak abundanoes (Shilts, I!%& Clark, 1987). Meltout till 

dispersal commonly has lower percentages of indicator deb& than lodgment till, but indicator debris 

is transported [anher in meltout till than in lodgement till (Batterson, 1989). 

Some differences between lithologic curves can be related to differences in rock type and 

extent of outcrop area Indicator lithologies with low erodibility and narrow, ribbon-shape outcrop 

area (iron formation, curve D, and volcanic rocks, curve E, Fig. 27) have low abundances (c7 wt%). 

Indicator lithologies with Ugh erodibility and large outcrop a m  (qiiru-m~nzonite, curve B, and 

slate, curve C, Fig. 27) have high abundances (up to 2282 wt%). Strange Lake peralkaline granite 

(SLPG; curve A, Fig. 27) has a small outcrop area, but is more erodible than volcanic rocks or iron 



formation, and has intermediate abundvlces (ip to 10.48 wt%). 

In eskers, one sand entry curve, two cobble entry cpnres and 10 pebble entry cums were 

constructed (Fig. 28). All esker entry curves start with low percentages of indicator lithologies (<2 

wt%) for about 6 km from the zero datum, followed by a sharp increase to values >12 wt% within 

about 6 more h. The percentages of indicator lithology then either rapidly decrease (25 wt% per 

km) to near background values, or stay at about the same levels for varying distances (5-10 km). 

Maximum values of indicator lithology are between 7 and 75 (wt) %, and should be noted to -r 

between 15 and 35 km of the entry point. The abruptne& of the rise to maximum value, as well as 

the distance over which high levels of indicator lithology are found appear dependent on the rock type 

and size of indicator lithology outcrop, as well as position within the glacial dispersal train. For 
. - 

i q n ~  tbe mncmtratbns k Trough slate pebbles in western Labrador. which is a soft, easily 
.." 

erodible lithology, inaease rapidlye to high concentrations (maximum value 'of 74.03 wt%) in 

il- Shabogamo esker (curve C.Rg28)- For De Mille esker (curves D and F, Fig. 28) the concentrations 

are much lower (maximum value of 2137 wt%), even though the rise is as abrupt as for Shabogamo 

b .  esker. This pattern can be explained by the length of esker found on Trough slate bedrock, which is 

about 12 Ian for Shabogamo esker, while De Mille esker does not actually run over Trough slate :. 
bedrock, but is located in its till dispersal train. On the other hand, the concentrations of iron 

formation, a hard lithology, are equivalent for Shabogamo esker (maximum value 167 w t l ,  curve G, 

Fig. 28) and De Mille esker (maximum value 10.34 wt%, curve H, Fig. 28). both running over iron 

formation bedrock fot equivalent distances. The mncenuatioas of iron formation pebbles are much 

lower, hawever, than' Trough slate pebbles, which are a much more erodible lithology. 

C The location of the esker with respect to the'till dispersal train may be crucial in the 

fluctuations of indicator lithology levels. Accordingly, eskers which are located well inside a till 

dispersal train (eg. Shahogamo qker  in Trough slate dispersal train, m e  C, Fig. 28) show a regular 

increase and decrease in indicator levels, while those located at the &ge of a till dispersal train (eg. 
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Figure 28. Ester lithologic entry curves. The a m  point to the maximum value on each cum.  Pebble data unless ~ t h ' e d s e  stated. The 
hypothetical esker lithologic curve ghzn here is a qualitative composite of the dam presented in the &sku' e q  w e s w  m i o n .  
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1 *  h c  B r b n  aker, qk mom$tc pebbles, mrvo B, Fi 29) show uariations which can only be 
, -L ' 

i " explained bjhput  of other rocks ln the drainage win of the cs&r or diflerences in ippqt of holp tor  

debris. . 
Quartz mmmdtc pebble ooncentratiom (Fig 29), for eaampk, increase abruptly to a near 

amximum value of 2853 wt% @roken arrow, cwve B, Fig. 29), then decrease just as abruptly, stay 
1 .  - chow* (- 14 wt%) over a distauce of 10 km. Since no other source of quartz znonzonite o m  west 
f P  

of SLPO (Fig. 4), and bkrtse the MIS of sLPa pebbles m not eaougb (< 3 wt% dong this mcb i i 
0f.tbe esket) to dilute the levels of quartz momnite, there has to be input of other rocks. Lac 

Brisson esker is located at the northern edge of the till dispersal vain for quartz monzonite, and it - 

is Uely that input of gneisses to the esker are responsible for the decrease in q y t z  mownite qeted. 
I 

Furtheralong, the esker path is located more *inside, the quartz monzonite till dispersal train, and 
3 

the level!$ of quartz monzonite rise to the maximum value of 33.29 wt% (curve B, Fig. 29). 

Tillaizauvcr 
'*I 

. In till, pebble exit curves could hove bet% constructed for 10 indicator lithologies. The leveb' 

of indicator lithology pebbles, however, are less than 8 wt% for six of those pebble exit curves, and 

do not exhibit particular features. Those six exit c u m  appear more analogous to distal curves than . 

to exit curves. - 2 
As for the other four pebble exit curves (Fig. 30), they show a gently sloping plateau, with 

an overall decrease of <O3 wt% per lan for 30-40 km after the exit point, followed by a more 

u b ~ p c ~  decreaseeaseof 0.6 wt% per .km (cuwes A, B. C and D, Fig. 30). ' h e  lea@ over which the 

.. moderate decrease takes plaa? appears to be dependant on the size of the source area, such that . 
smaller bedrock outcrops produce shorter plateaus, while larger o u t c r o ~ .  make longer plateaus. 

Curve A FI~. 30). is associated with SLPG which is a very small (4 l a )  source. The concentrations 

of SLPG pebbles therefore decreases much sooner (- 20 km from the exit point) tbda for other rock 

types. Thesand exit curve (E, Fig. 30) is essentially a background curve, but is kept here because the 

location of the point of exit from the till dispersal train can be plotted, at Irm 4 2  * 
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Figure 30. . Till lithologic exit curves. The . m ~ .  indica* the inflection points where the 
concentration of indicator clam decreases markedly. 
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The shape of tiU d t  nwes do not sbow an exponential deaease away from theso- as 

has &en proposed for the shape of an idealized till dispersal train .(SBilts, 1976). and does not show 

an immediate deaease after h h g  the indicator bedrock. In this study, howeva, compositional 
4 

profZ1es may not always be in the axis of maximum concentration change, which may explain the 

diflemces with the idealized m e s .  The swface till sampled is interpreted to be meltout till, and 

as a result, indicator debris appears to have been transported farther down ice than it would have in ' 

- L 
9( 

lodgement till. 
C 

E s k c t a d r ~  - , 

Ln eskers, 19 pebble exit cwves, 7 cobble exit curves, and 1 sahd exit curve buld  be 

constructed. Similar to till, however, 12 of these c u m  have indicatar lithology values < 8wl%, and 

show no particular characteristic , . 
* - d 

An abrupt decrease can be noted (1-3 wt% per km) for pebbles and cbbbles from the 

maximum or plateau value to the distal area of the curves (Fig. 31). Beoluse the maximum indicator 

lithology value is located 15 to 35 km from the entry point, and because indicator bedrock outcrop 

areas differ from rock type to rock type, the location of th2 beginning of the steep decrease in 
7 

indicator lithologv varies substantially (6-36 km) from the exit point. 

Because most eskers remain within the till-dispersal train of the indicator lithology it is likely 

that there is input of indicator debris along the length of the esker. Thus, concentratioas of indicator 
w. 

,/ 
, lithology pebbles reflect both glacial and flwioglacial transport. Where the esker leaves the dispersal 

train the curves reflect changes that result from flwioglacial transport, and associated processes. In - 
- .  - . , . practice,:the significance of esker curves outside the till dispersal train is that if a point can be 

'A 

determined a b ~ g  the esker path where an indicator lithology om no longer be incorporated,,then the 

C 
length of esker beyond that point along which said indicator lithology is found, is a minimum value 

4 3  

of the esker tunnel length. In this study, there are only four true exit curves, all located in northern ' - 
t 4' 

Labrador '(Fig. 32). 

The path of Lac Brisson esker changes drastically northeast of Strange I& 6 order to cross 
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some high topogra hy at a low point. Because of this wnfipfation, the path of Lac Briswn esker 

lit% outside the dal dirpeml Vain of SLPG and quartz momeite. The point of exit of the till i dispersal train is, ifflcult to locate precisely, because of lake amr and the lack of samples northwest 
i 

of the esler. A theoretical poinl of exit is estimated by projecting a line along the last ice flow 

dimxion, from the northern margin, or projected mar* of SLPG and quartz monzonite. The exit 

pdhh are. at km 42 2 1 for SLPG (km 0 being the proximal contau between the esker and SLPG), 

and km 53 1 for the puaru momnite (km O being the pmxhal contact between the esker and the 
- 

quartz monzonite). . 4 

The shape of three of the four curves (A, B, and C, Fig. 32) indicates Qat there is a rapid 

4 
decrease in indicator lithology once outside the till dispersal train, but some:(< 2 (wt) %) can be 

found to the end of the esker, 21 km from the exit point. That some indicator lithology be found at 

the last plotted location is an anefaa of ohe moving average. IR fact, the last sampling sites do not 

have SLPG sand, pebble or cobble, but StPG sand are found 25 I&, SLSG pebbles are found 20 km 

and SLPG cobbles are found 7 Ian. dovllesker from the approximate exit point. These data indica; - 

that although the esker tunnel was functioning over a distance of about 25 km, cobbles were reduced 

in size during flwioglacial transport Transport of the peble and sand sized indicator debris is 

greater, perhaps due to enrichment from the broken cobbles, or because smaller grains are not size- 

reduced, or both 

The exit curve for quaru monzonite pebbles @, Fig. 32) is different than expected, because 

couceatratiow of quartz-moazunite pebbles do not start to decrease until 10 km from tbe estimated 

exit point. The exit point, however, was estimated by extrapolating from the northern margin of the 

quartz momnite to the esker path in the direction of last regional ice flow. If the northern margin 

is located in Lac Brisson, the exit point would be located 6 km farther along the esker. From km.10 

from the exit pbint, the quartz mownite exit curve is similar to others, and also indicate tramport 

to the end of the system, 20-25 km. - 



S i u l x q w b l , & & a  

Cobble and pebble lithologic dispersal ~ n e s  (averaged data) for the same lithology can be 

constructed for the dispersal of quamite and StPO in Lac Brisson esker, and Sims quartzite, arkose, 

volcanic rocks, iron formation, and slate in Gabbro esker. The abundance of iron formation in 

Gabbm eskec however, is too low (< 3 (wt)%) ta wmpare the dipuib~tions of pebbles and cobbles. 

Aong tbe length of esker studied, quamite, arkme, and SLPG (Fig. 33) cobbles are 2 to 5 
9 

times mare abundant &ban pebbles; slate cobbles are '/i as abundant as pebbles; and volcanic 

cobbles and pebbles are about equally abucdant. Cobble and pebble distribution curves often mimic 

one another, and the standardized curves (percen-mum percent k distance (Fig. 33)) show that 

the rate of increase and, especially decrease, .of each size fraction is the &pe. If cobbles had been 

mechanically broken durihg transport, it would be expected that their breakage'would have produced 

pebble size fragments, and thus, that the rate of decrease of indicator pebbles would be less than that 
* 

of cobbles. Tbe similar rate of decrease of cobbles-and $bbles therefore indicates resistance to 

mechanical breakage, or  transport in a slurry, which effectively protected clasts from breakage. 

Resistance to breakage is not important, since resistant rock types (eg. quartzite, volcanic 

rocks)'as well as non-resistant rock types (especiallyslate) have the same rate of decrease downesker 

from maximum abundance (SO% loss in an average of 21 km, for both pebbles and cobbles). The 

similar rates of dkease of botb pebbles and cobbles, and for different rock types, thus point to 

protection from breakage during trampon of the clasts (in a protective slurry) in the Bwioglacial 

stream. The principal control on the curves is thus continued addition of other materials, and 

flwioglacial processes of cIast attrition have minimal effect. 

The case of SLPG is different from the other rock types. Lac Brisson esker leaves SUG 

dispersal train, and is therefore not continuously fed by rill. For this reason, SLPG abuadances 

decrease by 50% in 8 (sand) to 13 km (pebble and dobble), probably reflecting absence of SLPG 
1 

material input from till to the esker sediment past the exit point, rather than rapid comminution. The 

pebble curve also does not show enrichment from breakage of cobbles, another indicator that 
1 







/ - 

i '7: - C .Transport of eskex debris in an overloaded sueam is indicated by the mixed units, in which 
" rb*' 

*; c h t s  are fwnd disseminated throughout the unit, rarely as clusters. Relative proportions of clast 

b abundances within eskers are a direct refl'ectiod of their proportions within lilt Thus, esker 

compositior relates to gkW erosion of bedrock, rather than to fIwioglacial emion of bedrock, and 

u thus to the basal debris load in the ice. 

F 
M . c a n r l p o r i p o n  

Jithologic a- (averaged data) for the same i n d i k r  in esker and till ran be built for S i m  
- 

quartzite, arkose, volcanic rocks, iron formation, and slate (Gabbro dsker); slate and iron formation 

(Shabogamo eske:); quartzite, quartz-monzonite, add SLPG pebbles and sand (Lac Brisson esker) 

" (Fig 34). Percentages of iron formation in Gabbro esker and adjacent till are too low (<3 wt%). 

however, to  use in a comparison study. Because the enuy curve is not available for quartzite of the 

Sims Formation and from northern Labrador, as well as for arkose and slate (Gabbro esker), those 

curves cannot -.. be used in this section, because it is unclear how the till and esker curves relate to one 

another. 

'ne premise behind the examination of the esker-till lithologic curves (Fig. 34) is that till is 

the parent materia4 of flwioglacial debris. Rank tests (Table 7) on esker and till pebble populations 

for all indicator types. show that esker and till pebble populations are indistinpishable at the 95% 

confidence level, except for trough slate in Ashuanipi esker (not used in this section), and thus the 

premise is validated. Plots of indicator clast abundance in till and esker show that concentrations of 

clam are not consistently greater in one material compared to the other @g. 34), indicating that 

there does not appear to be a mechanism by which~eniiebmemar-depletion can occur in the esker 

with respect to rill. - 
If till and esker pebbles represent the same population, and no consistent enrichment or 

depletion occurs, then the concentrations of indicator ckts  in an esker should be similar to that in 

till, and the difference between the compositional profiles o f k t  can be used as an estimate of 
6 
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Tabk 7. Results of the r;mk tests (Snedeat and Cochrane, 1980) appliefl on till and esker samples 
for the same area, each lithology, and each size ftactioa The factor is a statistical measure based 

I: on the mean of each group (till vs esker), the number of observations, and the average and mrbmce 
of the whole group (lil) and esker together). The hypothesis that till and esker samples are from the 
same population (A = accepted: R = rejected) was tested at the 95% confidence level. T = sample 
size for ti& E = sample si2e for eskers. 
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b flwioglacial transport. Tht' average distance between till distribution pattern and esker distribution 

b pattern is 10 hn, ranging from' only 4 km (SLPG sand, arm F, Fig. 34) to 19 km (iron formation. 
. . 

Shabogamo esker, curve 8, Fig. 34), as s h m  by the standan&& curves. The rates of increase and 

decrease with distance are genera* greater in till than in eskers (standardized curves, Fig -34). 

meaning that concentrations of indtfator clasts in till augment more rapidly to maximum values, or 

decrease more rapidly from maximum values, than in esker. 

Intuitively, there should be a difference in the o f k t  depending on the topographic setting 
. % 

of'tbe esker segmentunder study, and on the rapidity of glacial r e t r a t  Ascending esker segments 

would have required a stronger [low to carry debris up-slope, and it is likely that the debris was 

sedimented rapidly. In h t  o; descending esker segments, transport could be longer. Under 

I conditions of rapid retreat, shover transport in the fluvioglaciil system should occur, while under 

conditions of slow retreat. longer transport would have time to occur: Neither topographic control. 

I nor speed of glacial retrpl can be proven with the compositional data presented here, but the idea 

will be further tested when cluster analysis of till and esker data is discussed. 

V & v o r i r r t i o r u i n l i r l r d o g i c ~  . . 

I ' 
sixtee; sections were sampled to assess vertical differences in lithologic composition 

(Appendix 7). The shoner sections (<3 m. <4 samples; A, Fig. 35) and those sections located in the 

I dispersal train distal area (B. Fig. 35) yield limited or no information on trends (enrichment or 

erishment) in an esker :mion. Sections 58 and 179 (0ssokmnuan esker); sections 67.69,70 

i an 71 (Shabogamo esker); sections 112, 113, 123 (Moose Head esker) do not have enough samples 

u ( 4) for a valid interpretation. Because sections 52 (Gabbro esker), 229 (De Mille esker), and 1076 'l 
(Lac Brisson esker) are located in t ic diii&al train distal area of indicator lithologies, their data are 

inconclusive. All other sections (103, 124. Moose Head esker. 1047,10%. Lac Brisson esker), show 

indications of trerids, although not necessarily for all lithologies. The distribution of volcanic rocks 

at section 52 (Gabbro esker), iron formation and slate at section 103 (Moose Head esker) and quartz- 

momnite and SLPG pebbles at section 1096 (Lac BrIsson esker) have been chosen because they are 







+' . 

the best examples of how lithology changes in go esker section 35). 

Indiitor lithology proportions n p  the base of an esker section are related to local till, while 

proportions near the top of a ridge are related to till located 10-15 km upcsker from the section 

The best example of this is shown by section lo%, Lac Brisson esker (C and D, Fig. 35). Even though I I 
till values ark not available up-esker from where SLPG bedrock is located, they can be assumed to 

be 0 wt% for SLPO, and some high value for quartz-mommite, since the till samples would have 

been located on quartz-momnice bedrock. At seaion 10% SLPG perr?entages near the base of tbe 

esker are in tbe order of 5-10 wt%, (local till: 3-5 w%), while near the top, esker SLPG values are - 

<1 wt% (up-esker till assumed to be 0 M%). Conversely, quartz-monzonite near the base of the 

esker isfabout 6 wt% (local till: 10 wt%), and near the top, esker quartz-monzonite values are up to 

near 40 M% (up-esker till assumed to have high quam-monzo8ite valui). 

Another characteristic of vertical. lithologic diuihution is that the trend displayed down- 

section is commonly that which is found down-esker (nest) for 10-15 Ian. Accordingly, higher 

percentages in SLPG pebbles near the base of s d o n  1096 (C, Fig. 35) are found in aesi samples 
I 

located at least 10 km downesker, while low percentages in quartz-monzonite pebbles are found about . 1 
5 km downesker from section 1096 @. Fig. 35): In section 103 (E, Fig. 35). higher percentageis in , 

iron formation and lower percentages in Trough slate vertically (about IO'm from the top) are similar 

to net samples about 5-10 Ims downesker. 

The profiles of thicker sections which may have up to 10 samples can be separated into 

shoner segments whicb each have an enrichment or impoverishment trend. The ycycles~ may he r I 
associated with fluctuations in the glacioflwial system, possibly ).early, and periodic erosion of the 

previously deposited sediment pile. Some of those cycles may be associated with sedimentary units 

(E, Fig 35). but the sample spacing is usually too large to verify this assumption satisfactorily. The 

&t example of this cyclicity is probably the distniution of volcanic r;oclts at section 52 (F, Fig, 35). 

Overail, the levels of volcanic rocks near the top are similar to till about 8 km u p k e r ,  while near 

the base, volcanic rock percentdges are about 5 wt%, closer to values in local till. In details hawever, 



C 
the dispibrltion of volcanic rocks show two cycles of enrichment upsenion, the top one may be 

Ci correlated to atst  samples about 3 km*downesker, while the other may be correlated with samples 

7-9 km down-esker (Fig. 35). 

I The indications of vertical Uthologic variations found in the few sections examined can be 

accommodated in a model of esker sedimentation analogous to the laying of shingles on a rooftop. 

Assuming ; shingle has the same ehataderirtie all along, but because it is deposited at an angle, the 

leading edge of a shingle whicb is found at the top of an esker should be similar to iu  trailing edge, 

located at the base of the esker some distance upesker. The W g l e  mode1 could also explain why 
Z 

1 
\. 

esker pebble values near the base of a section are more closely related to lacal till, whereas pebble 

yglues near the cop are related to till up-esker (Fi% 36). The o W t  between till values and esker aest  

II values in a particular indicator lithology could be taken as a measure of the length of a shingle. 
\ 

~ i ? a ~ & i b w u y j ~ o a ~ ~ l k l l l O t ) a l r e r  

At nine locations, both the tniutary and trunk eskers were sampled near theu junction to ' 

determine the effect of the tniutary on the composition of the trunk esker. Most junctions, however, 

are located in the till dispersal distal area of indicator Lithologies, and therefore, there are not enough 

differences in tributary and trunk composition (within counting variability) to malte a difference in 

the composition downesker from the junction. Mnty-eight (28) lithological curves (pebble 

distribution) across junctions could be generated (data in Appendix 7). +nteel(1,7) curves do not 

show any significant difierences in indicator levels between the tributary hd uunk (A. Fig. 33 ,   sew^ 

(7) curves show differing levels (significant at the 95% cohfidence 1- &indicator in the txunk and 
. s. . ,. 

. . 

tributary before the junction, but no apparent cba$es in lbe mnk down& born the junction (8, 

Fig. 37). and only four (4) indicate some effect of the tributary on the composition of the trunk esker 

(C to F, Fig. 37). The four curves which show effect of the tributary on the trunk are discwed below, 

and indicate that specific conditions have to be met for the composition of a trunk esker to respond 

to input of debris by a compositionalJy different tributaxy esker. 

The junction between TI and Gabbro esker occurs at km 9 of Gabbro esker (Fig. 37B), and 



t 

FIgure %. Shingling of lithologically similar units. Transport and d e p i t i o n  of debris In an esker tunnel is b~ long and thin s h a u  of deb* 
which are deposited on top. but slightly set back from the down-esker portion of the p r o  d e p o s i t  s h e  in the a o f .  ~n thh 
example. layers rich in component JL. are represented by those layers which have a high dens* of c l a s t~  dram in. U I h o l ~ @ c  mug& in a 
theoretical Mion might produce a rig-zag pattern resulting from multiple deposition and erosion events. 
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the junaion is by a 2 Ign long meltwater stteam. L both the percentages of arkose, iron 
". 

formation, volcanic rocks and'slate are similar. Tl, 'however, is located aver the head of a S i  

quartzite dispersal !rain, while Oabbro esker is located m r  the distal area of o Wereat  Sims 

quafrzite dispersal train. 'Chc levels of Sims quartzite are higher in TI (12 wt%) than in Gabbm esker 

(4 wt%) (C, Fig. 37). The sample inuhediately downcsker from the junaion has intermediate 

perowtagC of S h  quartzite (8 wt%), possibly indicating some enrichment by the tributary. The 

6 following sample (located 10 kn~ Lm-esker) bas 12 wt% Sims quartzite pebblea which is not likely 
C 

related to tbe effect of the-miutary, but to nonnal increase due to higher till values. 

'he junction 'between T3 and Gabbm ester occurs at km 84 of Gabbm eskGr, and the 

tributary and trunk physically touch (Fig.-37D). In '13 and Gabbro esker, the percentages of Sims 

quartzite, arkose and irotl foniation are similar. The levels of volcanic rocks are lower in 13 (<2 

wt%) than in Gabbro esker (6-8 wt%), but the concentrations of volcaaic rocks decrease before the 

junction, so that the tributary does not a f f ~  it. While the levels of slaie pebbles in 7 3  and Gabbro 

I 
esker ate' somewhat comparable (20 wt%), there is a sharper drop in '13 before the junction (from 

24 wt% to <2 wt%) than in Gabbm esker (from 16 wt% to 8 wt%) @, Fig. 37). At the junction, 

the levels of slate p e b h  in Gabbm esker dmp to 4-5 wt%, possibly indicating some dilution from 

the debris input into ~a 'bbm esker by T3. 

The junction between R and Sbabogamo esker occurs i t  km 43 of Shabogamo esker. 
a 

Sbabogamo esker has a double ridge just upesker from the junction, and one of the ridges touches 

72 Levels of iron formation in 72 and Shabogamo esker are comparable. Levels of slate pebbles - 
8 

I 
* . 

in T2 (25 yt%) and Shabogamo eske~ (75 wt%) are markedly different, but tbe interpretation of the 

b distribution downesker from the junction is ambiguous (E, Rg. 37). The first samples taken on T2 

are not located on slate bedrock. Therefore, the slate distribution in 72 has all the characteristics of 

an entry curve, which is ndt complete because of the junction with Shabogamo esker. Shabogamo 
* 
esker, however, bas high levels of slate pebble for 15 h- before the junctioa At the junctio%the - 

/ 

levels of slate pebbles drop slightly (to 55 a%), either due to dilution by 'l'2, or to the normal 



decrease in indicator pebbles after peak values haw been attained. If the rapid decrease in Trough 
J 

s h t e i ~ h a b o & a m o ~ ~ a d o w n d c e r ~ ~ j ~ n ~ ~  theresult ofdilutionby %$en 

projecting the lithological awe of Shabogamo &ex bcfbre the junction at the sdme rate of decrease 

brings the curve to km 52 (E, Fig. 37). a probable tsker length influenced by the tributary of about 

10 km. 

The junction between Tl and de MiUe esker o m  at km 72 of De Mille esker. Tl and De 
- .  

esker physically touch a t  the junction. and the trunk ridge is about twice as high downstream 

of the junction. The ]eve& of iron fomt jon  in TI and De MiUe esker are s W .  Possibly the most - 

convincing example of the effect on the lithologic composition of a trunk esker by a tributary mmes 

the distribution of Trough slate pebbles in TI and De Milk esker (F. Fig. 37). Before the junction, 

the proportion of Trough slate pebbles in De MiUe esker are low (< 4 wt%). Values for the tmnk 

are higher (20-25 wt%) for the f i e  kilometres before the junction, and the shape of the lithologic 

Curve resembles an entry cum. At the junaion, and from there on, Trough slate values are 10-12 

w t l .  The increase in 'Rough slate values from <4 wt%-t610 wl% at the junction, within less than 

1 km is too rapid to attribute to normal e n i i k e n t  to peak values. The sharp decrease from 26 wt% 
, , 

on the trunk aker  to 10 wt% at the junction is also too rapid to attribute to n o d  dilution after 

peak values (which was a possibility for T2 and Shabogamo esker). The change in Trough slate levels 

down-esker from the junction is therefore the result of combining Trough slate-e~ched Tl with 

Trough slatedeficient De Mille. 
- 

The data from the four previous examples indicate that iributary and trunk eskets conuilp€e 
t 

about equally to the sediment pile fmm the junction domaker, but beaus the pebbles ,&re 

separated from unknown different size samples (samples *re sieved until at least 58 g of pebbles 

wexe separated), no d i m  volumeuic relationship can be established. Bearuse the tithological curves 

dawnesker from junctions ublenb into the unormal, curve for the trunk aker with no particular 

break in the curve, it cannot be assessed ffom the data how hr downesker from the junctions the 

inthence of the tributary is felt. with the possible exception of 'I2 and Shabogamo esker. If the 10 



km segment on Shaboganto e s k  has indeed ken iaeaeuced by 72, then it provides an estimate of 
.c. 

the minimum length of esker tuanel active at that time. 

The debris in an esker can only come from bedrock, pmeaisting Quaternary sediments, and 

till. Till is likely the predominant source, since in some cpsea the e s k  does not fun owr  the 

indicator bedrock under study (ex;. Sims Formation quartzite). Thwample rank tests Eave been 

applied to till and esker data for each lithology at each s i a  fraaioa, for the same sector, to verify that 

in fact till and esker sediments are the same populations. The result of the rank tests (Table 7) 

indicate that till and e s k .  sediments (pebble and sand) are indistinguishable populations at the 95% 

confidence level Where too few samples in till compared to esker were available (cobble data), 

differences between till and esker populations were identified at the 95% confidence level. For this :. 

reason, the relationship between till as the parent material, and esker debris, - was investigated using 
- 

s 
the pebble and sand data. 

The relgionship between till samples and tithologically similar esker samples can indicate an 

overall distance ofJpspon in the glacial and nwioglacial system. Minimum transport distances in 

the flwioglacial system alone can only be estimated from the distance between the point of exit of 

an esker outside a till dispersal train and where the last indicator fragment is found in the esker 

system. in the discussion of the results of cluster analysis, distance between a till sample and its most 

closely related esker sample lithologically can therefore not be taken as a direct equivalent of distance 

of flwiogladal transport, but is a measure of the interpreted relation between till, as aparenb 
&. 

material, and eskkr sediment. An attempt to separate g k h l  from flwioglacial uanspyt follows the 

discussion of cluster analysis results. 

_ Cluster analysis was pplied to all data in the followin4 manner. For each area, all tiU 

samples were treated with each esker system samples (2 analyses fo central Labrador, 4 analyses for i 
western Labrador, and 1 a n a & o r  northern Labrador). Input dad are the lithological information, 

t 

output data are the cluster membership The analysis provided bj SPSSX' was used, and, for Lac 

120 



Brlpsoa eskr in nonhern Lobcador, all optioas supplied for liaLing samples (methods and measures) 

were tested. The average linkagewithin p u p  with the squared eu&deau mea8we gave results which, 

geoiogically speakiag, made tbe best sense These specBcations were therefore used for all other 

analyses. 

Cluster -is applied to all till and esker tithological data for b c h  of the main areas might 

be arpected to give groupings (Appeadix 8) in which a till sample is tithologically most closely related 

to one or more aker samples downcsker (Fig. 38). G W  and f l w i o w  crampon are assumed 

to be of similar overall direction, and no groupings of till and upesker esker samples are considered 

Grouping of only esker or till samples are not considered eitb because no interpretation on till- 

esker relationships can be achieved from them. 
-a . 

Ideally, and for better results in cluster analysis, till samples in an area should be distributed 

according to a predetermined grid (eg. one till sample per 5'km2 ), and eskers would be located 

somewhere in that area. ~ea~sticalli, however, because till is not the surface material everywhere, 

and because logistical constraints existed, till samples were taken along eskers in central Labrador, 

along esLers and between eskers (one till sample per 100 k m 2  ) in western Labrador, and along eskers 

and on a 4 h n 2  grid in northern Labrador. 

In central' Labrador, the distance between a p t e n b  till and the esker sample to which it was 

most closely related, varies between 3 km and 50 km (Fig. 38A), for an average distance of 15 km. 

Most QI the till samples in central Labrador are located close to the esker, and the distance, laterally, 
...; . 

between uprent, till and esker can only be estimated at < 1 km. For both Oabbro and Ossokmanuan 

eskers, the general topographic setting is a wide, shallow valley, except very locally wherg some small 
> t 

topographic obstacle8 are presenf. In central Labrador, topography d d a b d & x a i  to be a w r  
* * ' % 

in the distance between *parent, till and eslcer sediment. 

La western Labrador, the distance between upareno till and esker \$rim between 2 km and 

IS hn @g. 38B). for an average distance of 6 Ian. Shabogamo esker is at a slight angle (-20") to 

late ice flow, and scune tillesker relations involve till samples located up to 4 km away laterally from 



F i e  38' Disuraaes between till and esker samples. The dislances are derived from cluster 
analysis, for those samples (till and esker) which are compositionally similar. A) In central Labrador, 
the distance between parent till and compositionally equivalent esker sample varies between 3 and.50 
km. B) In western Labrador, the distance between parent till and compositionally equivalent esker 
sample varies between 2 and 15 km. C) In northern Labrador, the distance: between parent till and 
compwitionally equivalent esker sample varies between 1 and 27 km. 



the ridge, but in the general u ~ g b i e r  dircctjoa The shorter distances behvcea .parent, till and 
- '  

esker fn westan Labrador wmpared to cenvel Labrador do not appear 10 be related to topography, 

but may be due to a more rapid uuaweriag of the esltrs, thus prohibiting relative externion u p  

giader of t u ~ e i  segments in which esker sedimentatioa took place. The tunnels were not necessarily 

shorter, but they presumably were utilized for a shorter time. 

In northern Labrador, results indicqe &at tbe distance between *parent till and esker 
. .  . 

. 
&ts varies be- 1 kin and 27 km @g. 38C), for an average of 11 lsm. *Parent, till is located .. 

either close to the esker (el km) south of the esker, or up.. to 4 km riorth of it. I h  factors appear 
"p -" 

to have influenced distance between *parent, till'md esker sediments in this area. Firstly, similar ". - # . .. 
to western Labrador, segments of Lac ~ricso2esker are located at an angle (-30") to late ice flow. 

and tills which are located far laterally from the esker are in fact directly up-glacier froni the esker. 

Secondly, topography appears to have been an influence, such that the shortest distances are located 

close to the regional watershed, and also where tills are found on hills (Iocal relief -100 m) and the 

esker in the valley below. However, long distances of transport are found in reaches of the esker 

located in an area of essentially no relief. 

While till and @cia1 debris in basal ice are the parent material of esker debris, it should be 

emphasized that the volume of till and g l a d  debris located directly beneath the path of the esker 

is not sufficient to account for the volume of sediments in the esker, especially if most fine &ned 

debris (fine sand and smaller) is remwed by the meltwater stream. It has been postulated (Shreve, 

1972) and demonstrated (Repo, 1954; Veillette, 1986) that local ice movements, recorded by striae, 

towards a subglacial tunnel can be at a substantial angle (30") to regional ice flow, as recorded by 

streamlined landforms and regional striae patterns. . This local ice movement towards a subglacial 

tunnel provides a mechanism by wbich sediment can be added to the flwidglacial system by melting 

out the debris in basal ice brought in by ice creep, and can also serve as an explanation for why esker 

.samples in the preceding discussion of cluster analysis are related to till samples up to 4 km away 

from the r i d e  The area on eitber side ofan.esker which theoretically would be affected by ice creep 



is equivalent i o  half of the average distance between two eslruJ (675 ha), such that ice drainage 

to the tunnel, pid propsshdy  less effecthe away Born ¶be tnnW such that these even mlgbt be a 

m e  a few kilomeues wide between eskers which is not a f i a  by ice aeep. 

In Labrador, few outcrops are located close to alter systems, due to cover by associated 

deposits and till, and on most ouuxops, weathering has obliterated any striae that may have been 

present. The only location where ice aeep towards an esker could be confiidently identified is in 

northern Labrador, on the south side of Lac Brisson esker. Along an esker reach situated in flat 

topography, at two locations, one about MO m south of the esker, the other < 100 m from it, two sets 

of st- indicate creeping of the ice towards the esker, more pronounced closer to it, but still at a low 

(10") a ~ a e  39A). Presumably, in a topographic setting in which the esker is located in a well 

defined valley, topography may enhance this local ice movement, thus increasing tbe angle .of creep. 

If till Is the parent material of esker debris, and transport from bedmk to till to esker and 

down-esker is a combination of glacial and flwioglacial activities, a path line from bedrock to till to 

esker can be established. Since suiae indicate ice movement progressively warped towards the esker 

tunnel (Repo, 1954; Veillate, 1986; this study) debris must have followed an arcuate glacial path 

nearly parallel to regional ice flow in' the first krns from the point of entrainment, then bending 

progressively towards the esker to a point of en& in the esker tunnel, followed by fluvioglacial 

transport to its final sedimentation location (F"I& 398). Tbe distance of transport in the tunnel 

depends on how far the ice margin is located from the point of entry, and how fast the esker segment 

is uncovere& 

The lithologic composition of an esker can only r e f k t  the litholo& composition of Ihe till 

from which it formed, which in turn, is closely related to local bedrock The first step in transporting 

debris is glacial, kom bedrock source to a point, where it can be deposited as till with no further 
.*, 

movement, or what can be referred to as ~primary glacial transports (Fig. 398). During deglaciation; 

the presence of tunnels located at the base of the ice sheet can modify the path taken by glacial 



,, Prhnary glaclal transport 
-a- Secondary glacial transport 
\'>> Fluviogl.clal transport 

Figure 39. Ice creep towards an esker tunnel. A) Striae near Lac Brisson catu which show bmgressiw~~ stronger ice aasp t - a  acbo 
esker runnel. B) Theoretical mo@1 of debris entraidment from bedrock to till t o  esker, which involves three types of transport. Primary glacial 
transport is in the direction of regional ice flow, is accomplished before esker tunnels @re emplaced, and carries debris from the bedrock source 
t o  a point where it may simply be deposited as till. Secondary glacial transport from till, is by ice creep towards and to  an esker runnel. Final 
transpon is fluvioglacial in the tunnel. 



.. . 
debris, such'Unt glacial debris is uad~~orted'b~ ice creep towards subgkial tunneb, which is hqre 

calIed asemndary glacial  transport^ (Fig. 39B). Fmally,wben glaciaI debris is eroded out of the ice 

by f l ~ ~ i n g  meltwater in a tunnel, it can be transported some distance in the tunnel before it is 

deposited as esker or associated deposit material, which is the strictly tluviogladal transport (Fig. 
4 

398). AU other variables, such as topography and ice regime, being equal, the average distance 

between the lithologic assemblage found in an.esker at any one point and its matching till site, 

becomes the a & g e  oveni distance of transport intluenced by an esker-forming tunnel ( s a w  

glacial trampon by ip creep operating first), and an eslirmte of the lengtb of obned tunnel 

The best estimate of length of opened tunnel, and more specificaUy of fluvioglacial transport, 
* 

comes from northern Labrador, where Lac Brisson esker exits SLPG and quartz-monmnite dispersal 

train. If the edge of SLPG (Batterson, 1W) and quartz-momnite dispersal trains are taken to be 
. - 

the proje&ion at 070" (regional ice flow) of the northern edge of the bedrock source (Fig. 32). then 

the distance beyond that point to which SLPG or quartz-monzonite debris is found is a minimum 

approximation of flwioglacial transport distance. It is a minimum distance because. indicator debris 

& have been in the system before the point of exit out of the till dispersal train, but it could not 

be entrained after the point of exit. SLPG p b b l a  are found u$to 125 km from the estimated edge 

of SLPG dispersal train, SLPG pebbles, 25 km, SLPG sand, 30 km, and quartz-monzonite pebbles, 

30 ~IU. The presence of progresively finer-grained SLPG material away from the edge of the 

dispersal train may indicate comminution, and also indicates an opened tunnel of at least 30 Lm. The 

length of opened tunnel may depend on the rapidity of ice marginal retreat, and activity of the ice, 

such that esker tunnels are likely to be shorter in a rapidly de&ciated area with an active'ice sheet, - 

as opposed to longer tunnels in a slowiy deglaaated area, or where the ice sheet is sluggish to 

stagnating. 

hc' composite sedimentation model for eskefs in Labrador derived from all data and 
t , 

observations collected &u,id not have been obtained from one type of evidence, only. The three 
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pmdses to the sedimenutlon model awc fi& t I~&&~ture an41 intuitive reasoning, and are 
Y 
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to occur in subgladal tunnels Witb him variabkwttr flaw, indu4b8 periods of full-tunnel flow and 

htanlr of open cbannel flow (daily and seasonal meltwater flow fluctuati'ons, Sbrruc. 19n). The 

deposited till and most glacial debris are found (bwson, 1979). The third pkmise is that 

sedimentation has to occur near the margins of the ice because there needs to be input to the 

Subgladal system of supragladal meltwaters, and the maximum depth of moulins, the main route of 

supngladal meltwaters downward, appean to be 25-30 m (Sugden & John, 1976, p. 289). While this 

is likely an underestimation of ice thickness, even near the edge of the ice sheet, it however implies 

that eskers are formed near the ice margin if supraglacial meltwater is to contribute to the subglacial 

system. Before presenting the model of esker formation, evidence from data presented previously will 

be reviewed. 

The distribution of integrated esker segments in Labrador suggests that the path of eskers 

mimics that of the subglacial drainage system, as subtle subglacial topography appears to have had 

important control on local esker segments (pp. 66-67). C)verall, however, the orientatien of eskers 

is controlled by ice surface gradients, which is why eskets radiate away from the presumed ice divide 
I 

in Nouveau Q d k  . Eskers are also usually parallel to streamlined landforms, which indicates that 

they were formed under essentially the same ice sheet configuration as that which formed the 

streamlined landforms, and that the ice was likely active (pp. 58-60). While supreglacial and englacial 

meltwaters contributed to the overall system, esker paths reflect subglachl meltwater 'escape routes. 

Lac@ conditions may be wry important in determining esker paths, as is demonstrated by those eskers 

which aoss the George River valley. 

Esker morphology suggests that ridges are deposited in contact with ice walls, likely as tunnel 

&+its, while asSociated deposits are deposited later than the adjacent ridge, in contact or not with 

ice, in a proglacial enviroment (pp. 74-75). Esker ridges may be deposited n- the ice margin, or 
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at least in an area whee ioe creep is not rapidly effective to shrink a t u ~ e l  which would induce faster 

ia 

flow and remobilisation of the deposited sediments. Assodated deposited are deposited in areas of 

unooafiaed (or less antbut than tun& conditions) flaw, baause they are cornposed mostly of fine 

grained sediment, whi& implies a maw flow deyxase compared to tunnel conditions. 
." 

The coarseness of esker sediments, and general lack of hegrained (silt and clay) material, 

indicates a high energy str- was ~ponSible  for the transport of debris in a Elwioglacial system, and 

winnowing of lber p i n e d  debris. Even if the till was originally composed of coarse debris, transport 

- of large clasts in a flwioglacial stream would abrade and break the clasu to produce smaller ones, and 

fine-grained debris. Esker stratigraphy shows !hat eskers are deposited by highly variable meltwater 

streams. The succession of sedimentologically different units within a single esker cross-section 

represents the variable flqw conditions, which be cyclic (pp. 81-88). Associated deposits appear 

to be deposited by a less competent &ream than esker ridges, because of the finer grained, and more 

homogeneous nature of the deposits. The stratigraphy. reinforoes the morphology, that eskers are 

tunnel deposits, and associated deposits are proglacial deposits in a relatively uncon6ned environment 
* - . I .  

The evidence brought forward on esker sedimentation by IitRological analysis is complex, but 
1 

a few points can be brought out  Esker lithologic coriiposition is dependant on till composition, and 

the position of an esker in relation to a till dispersal train (near the &e, well inside, close to the 

source, or far away) are very important in determining variations in esker composition (pp. 98-100). 

The size and the erodibility of the bedrock source, due to factors related to glacial erosion, also 

influence how much of an indicator lithology is found in an esker. When all possible sources for an - 
indicator lithology are shut 05, that is when an esker crosses out ofa till dispeml train, the indicator 

i 
titholog)- is found in the esker for up to 25 Ian from the exit point (pp. 103-106). Cobbles disappear 

first, followed by pebbles, finally by sand ~ewrtheless, esker tunnel transport had to occur over at 

least 25 Irm to explain the presence of indicator rocks 25 Lm away from the closest source. Since 

breakage was not found to-be an important mechanism (pp. 107-log), this pattern may indicate that 

large chsts are dep&ited first, and smaller ones later, an indication of a decrease in stream 
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'I'iIl being the jmrent material of ah, t& proponion, of Utbologk indicaw. in a k e r  y e  ; 

c0ntroIled by their initial propordons in till. Rank tests show that aker and liu are the same 

population, and the distance b e 6  lill distribution p ~ n ,  and eskm disaibutian pttr.; can bc - 

taken as a W u r e  of mospon from till to caker, separated in secondary glacial transport and 

f l w i o ~ ~ t r a n s p o r t  @p. 109-112.and 126126). Because the most abundant sedimeatary units in 

* 
eskers are the mired units,.flwiogladal transport likely ocarrred as a sliding bed, or a sluny of . 
sediments which effectively protected the largertcfasts from breakage. - 

Vertical lithologic composition of esker ridges indicates that the base of an esker is similar 

compositionally to local till, while the top relates better to till located 10-15 km up-esker (pp. 112- 
h 

115). Esker sediments are deposited in sedimentary units acting as ccshinem. Each shingle is laid 

on top of, and slightly backset, the previously deposited unit. The shingling of sedimentary u n i ~ c a a  

best $yount for the vertical lithologic composition seen in esker sections. Where tributary eskers, 
L 

compositionally different than the trunk esker, merge with the trunk, the composition of the trunk 

is altered for 5-10 Irm (pp. 115-120). A complete hydraulic connection between the tributary and the 

trunk must have been present, even though there may not be a physical contact between tributary and 

trunk eskers now. 

M o a c r o f ~  

Tbe formation of an esker segment may occur as follows (Fig. 40). Over a one year cycle, just 

before spring thaw, the tunnel cross-section is at its smallest (Fig. 40B). Full tunnel, flow during 

spring thaw caused by the discharge of large quantities of supraglacial meltvkters, envnins sediments 

previously deposited in the tunnel, and the flow of meltwater frictionally erodes the tunnel ice walls 

and ceiling, releasing englacial debris. During the period of high capacity and high competency flow, 

lar e boulders can be transported. As the tunnel cross-section enlarges to adjpst to increased f 
meltwater flw, and as the inpyt of meltwater deereases after spring thaw, open channel flow may 

I 
I 
1. - start, and the larger clasts are deposited on the floor of the tunnel. I, 
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which may protect the deposits from furtber 
erosion during the next spring high discharge 
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is a mixtur6of size fraaions, with distinct layers . 
such as the boulder bed and heterogeneous units 
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Figure 40. D . m i c a 1  model of e s b r  sedimentation. Over a one year period, A) full tunnel flw'in the spring in response to spring thaw 
frictionally enlarges the esker tunnel, erodes and transport the largest debris. B) Equilibrium b e t e n  meltwater discharge and ice creep during 
the summer serves as the main transport for the bulk of esker debris: C) During 4pen in the fall, the smaller debris is transported, 
while the coarser debris is deposited. D) Conditions of nd flow and freezing in the as a protector for the following spring high 
discharge event. E) The final deposit is a mixture of coirrse and fine debris, with distiyf layers such as the boulder bed and sand layers. 

/ 
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flow, and dd;ity fluctuations, as well as input from predpitations, may detemhc an alteroation 

between Pull-tunnel fbw (more vigorous flow during the day or after precipitations, and openchannel 

flow (less vigorous flow during the night). Dwing Pull tunnel flow (FI~ 40C). Vansport of debris as 

f . a sliding bed, as postulated by S a u n ~ m n  (1977). which ir deposited during periods of open channel 

flow (Fig. MD), accounts for the presence of Ihe matrix supported units so common in the esker 
r 

ridge. Removal of xhe finer material continues during this time. and thus, fine p ined  sediment is 
- 

transported farther tban coarse debris. likely to the margin of the ice sheet, where it is deposited as 
- .- .. . '  

assodated deposits on either side of the esker, or ifansported away in the proglacial stre&. . 

- * In the fall, meltwater flow sl& dawn consihbly as much of the surface meltwater which . . , 1.. 

, is believed to be a large contributor to aker forming streams, freezes at the s ce and does not 

reach cG3 sibglacial system. Greatly dimkhed flow in subglacial tunnels d g that time may 
. . .  2 

trigger the dkposition of lbe finest sediment Meltwater flow may cease entirely during late faU and 

winter near the ice margin, and sediment may fretze from mld air penetrating into the tunneb 

Subglacial meltwater flowing from the interior of the tumel may also freeze, forming a protective 

layer on top of the sediments already deposited. Tunnel size decreases markedly if the ice is- still 

active, or only slightly if the ice is nearly stagnant, until s p d g  thaw arrives again, and the cycle starts 

over. Erosion of prqviously deposited sediments during spring thaw* may be prevented by the 

protective ice layer formed during the winter, a mechanism by which beds of fide grained material may 

be found in an eskr  ridge. 

AS thb subglacial stream emerges at the ice &gin wg. 40E). it is no longer confined, or its 

confinement is reduced, leading to a spreading of the stream, loss of energy, and deposition of the 

'\ ' coarse debris. 'he  fine debris is ornied in the proglacial river as a normal river load, and is deposited 

as a sandur in b n t  of the glacier. Some of this outwash deposit may awer theesker, espeaally if 

the sandur is deposited at the surface of the glacier. As buried i emerges from the 

sandur. Aprons, pads, splays and blankets are deposited as 





relabnship to underlying topography and ice sheet morphology, external morphology, internal 



stratigraphy,. and lithologic composition witb respect to till and bedrock. 

The disvliution of esken shows three difierent types of organization. The Brsr type'of 

. organization is 'thdse sectors in whieh few to no eskers are located, representing areas nearly devoid 
4'. 

of glacial sediments (such as the Harp Lake Massif), areas where meltwatem wete evacnated in valleys . 

oriented parallel to  ice flow and with a positive gradient, so that esLu sedimentation djd not take 

place, or in 'areas where ice might have been 'to thin to keep a coherent drainage network, and 

therefore, eskers were not formed. The m n d  type of organization is represented by those areas in 

which e s h  are found, but do not reflect an o r h t i o n  of the drainage of the ice sheet, and are 

the result df rapid deglaciation in an area where debris was aysilable, but time for structuring the 

drainage waslacking. Tbe third type of organization is represented by those sectors in which eskers 

farm a sub-parallel dendritic network reflecting t6at pan of the glacier which stayed relatively stable 

for a hng enough period of time.to allow the formation of a subglacial tumel system. 

The tunnels functioned as an integrated meltwatq escape route controlled by the ice surface 

gradient (esken are sub-parallel to late ice flow) influenced by subglacial topography (detour around 

topographic obstacies, junction between eskers to exploit the best possible hydraulic route). 

Connections between all parts of a system within a drainage basin is demonstrated by the influence 
, 4  on litholo& composition a tributary e s e r  has over a trunk esker. 

- 
The tunnels evacuated meltwater from the subglacial, englacial and supraglacial qstems near 

i 

the ice margin, where esker sedimentation took p&e, while further back, only subglacial meltwateq 

were present The tunnels in which only subglacial meltwaten flowed were small, and followed - 

subglacial valleys as long as they were oriented more or less parallel to ice flow (ice surtace profile !> 

controls the flow of meltwater). Away from the ice margin, only meltwater flow in the t u ~ e l  , 

oocuned, while near the ice strong fluctuations in meltwater discharge triggered enlargement 

and shrinking of the tunnel. During high flow evenu, e d o n  and transport of till and glacial deb& la 

c 
resulted, while during low flow events, sedimentaGon of the esker ridge could take place. 

.Morphologically, esken are tunnel deposits, with steep flanks, and the internal stratigraphy attests to 

P 



the fluctuating meltwater flows. While eskers are tunnel deposits, there may be periods of open 

channel flow at any time during esker formation, and some eskers which have a flat, level, sandy 
, . 

surfaae may represent an open channel deposit at  a late stage of esker formation. Fine grained 

* material was carried out the tunnel with meltwaters, and was sedimented on the flanks of eskers, some 

time after the formation of the ridge itselt -Associated deposits have morphologies and a more 

homogenous grain size distribution than eskers which indicate relative unconfinement of the meltwater 

stream compared to esker ridges. 

- 
The lithologic kmposition of eskers is strongly related to till lithology. m e  variations in 

c5mposition along an esker ridge can be related to proximity of the source in bedrock, thus location 

in the head of a till dispersal train, size of the source, larger sources influencing more, and for longer 

distances, esker composition, and location of the esker within the till dispersal train. Vertical 

lithologic distribution indicate that esker sediments are deposited in long, shingle-like units which 

likely retain their mmpositional characteristics longitudinally. The location of a clast in an esker is 

the composite travel from bedrockburce to till (primary glacial transport) to the fluvioglacial'system 

(secondary glakial transport by ice creep) to deposition of the clast (fluvioglacial transport per se). 

Evidences bearing on the length of active tunnel at any one time point to different answers. 

and may serve to emphasize that esker formation may be very dependant on local conditions. From 

lithological data for Lac Brisson esker (northern Labrador) with respect to SLPG and quartz- 

monzonite dispersal outside the till dispekal train, it is evaluated to be about 25 km. For the same 

esker, however, but based on the presence of esker segments up the George River valley and the 

presumed position of the ice margin at the head of Anaktalik Brook, an a&ly sedimenting esker 

tunnel may have been 100 km long. 

There remains much to be answered on esker sedimentation. This research has generated a 
some hypotheses which will need to be tested at  carefully chosen sites in order for more elements on 

the origin of eskers to be put together. The quantification of esker parameters, size of drainage 

badins, impurtance of subglacial topography, are all aspects which were touched upon on a qualitative 
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to Semiquantitative basis, but would need a research plan different& set up to axhke. F i ,  the , 

dhraron of an ideally l&ted e k  with respect to indicator bedrock and till dispersal train might 
u 

dariQ the wncepts of shingling of esker sedimentary units, as well as the rok of the different phvca 

of transport ('primary and secondary glaa, and fluvioglacial) in the dispersal of dasrs in flwioglacial 

systems. 
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Plate 1. D i i tn ion  of esken in Labrador. with interpretation of probable mnnectiom betwee 
basim of aker systems (-0 -3, and Honon ordering of aker branches for those systems whim display 
(9). Shabogamo esker (C). Ashuanipi esker (D), Dc MiUe aker  (E), Mrme Head a k e r  0, and lac  
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