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PREFACE 

In order to assist in effective use and conservation of natural resources 
and in the management and preservation of our environment, the Geological 
Survey provides geologically - based information on land resources and ter
rain performance . This report presents some of the results of a study car
ried out under the auspices of a National Research Council of Canada post
d octo r al fellowship at the Geological Survey of Canada. 

Most parts of Canada were subjected to several glaciations in the past 
few million years . The record of these events is best seen in the landforms 
developed and the deposits formed. Amongst the latter are glacial varves 
which are rhythmically layered deposits formed in lakes, each layer or varve 
containing all mater ial deposited during one year. 

In th e first part of this report the auth or describes the areal variation 
and dispersal patterns of varves in several parts of Ontario, their internal 
structu re , and presents a compar ison to flysch - type turbidites. In the second 
part he presents an analys i s of grain - size distributions in two suites of varve 
specimens , one from Glac ial Lake Barlow-Ojibway in northern Ontario, and 
th e other from Glacial Lake Iroquois, a forerunner of Lake Ontario . 

Ottawa, June 16 , 197 2 

Y . 0. Fortier , Director, 
Geological Survey of Canada 
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PART A 

SEDIMENTOLOGY OF PLEISTOCENE GLACIAL VARVES 
IN ONTARIO, CANADA 

ABSTRACT 

Studies of the stratigraphy an d sedimentary structures of Pleistocene 
glacial varves in Ontario reveal that turbidity currents, produced annually by 
sediment - laden meltwater, hav e a major role in the formation of varves . 
Sedimentary structures of the varves studied indicate that, not only as indi 
vidual layers, but also as a total assemblage and vertical sequence, they con 
tain structures similar to those found in flysch - turbidites. 

The coarse (summer) layer of the varves studied occ urs in three 
facies: {l ) sandy: thick, sandy silt in proximal varves displaying cross 
laminae and grading; deposited by turbidity currents possessing bedloads; (2) 
.§.i!.!y: thin fine silt in distal varves w ith single , or multiple graded units; 
deposited by autosuspens ion cu r rents; and (3 ) diamic ti c : thin fine silt in ultra 
distal varves with numerous silt clasts; deposited by mudflow or high - density 
turbidity currents . 

The shape of individual varves was studied by direct tracing of layers 
and by constructing an isopach map of a particular varve which had been cor 
related over a w ide area . Paleocurrent data from some localities provide a 
picture of the dispersal pattern. 

The existence of "turbidites" in eskers and kame deltas and t heir 
lateral passage int o crossbedded sand, not ed in a few localities , indicat e that 
varve - producing turbidity cu rr ents may have originated in delta - fronts. One 
example of slump - generated turbidity currents depositing va rv e -like rhyth 
mites in a glacial lake has been noted. 

RESUME 

L'etude de la structure stratigraphique et sedimentaire des varves 
glaciaires du Pleistocene en Ontario revele que l es courants de turbidite, qui 
sont produits annuellement par l es eaux de fonte chargces de sediments, 
jouent un rl'.lle important dans la format ion des varves. La structure sedi 
mentaire des varves etudiees indique que , non seulement par leurs couches 
individuelles , mais aussi par l eur assemblage global et par leur sequence 
verticale , elles ressemblent a celles des flyschs affectcs par des courants 
de turbidite . 

La couche grossiere (e t e ) des varves etudiees presente l'un ou l ' autre 
de ces trois facies: (1 ) sableux: un silt sableux, epais, dans l es varves proxi 
males a feuillets entrecroises et agradation granulometrique; mis en place 
des courants de turbidite a charge d e fond ; (2 ) silteux: silt fin , peu consistant, 
dans les varves distales , avec une ou plusieurs unites granulometriquement; 
d epose par des courants a a utosuspension ; e t (3 ) diamict igue : silt fin, peu 
consistant, dans les varves ultra - distal es , avec d e nolnbr eux debris silteux; 
depose par des coulees boueuses ou par des courants de turbidite a haute 
dens ite. 



La configuration d es varves individue lles a e t e e tudiee par lev e direc t 
des couch es et par l a construction d 1 un e carte d 1 e paiss e ur d 1un e va rv e par 
ticuliere identi fi ee sur un e grand e region. Des donnees sur les paleocourants 
de quelques localites donnent une image du r eseau d e dispersion . 

L ' existence d e "turbidites" dans des eskers et des deltas d e kame e t 
l eur passage late ral e n un sabl e a str a tification ent recrois ee , remarques en 
quelque s endroits , indiquent que l e s c ourants de turbidite qui p roduis e nt d es 
varves peuvent provenir de s fronts de d e ltas. Da ns un lac g l ac iair e , d es 
g li s s ements, probabl ement a 11 ori g ine de c ourants d e turbidit e ont l a is s e d e s 
structures qui pas sent latteralement a d es varves . 



INTRODUCTION 

The pre s ent report is an outcome of a d e tail ed study of Pleistocene 
glacial varves in Ontario . The statistical part of th e study d ealing with var 
ves as a time se ries h as been publi shed (Agt erberg and Banerjee , 1969). The 
stratigraphy and the sedimentary structures of th e varves and the sedimenta 
tion processes invol ved in their formation a r e described in this part . Part 
B of this publication d eals with texture of the va rves. 

In all r ec ent studies on th e sedimentol ogy of glacial varves , the role 
of turbidity c urr ents in t h e depos ition of varves has been recognized (Quigl ey , 
195 6 , Jackson , 1 965 , Schenk, 1965 and Latjai , 1967) . As far back as 1940, 
using exce llent fie ld d ata , De Geer concluded that c urrents operating on a lake 
bottom d epos ite d varves (De Geer , 1940) . Kuenen {1 951 ) later showed that , 
in most freshwater l akes , sedim ent-laden meltwater can produce and sustain 
turbidity cu rr ents which are possible agents for the deposition of varves 
charac t erized by g raded b e dding . Further evidence from this study of the 
stratigraph y and sedimentary structures of the varves supports the turbidite 
origin of th e coa r ser s ummer layer (Fig . 2). Data from actual gl acial lakes 
are few . H owever , Deane (1 96 1, p. 179) reported that in Lake Hazen on 
E llesmere Islan d , the turbid gl ac ial streams flow over the deltas and along 
the bottom of the lake as d ens ity cur r ents . While studying glac ial lake sedi 
mentati on, Mathews fo und that both in Lake Garibal di , B . C. (Mathews , 1956) 
and in Lake Sunwapt a , Alberta {Mathews, 1963) sandy layers are deposited in 
the deep e r parts of the lake b y turbidity currents . 

B r oad features of varve sedimentation that emerge from the present 
study are : {l ) varves show broad similarity with flysch - turbidites both in 
indiv idual s e dime ntary structures and total assemblage and vertical sequence; 
(2) areal variation a nd facies c h ange in the varves can be explained adequate ly 
by th e turbidity c urr en t mechanism; (3) from the study of deltaic {e sker and 
kame) d e posits in th e g lacial lakes , and particularly from the existence of 
thicker , sandy 'turbidite ' beds in these sequences , it appears that turbidity 
c urr ents d epositing varves have orig inated on th e lower parts of th e foreset 
beds in such d e ltas. Experimental investigation in deltaic sedimentation by 
Jopling {1966) has provide d the mode l for such a process . He has explained 
(Jopl i ng , 196 6 , p. 7 5) h ow high percentages of silt and very fine sand in sus
p en sion can hinde r the normal g rowth of foreset sl i p planes, convert the fore 
s e t into a gentl e de c livity , a nd change the pattern of flow over the delta into a 
turbidity c urre nt; and (4 ) b es ides the turbidity currents produced annually by 
m e ltwater , slump - generated turbidity currents also seem to operate in gla
cial lakes a nd one example of varves {?) deposited by such currents has been 
found in this study. 

Locations of varve sections studied in Onta rio are shown in Figure 1. 
These include varves of: (1) Lake Barlow- Ojibway {l oc . 1 to 11); (2) Ottawa 
Valley (loc . 12 and 13) - (overlain by marine sand and clay); and (3) Lake 
Iroquois (loc. 14 to 19 excep t loc. 17). In many sections , l ong sequences of 
va r ve s have b een measured and sampled. In a previous study , eight mea 
su r ed s e ri e s from n or thern Ontario were analyzed statistically and the method 
of sampling the va r ves and of handlin g the raw thickn ess data for statistical 
treatment was a lso expla ine d (Agterberg an d Bane r jee, 1969). 

Original manuscript s ubmitted: 16 December, 1969 
Final version approve d for publication: 15 June, 1 972 



ex> 
~ 

0 

0 

D 

- 2 -

o COC HRANE 
2. . 

3· .5 .• 
4• i::. .• 9 

l"' ·e 1· . 
'to 

MILES 
100 

Undiffer entiat ed 
drift 

glacial 

• Marine depos i ts 

D Gl aci olacustr ine 

Figure 1. Locations of varve sections. These are shown on the glac ial map 
of th e area (after Prest, Grant and Rampton, 1968). At 12 and 13, 
varves occur below marine clay, at 14 within kame deposits and at 
7 and 17 w ithin eskers . Sub-locations of 15 are shown in Figure 4. 

Previous studies of varves in the areas mentioned have been made by 
Antevs (1925 , 1928), Hughes (1955, 1965), Quig ley (1956) and Lajtai (1967) . 
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Single graded unit in summer silt. Clay 1 = clay deposited during summer by the turbidity current 

T Clay 2 Winter (Total) 

Clay 1 Clay 
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Silt 1 
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Multiple graded unit in the summer silt layer 

Clay 2 Winter (Total) T Cla 1 Clay 

Summer (Total) one verve 

Silt 

1 
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Cross-laminated and parallel-laminated summer silt layer 

Figure 2. Different sediment a tion units in typical varves . 

P rof. John E . Sand ers of Barnard College , Columbia University and 
Dr. 0. L. H ugh es an d Dr . B. C. McDonald, both of the Geological Survey of 
Canada, cr itic a lly read the manuscript . Miss G. Minning, also of the 
Geological Survey of Canada, made many helpful suggestions . 

STRATIGRAPHIC FRAMEWORK 

A varve is a conceptual model that includes all material deposited in 
one y ea r . Glacial varves a re commonly couplets that can be divided into a 
summer part, w hic h is normally silt, and a winter part, w hich is clay. If the 
summer laye r is considered t o be a deposit made by turbidity currents then 
there is a s light difference between the thickness of total clay and th e real 
thickness of the w inter part as shown in Figure 2. Similarly, the silt layer 
make s up only a portion of the summer thickness . 

When a "long" sequence of l acustr ine sediments shows regular and 
repeated alternation of silt (or sand) and clay layers , it has been assumed 
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that each silt - clay couplet i s a varve. But w h en sim il ar couple t s occur in 
shorter sequences w ithin or o n t op of g l ac i oflu via l sediments , the t erm 

"rhythmite " has b een us e d t o d e scribe th e m . Units of singl e , g r a d e d , ve ry 
fine sand beds passing upward into clay, w h i ch the auth o r re gards as "turbi d 
ites" , occur in kame s and e s ke rs . Accordin g to the model of sed imentation 
presented here , thes e can be consider e d as proxima l counterpar ts of the 
s umme r l ayers o f t h e varves. 

The thickness of s tudi e d sections va ri ed from 15 to 90 feet . Varves 
no rmally occ ur as a continuous mantle over ly ing till or , l es s commonly , the 
bedr ock . Usually the t ill - va r ve contact i s fea ture l ess but , in one place , an 
inte rvening layer of g r ave lly s ilt w ith r ippl e - like bed fo rm s has been not e d 
(layer I , Fig . 5B). 

Rhythmites in a d eltaic seq uence 

The relationship between g lac ial l ake sediments and gl ac i o fluv ial 
sediments nea r the d elta front has been studied in eskers and kames . The 
followin g significant features a re present : 

Rhythmites occur m os tly near th e top of th e section at th e end of a 
"fin ing u pward" cycle w hic h starts from grave lly sand a t the base . They do 
not ove rlie th e esker or kam e sediments w ith an u nconformable cont ac t but 
have interfinger ing an d gradational contac ts w ith them (Fig . 3 A, D) indicat in g 
that the two sediments pass into each other . This is in accordance w ith th e 
p icture presented by ea rli e r workers, tha t a continuous spectr um of deposits 
extend e d from the pr oxima l g rave l deposits to the distal lake sediments {w hic h 
may be varved) and , as th e delta - fr ont r e tr e ated w ith time , this late ral facies 
c h a n ge p r oduced the "fining upward" cycle (Antevs , 1 925 ; Hughes , 1965). 

These rhythmites occur in association w ith, and locally g rading into , 
sandy, "turbidite" beds that occur in th e d e lta i c sequences of e s ke rs and 
kames (Fig . 3 A , B, C) . Th ese b e ds (Plat e lA) are 3 0-40 c m t h i ck , the g r a 
d e d beds o f medium sand often showing load structures at the base . Similar 
" kam e - d e lta turbidites" occ ur n ea r R ensselae r , New York (LaFleur , pers . 
comm .). 

" Turbidite " (g r a d e d sil t l ayer w ith load structures) layers have also 
b een tra ce d direc tly into fo r esets of large - scale crossbeds in d e ltai c sand 
(Fig. 5C) . 

The occurrence of sandy "turbidites " in eske rs and kam e s , their 
g r a dationa l contac t di s t a lly w ith rhythmites (p oss ibly varves ) and th e ir pas 
sage proximally into the fo r ese t s of crossbedd e d sand, all indica t e that tu r 
bidity c urr ent s p roduc ing the sumrr, e r l ayer o f th e varves may have o riginate d 
in the delta - front . This is suppo rting fi e ld ev id ence for the idea t h at a l a r ge 
a mount of suspended sediments flow in g ove r a foreset c an produce a turbidity 
cu rrent (J opl ing , 1 966). 

Rhythmites assoc iated w ith slumps 

Bes ides the n o rmal d e l tai c situation d e s c rib e d above , rhy thm i t e s in 
one locality {l oc . 15) have b een found in a spec ia l settin g , nam e ly in associa 
tion w ith s lumps. D e tails of the stratigraphy are shown in Figure 4 . The 
bedrock is cove r e d by a thin t ill w hic h is overlain by varves . Overlying th e 
va rv e s is a slumped layer of laminate d silt . This, in turn , is ove rlain by a 
mudflow deposit which is composed of structureless s ilt with pebbl e s of rocks , 
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clas t s of silt and clay, a nd l a r ge fr agm e nts of unde r l y ing v arves e mbe dd e d in 
it (Plate I b ). Th e t op unit is a s e que n ce o f v arve - like rhy thm ites , e ach c oup 
l e t b e in g 5 - 10 c m thic k a n d eac h w i th a s i l ty , c r o ss - o r para ll e l - l amina t e d 
layer grad in g i n to clay a b ove . If t h e s e rhy thmite s are inte r p r e t e d a s depo s it s 
o f turbidity c urr ents , th e s e quence s u gges ts tha t slump ing h a s caus e d a mud 
flow w h i ch, in turn , pr oduce d a turbid i ty cur r e nt. 

T h e effec ts of s l ump ing at a d e l t a - fr ont involv in g both va r ve s and 
g l a c i o flu v ial s e d iments i s a l so i llu s tra t e d in the Rid e au Rive r v arv e s (Fig . 9 B , 

l o c . 1 2). 

Ahyth mltes in an esker (locat ion 17. Fig 1). Paleocurrent di rec11on is based on 90 measurements of 
cross-bedding in sand 

c 
Rhythm1tes in an esker (situated 
between 1ocat1ons 6 and 7. Fig. 1) 

l< WA=I 
bL2 .QW%i'0 

I . 

. . 
• 

D 

A 

SW 

Ahythm1tes m an asker showing 
mterstralificat1on with coarse sed1· 
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AREAL VARIATION AND DISPERSAL PAT TERN 

In northern Ontario thickness data demonstrate that individual 
varves thin away from the former ice front (Fig . 6). 

Isopac h map 

Although any a ttempt to co rre late a very thin b ed (1 to 2 cm) through 
large distances (60 miles) involves great risk, th e base of varve 152 8 of 
Antev's T imis kam ing series in northe rn Ontario is so conspi cuous in all 
varve diagrams that th ere is some jus tification in using it as a datum. H ence , 
an isopac h map (Fig . 6) h as been cons tructe d from 9 data points comp iled 
from thickness measurements of Hu ghes (1965) and the p r esent author. The 
r e sulting map shows that: a) direction of d ec r ease in varve thickness con 
forms to the esker paleocurrent but not to the varve paleocurrent, b) the 
va r ve paleocurrent is at right angles to the eske r pal eocurrent. Data points 
are too few for any unequivocal interpretation , but the over-all shape of the 
isop achs possibly suggests a multi-lobate shape of th e va rves as d escr ibed by 
De Geer (1 940 , Fig. 14, p . 75) in the Swedish varves . In the Belleville a rea 
(lo c . 1 5 and 1 6), va r ve s thin away from the i ce front in a gen eral southwest 
erly dir ec tion (as seen by compar ing the varve diagrams of sect i ons C C , 1 
and 1 6 in Figure 8 and X , 1and16 in Figure 5B . In northern Ontario, the 
rate of thinning is high at first, but it d ecreases distally (Fig . 6). Due to 
continuous recession of the ic e front , each varve at one locality is overlain 
by a more distal, h ence thinner, part of th e next varve. This results in an 
upwa rd d ec r ease of varve thic kness in a section w hi c h is found to b e exponen
tial in nature (s ee p. 16). 

L a teral continuity of varves 

In r a r e cases , as in the continuou sly exposed secti ons of clay pit 
(loc . 15), varves with a minimum thickness of 2 cm h ave been tr aced l a ter
a lly for a few hundred feet . The silt l ayers thin r apidly at first but w ith dis 
tance th e rate of thinn ing decreases. 

In two ins t ances varves have been followed for a distance of 1 to 3 
miles by cor r elating key beds (Fig . 5A) and by matching varve diagrams (Fig . 
5B inset). In both cases , individual varves p i nc h ou t and new varves appea r 
in th e section w ithin short di stances . In Figure 5A, three va r ves between 
the key beds have disappeared within a distance of 3 / 4 mil es and in 5B, three 
new varves have app ea r ed in the section w ithin a distance of 3 1 /2 mil es . 

Although both th e exampl es above show ev idence of discontinuity in 
varves , indir ec t ev ide nc e of lateral continuity of varves over a lon g distance 
is also available. This is provided b y patterns of thic kness change in the 
varves whic h show excellent correspondence between distant secti o ns . Two 
examples follow: 

1. In the Barlow - Oj ibway varves , a conspi c u ous reversa l of trend in the 
varve diagrams is noticed in many varve sec ti ons . This provides a 
datum (base of Antev' s varves 1528) by w hic h varve patterns in dif 
ferent section s can be matched. Six sections have been co rre late d by 
such matching of varve thickness patterns and correlation coeffic ients 
for a group of 3 0 va r ves have b een calculated between each sec tion. 
The correlation matrix is shown in Table 1. 

2. In the second exampl e, from the Bellevill e a rea, thre e sec tions h ave 
been stratigraphically correlate d by means of a similar datum, (Figs . 7 , 
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8 ) and the correlation matrix for 51 varvcs in each section is shown 

in Table 2 . Both examples show a highly significant correlation in 

patt erns of t hickness c h anges of the silt layers . Although this is not 
a proof of lateral continu ity of varvcs , it is highly suggestive of such 
continuity . Clay layers in both cases show poorer correlation , the 
significance of which will be discussed later. 

Summarizing t h e data , it seems that not all proximal , sandy varvcs 

are continuous but many distal silty varvcs are possibly more continuous , as 
shown in the last example . 

Paleocu rr e nt 

Sandy or coarse , silty , proximal varves in many cases show cross 
laminae from w hic h paleocurrent directions could be obtained . As varvc sec 
tions are r e l at ively limited in number and layers contain in g measureable 
c r oss - laminations are exposed rare ly , the total number of measurcn1Cnts that 
could be obtained is very small as shown in Table 3 . However , the data show 
a few notabl e points : (1) two varve localit i es and the "kame - delta Lurbiditc" 
s how very l ow stand ard dev i ations of the data , indicating a steady undirec 
ti onal current (turbidity current), (2) the current responsible for deposition 
of an esker shows w ide fluctuations , (3) the greatest scatter occurs , however , 
in th e rhythmites of l ocation 1 5 where the mean direction is also opposite to 
the expec t e d curr ent flow along the mean trend of the eskcr . There , palco 
c urrent data are probably a m ixtu re of two or more populations yielding a 
fortuitous mean direction . Relationship of t he paleocurrcnt direction to the 
s haped the varve , mean trend of the eskcr , and the palcocurrent direction 
in the eske r has a l ready been illustrated in Figure 6 . Many more data are 
needed before a d e t ailed picture of the dispersal pattern of the varves could 
be o bta ined . 

Facies change 

Facics c hang es in the varves (Fig , 7) could be best described in 
terms of t h e following three facies : 

Sandy varves - th ese arc coarser (sand l 0 to 20 "o) and thicker (average 
thickness - 10 cm) varves with paralle l - and cross - laminae , graded beds , 
and l oad structures . 

Silty varves - these are finer (sand 1 to 5%) and thinner (average thick 
ness - 1 cm) varves w ith parallel laminae and single , or multip l e graded 
units with load structures . 

Diamictic va rv es - these arc 
a l so th e thinnest (0 . 2 to 0 . 5 cm). 
occur exceptionally . Typically a 
c l ay c haracter i zes these varves. 

the finest - grain ed varves (sand 0 to 1 %) and 
But a few thick (4 to 5 cm) layers may 

large number of clasts of silt embedded in 

Together with their thickness changes , individual varves also show 
changes in their texture and internal structure w h en traced laterally (Fig . 7C) 
fr om th e proximal t o the d istal end . Similarly, th e gross character of 
total varvc sections also c hanges w ith increasing distance from the ice front 
(F i g . 7B). 

In the Bar l ow - Oj ibway varves (l oc . 1 to 11) the pic tu re of facies 
c hange towards the distal end is from sandy to s ilty and then to diamictic 
(Fig . 7B). With the retreat o f the ice front , eac h varve a t a g iven locality is 
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successively overlain by a more distal facies and hence in a vertical sequence 
the varves change from sandy at the base to diamictic at the top (Fig . 7B). 
However , examples of interlaminated silty facies occurring within diamictic 
facies and diamictic varves occurring between silty va r ves have been noted 
(Fig . 7A and Section 9 in Fig . 7B). Such departures from the ideal case can 
be explained either as fluctuations in the ice front (readvance ) or as changes 
due to other factors . 

In the Don Valley (1 oc . I 9) diamictic varves are overlain by sandy 
varves (Fig . 9C). These differ from the diamictic varves of northern Ontario 
in that they have more regular and thicker layers (average silt= 4 . 0 cm and 
average clay= 1 . 0 cm), parallel lamination , grading near the top , and 
deformed clasts (Plate 4b) . Good examples of channel - fill structures also 
occur in this group (Plate 1 c ) . 

The main differences in structure between the sandy and silty facies 
are: 1) cross - laminae and paralle l- laminae are more common in the former , 
whereas graded and multiple graded laminae are more common in the latter . 
Hence , in the deposition of sandy facies , deceleration of the flow was slow 
enough ("stable phase" of Walton , 1967) for the separation of a bed - load and 
production of bed - forms . 2 ) Bedding - plane markings (tool or scour marks ) 
have only been found in sandy varves (Plate 7). The tool or scour marks in 
the sandy facies mean that , in a few cases , cu r rents depositing them were 
strong enough to erode the bed . By contrast, in the silty facies , deposition 
was from an autosuspension current which , during deceleration, did not go 
through a phase where separation of bed load would take place . In flysch 
sequences too , Walker (1967 , p. 30) has found similar graded ultradistal tur 
bidites (his "A~ E beds") less than 3 cm th i ck . 

The facies of varves described here as "diamictic" is not peculiar 
to occurrences in Ontario . Simil ar varves have been described from the 
Swedish sequence by De Geer (1940 , Pl . 50 ) (who described tham as ultradis 
tal "microvarves w i th microboulders") and by Quigley (195 6) from the 
Connecticut Valley , U . S . A . In all these occurrences , the fac i es is char 
acterized by its ultradistal position , very small thickness and presence of 
numerous silt clasts. "Ice - rafting" of the clasts does not seem to be an ade 
quate mechanism to expla in the origin of t h ese features , because i t cannot 
explain the derivation and uniform composition of the clasts no r the distal 
position of the facies . Hughes (1965) interprets these clasts as products of 
wave erosion and shallow water d eposition . But the texture of the varves 
w h ich show the clasts floating in a clayey matrix (Plate 9b and c ) cannot be 
produced by such a process . Both the texture (e . g ., high matrix: grain ratio 
and disrupted framework) and the der ivation of the clasts can be best 
explained by postul ating a mudflow or a high -density , turbidi ty - current origin 
for this facies. The distal position can be a result of the higher velocity of 
such flows which might have enabled them to by - pass the main turbidity flow 
and to deposit their load at the distal end . 

Facies relations h ip i n the varve secti on (Fig . 9A; Joe . 18 = loc . 
All06 of Karrow, 1967) studied in the Scarborough Bluffs is unique in the 
following ways : 

(i) Basal varves do not be l ong to t he proximal sand y facie s but t o the 
s i lty facies followed upwards by c r oss - laminat ed sandy facies . This 
may mean that there was an ice - readvance causing deposition o f pro 
proximal varves on top of more distal varves . 
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(ii) The uppermost varves arc c haracterized by ve r y thick clay (winter) 
layers . The thick clays arc possibly deposits of ultradistal parts 
comparable to th e pelagic deposits of flysch basins (Dzu lynski and 
Walton , 1965 , p . 237, Fig . 1 61E) . Mostoftheturbiditelaminae 
(the silt layers ) wedge out befo r e th ey r each such a long distance . 
Hence , th e thick clays represent deposits of many years rather than 

that of a single yea r. 

INTERNAL STRUCTURE OF THE VARVES 

Individual structures 

Varves show a va riety of current - gene rate d sedimentary st ructures 
which are confined to the s ilt layers . The onl y st ructure shown by the clay 
l aye rs is fa int parallel lamina tio n an d a strong p r efe rr ed orientation of the 
clay m ine rals. In the fo llowing dis c ussion of the sedimentary structures , the 

in div idual stru ctur e s w ill be d esc ribe d separately, and then the total assem 
blage of th e structures and th e ir vertical sequence w ill be discussed and the ir 

significance evaluate d. 

Grading: The fo llowing significant features have been observed in the graded 
silts in the varves: 

Commonly, a single s ilt layer is a m ultiple graded unit consisting of 
approximately 7 to 8 g r ade d units (Plate Zc and Plate 5a) each of wh ich norm 
a lly shows load structures a t th e base . These occur t ypically in the s ilty fac ies . 

Sin gle , h om ogeneou s , grade d units s h owing a complete ver t ical grad ation 
in mean size from silt a t the bottom t o clay at the top are rare (Pl ate Za). 

Many individual g r aded units h ave laminated tops (P l a t e Zb and c ). 
Thes e units , t ogether w ith load s tructures (wh ich may be deformed sol e 

mark s) at the base , are typ ical "turbidite" sedimentation units on ve ry small 
scal e (Kuenen , 1964). 

Parallel lamination in many cases co - exists w ith size - g rading, and 
i n many l am i nat ed and cross - lam i na t ed units in sandy varves there is an 
overall gradation in size merging into clay at the top (P late 3 d) and indicating 
deposition from a de ce l erating current. 

Cross -laminae : In the sandy facies, crosslam inati on i s a common structur e 
in t h e coarse layer and , in the s ilty varves a few occurrences o f micro - c ross 
laminate d (0. 1 cm thick) u n its hav e be e n noted near the top of g raded silts 
(Pla t e Zc). Where ripple - fo rm s in the cross l a minae have b een fully pre 

s e rved, th e measure d ripple - h e i ghts va ry commonly from 1. 0 t o 2 . 0 cm, the 
m aximum r ecorded being 5 . 5 cm and rippl e -lengths vary from 10 to 18 cm . 

Ripple - geometry changes from t ypes w ith full stoss - side (Typ e A) erosion, 
thr ough thos e w ith fully preserved stoss - side (Type B) to "sinusoidal" ripples 
(nomencla tur e of Jopling and Wal ker , 1 968). An example of evolution of types 
in a vertical sequence is illustrate d i n Plate 3a . Isolated ripples with inter 
nal l aminae and embedded in clay (Plate 3b) is also a common feature. Large 
"sinusoidal" ripples in poorly - sorted , g ravelly , ve ry fine sand l ying at th e 
base of the varve sequence (prox ima l turbidites ?) have been found in two pla 
ces. I n on e case (F i g . 5b), the ripple - h eight is 13 c m and the ripple length 
is 45 cm and in th e othe r case (P l ate 3e) they a re 5 cm and 39 cm respectiv 
e l y. In t h e latter case they a re followed by sinusoidal ripples in varves . 
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Parallel l aminae : This is ubiquitous i n all the facies of varve s . Pe rhap s this 
is an omnibus g rouping w hich includes str uctu r es of many di ffe r ent ori g in s . 
For example, individual units in multipl e graded silt laye r s , if suffic i ently 
thin, may each be considered a lamina . Similarly , cross - laminae fo rme d by 
very low amplitude ripples may also appear as pa r a lle l l a minae (Plat e 3d). 

Channel-fill: A s e ries of channels (Plate le ) cut into and fill e d in b y diamic 
tic varves has been found in the Don Valley secti on (loc . 1 9). Some of these 
are character i zed by a lag deposit of larg e broken fragment s of va r ve s at the 
base and faulted side wall s . A microscopic channel 2 mm w ide and 1 m m 
deep, has been found to c ut into the underlying laminated sed iment s in a s il ty 
varve (Plate Sd). T his is very similar in appearance to the c r oss - section o f 
a flute mark (cf . Dzulynski and Walton, 196S , Fig . 31A, p . 46). 

Load st ructu r es : L oad structures with clay flames (Plat e Sa) at th e ba s e o f 
the graded units are ve r y common in the silty varves . Thin diami c tic va r ves 
also show loads at the ir bas e . Under th e m icroscop e , l oad p ocke t s are s een 
to be filled w ith coarse r gra ins (Plate Sc). T h ey a l so s h ow di srupte d l a mina 
tion (P l ate Sb) and extreme d eformation (P l ate 6d) . 

Deformational struc tu res : Slump structures in t h e va r ve sequences (P late 6a , 
and b) occur at all scales from slumped layers meas ur e d in m i l es (Fig . 3) to 
those confined t o microscopic layers . Flowage folding due t o load de fo rma 
ti on (Plate 6d) and cont o rte d laminae (Plate 6c) are a l so common . 

Current lineations: !n unconsolidate d sediments such as varves , sol e m a r k s 
are difficult to obs erve , a lthough it is b e lieved t h at many l oad s tructur es seen 
in cross-section are actually sole marks affected by loading . On e r e as on for 
this belief is that, in a r ec tangular block, load s tructu res occ urring in two 
opposite fa c es match ve r y well both in d imens ion and spac i ng , indicating that 
they are c ros s-s ec tions of a lin e ar feature . A few linear featur e s found alon g 
bedding planes are illustrated in Plate 7 . The m icro - c h anne l s in P l a t e Sd 
may be flutes in cros s-section . 

Trace fossils : Burr ow-fill s seen mainly in c r oss - section (P l ate 8a toe ) a r e 
very common in both sandy and silty varves . As t h ese freq u ently c ut a cro ss 
laminations, a post - d epositional origin is indicated . It h as been not e d t h a t, 
in turbidity current sedimentation, burrows of a partic ula r type d o n o t occ ur 
in layers thicker than a certa in value (Seil acher , 1 962) . A l t hou gh no s y stem 
atic study has been d one , it has been observed th a t bu r r ows of one t ype (P l ate 
8a) are absent in thicke r laye rs. 

COMPARISON TO FLYSCH - TYPE T UR B IDIT ES 

Taken as a whole, the common assoc i a tion of structu re s found in the 
varves: i.e . , grad e d bedding (simpl e and m ultipl e), cross -, pa r a ll e l - and 
contort ed laminae, load structures and ove r all rhy thm i c a lternations of silt 
and clay , is similar to or identical w ith that found in th e fly s c h t u rb idite s . 
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Even though the turbidity -current origin of the summer layer of var
ves has been accepted by many workers in the field since it w as first 
proposed by Kuenen (195 1), ther e is a hesitancy among geologist s to com 
pare them directly to the better known flysch - turbidites, mainly for the fol
lowing r easons : 

1) The graded silt layers of varves are believed to be deposited by 
"steady" currents (Jopling and Walker, 1968; Latjai, 1967) as opposed to 
"spasmodic" turbidity currents which supposedly have deposited the flysch 
sediments. H owever , it may be instructive to compare the sedimentary 
structures in varves to those found in flysch turbidites to see w h eth er a 
"steady" current does differ significantly from a "spasmodic" cur rent in the 
mechanics of deposition. Again , ther e are evidences suggesting that slump
ing occurs frequently during varve sedimentation and that some varves (?) 
are produced by s lump- generated spasmodi c turbidity currents. The r esult 
ing varves are similar to adjacent varves in the sequenc e . 

2) Silt layers in varves are generally much thinner and finer-grained 
than flysch-turbidites, suggesting that a special kind of low - velo c ity and low 
d ensity turbidity current deposited them, In general , this is probably true 
but there are thick varves and , contrary to common belief, many flysch
turbidites are very thin , For example , according to McBride , in the 
Martinsburg Formation "over 60 p er cent of the units (turbidites) are less 
than one inch thick" (McBride , 1962 , p. 49). Some thickness data of flysch 
beds are listed in Table 5 and they have a large overlapping rang e w ith the 
varves (T abl e 4) , although the varves have yet to undergo an unknown amount 
of compaction . 

Hence, a valid case for comparing structures of flysch-turbidites and 
varves seems to exist, and in Tables 6 and 7 a very gross comparison has 
been att empted . The former compares the total assemblage of structures and 
the latter the vertical sequenc e in terms of Bouma ' s model (Bouma, 1962). 

None of the comparisons provide s any conclusive evidence . For 
example, in total assemblage, there is much divergence among the flysch
turbidites the mselves . Parallel-lamination seems to be the most common 
structure in one sequence (column III, Table 6) and graded beds are very 
rare . But in another sequence (column IV, Table 6) graded beds with parallel 
l amination seems to be the most common structure , The varves seem to 
occupy an intermediate position between these two ext r emes . 

In vertical sequence, the varves differ from the Bouma mode l in two 
respects: first , a-e type of compl ete sequences are very rare , and second, 
d - e sequences are the most common, whereas in Bouma's own data, c-e 
sequences seem to be most fr e quent . Yet the a-e sequence of Bouma' s model 
is not common among turbidites, as quantitative studies show a wide range 
of variation in the vertical order of structures in flysch turbidites (Walker, 
1967). An explanation for the fa ilure of cross -lamination (c-interval) to form 
in the varves could be the predominance of silt sizes. In an exper imental 
study , (Rees, 1966) ripples in silt hav e been found to be the stable bed - form 
in a particular stress range and , even in that range, plane bed (parall el 
l ami nat i on) could become the stable bedform if the suspension load is high 
enough. Thus , a large suspension load, which the varve -producing c urr ents 
probably had, can suppress the formation of ripples in silt . 
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To summarize the data of sedimentary structures from varves: 

(1) The same assemblage of internal structures occurs in varves as in 
the better known (flysch) turbidites. The only exception is the rarity 
of sole marks in varves which are difficult to observe in unconsoli 
dated sediments. However, the author believes that a thorough 
search in a locality such as Scarborough Bluffs (loc . 19) will yield 
many exampl es . 

(2) The difference in the scale of thickness between varves and flysch 
turbidites is not s ignificant . There are many thin turbidites . 

(3) Neither the relative abundance of different structures nor the verti 
cal order in which they occur are cons istent in flysch - turbidites so 
that a comparison of these aspects to thos e in va rves is not instruc 
tive. 

(4) The common occurrence in varves of the turbidite sedimentation unit , 
a graded bed with an upper laminated unit and load structures (pro
bably loaded sole marks) at the base , shows that "spasmodic" and 
"steady " turbidity currents probably have similar depositional histor 
ies. 

QUANTITATIVE STUDY OF VARVE THICKNESS 

As mentioned earlier , the statistical part of the present study deal 
ing with the varve thickness data has already been published (Agterberg and 
Banerjee, 1969). Some additional data will be included h ere , followed by a 
brief discussion. 

Four newly measured varve series are shown in Figure 8 . In 
sequence I of series CC, 16 and I varve thickness decreases exponent ially 
upwards (Plate ld). This trend has b een interpreted as the result of exponen
tial thickn ess profile of individual varves and gradual retreat of the ice front . 
Reversals of this trend occur near the end of two series (Fig . 8A, B) prob 
ably indicating short periods of ice readvances . 

From the previous study (Agterberg and Banerjee , 1 969) as well as 
from the data presented her€, it has been noted that silt layers differ from 
clay layers in: a) being more variable in thickness (Table 4 ) ; b ) having a 
more conspicuous linear trend (Fig. 8) ; c) having thicknesses w ith much less 
relation to thicknesses of layers d epos it e d several years ago than in the case 
of clay layers; and d) showing better correlation between sections than does 
clay (Tables 1 and 2) . The latter means that silt layers have more "individu 
ality", or a more distinctive thickness profile peculiar to each layer . All 
thes e points taken together would conform to the theory that s i lt is depos i ted 
during short-lived, random events (turbidity currents) whereas the major pa r t 
of the clay (clay 1 of Fig. 2) is d epos ited continuously over a much longer 
period of time. 

It has been claimed that a characteristi c feature of turbidite beds (of 
flysch basins) is the log - normal nat_ure of their bed- thickness distributions 
(Bokman, 1953, Nederlof, 1959, and McBride, 1962) . One author (Nederlof, 
op. c it.) went even further by claiming that "turbidites" can be distinguished 
from glacial varves by the log - normality of the thickness distributions of tur 
bidites . A few log-normal bed - thickness distributions found in varves (Fig . 
10, lC and lS) show that this is not tru e . Actually , applying log - normal dis 
tribution to data which show any time - trend is meaningless , and time -trends 
in turbidite series have been detected by many workers (Ned e r l of, 1 959 ; 



16 8 

- 17 -

I / 
I /,.,, 

// 
I // 

I .·/ 
. k 

.. v; 
.· ,.,....,, ·/ 

/ -1 
I /. 

/ I 
// 
/ I 

/./, I 
,,, I./ I 

I I 
/ 

4 2 

Thickness (cm) 

I 
I 

I 

/ 

I 

I 

1 
4 

I 

I I 

I I 
I I 

I I 

I I 
I 

I 
..,,. / 

/ 

I / 

I 
I / 

.... / / 

(S) - Total silt 

(C) - Total clay 

1 
8 

_l_ 
16 

/ 
/ 

99.9 

99.9 

99.9 

99.8 

99 

98 

95 

Q) 

901l 
"' 
-~ 
:0 
"' .0 

2 
a.. ... 
c 
d> 
u 
a:; 
a.. 
>
u 
c 
d> 

20 g. 
~ 

LL 

10 -~ 

1 
32 

0.1 

... 
"' ::J 

E 
::J 
u 

Figure 10. Cumulative frequency distributions of some varve thickness data 
plotted on a log-probability scale. 



- 18 -

Kimura, 1966 ; and Vas.soyev i c h and Bezhayev , 1961 ) . Because the varves 
have strong time - trends , the p lot of thickness distribution of a varve series 
is not m eanin gful eithe r . The c urv e s in Figure 10 have on ly b een inclu ded 
for comparison w ith similar c urves of turbidites that have b een published 
previously . 

It has a lso been found in this study that the thickne ss e s of s i lt and clay 
l a ye rs show significant statistical co rrelation because both show th e same 
time - tren d . Perhaps this holds true in many flysch - turbidites as well. H ence , 
any genetic (hydrodynamic ) interpretation g iven to a significant correlation 
between thickness of sandstone and shale beds in turbudites, might b e misleading. 

CONCLUSION 

(1) The coarse r silt layers of varves are d epos ite d b y periodic turbidity 
currents caused by sediment- l aden meltwater ente ring glacial lakes as pro 
posed by Kuenen (1 951 ) . Multiple graded beds in the silt (summer) laye r sug 
ges t that there was mor e than one flow , and perhaps 7 or 8 , per season. 
Whether such turbidity flows were spasmodic or steady cannot b e d e termine d 
from the evidence of the sedimentary structures . 

(2) The silt l aye rs in varves are similar in many respects to flys c h - typ e 
turbidites . The thickness and the as s embl age and verti cal succ es sion o f sedi 
mentary structures in the two g roups compare very well. Although the ideal 
Bouma sequence do es not occur fr e quently , the basic turbidi te uni t w ith a 
" graded base and laminated top" (Kuenen , 1964) is common . 

(3) The gradational r e l a tionship b etween rhythmite s , "turbidites " and 
g l aciofluv ial deltaic sediments has been studi e d , Thin graded silt layers or 
"turbidites" have been traced in to the foresets of c r oss - b e dded e ske r sands 
in one case (Fig . SC) . Such a relationship c onfirms D e Geer ' s (1940 , p . 52 , 
53 ) pic ture of eske r - s e dime ntation in whic h esker sands laterally grade into 
proximal varves which , in turn, grade into thin distal varves . 

(4) This gradation fr om deltaic sand to lacus trin e turbidite and fina lly to 
the summer layer s of varves also d emands a c h ange in the mechanics of s e di 
mentation near the d elta- front . Obviously , near the toe of the foresets nor 
mal trac tive c urr ents gave rise to turbidity cu rrents w hich flowed into t h e 
lake bottom . 

(5) Ap a rt from the periodic turbidity c urrents , th e re a r e evid e n ce s for 
n on- periodic s lump - gene rated turbidity c urrents. In one example , a vertical 
sequence provides evidence of a s l ump developing into a mudflow whic h , in 
turn, produced a turbidity cu rr ent . Thicker turbidites deposite d by such 
slump - gene r ated c urrents have been d escribe d from anc ient g lac ial sediments 
(Banerj ee , 1966). In m od e rn glac ial l akes the existence of s l umps producing 
turbidity c urr ents has b een suggested by Mathews (1 95 6). 
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TABLE 1 

Cor r e l a tion matrix of North ern Ontario v a rv e s 

Silt (Summer) Clay (Winte r) 

3 4 5 6 9 3 4 5 6 9 

3 0 . 7848 0. 7 633 0.7881 0.6724 3 o.6415 0 . 5119 0 . 7961 0.2957 

4 0 .7 853 0. 7211 0 . 79554 0.7 6 51 0. 5881 0.606' 

5 0. 609 1 o.6525 5 0. 33 13 0. 71 9t 

6 0 . 5760 6 0.17 96 

9 9 

Numb ers a t the top refer to l ocations of varv e s e rie s show n in Figure 1. 

TABLE 2 

Correlation matrix of Bellevill e varv e s 

Silt (Summer) Clay (Winte r ) 

1 2 3 1 2 3 

1 0 . 794 0 . 824 1 0.71 3 0.5 3 8 

2 0. 893 2 0 .453 

3 3 

1 - Sec tion 16, 2 - Secti on 1 , and 3 - Secti on CC , all shown in Figure 3 . 
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TABLE 6 

Compar i son of types of structures in varves and flysch - turbidites 

Types of internal structures Percentage of different types 

I II III IV 
(n = 579) (n = 61) (n = 450) (n = 578) 

!Parallel lami nation 46 . 2 11. 5 71. 0 3 . 0 
[Parallel and cross lamination x 6.6 18 . 6 1. 0 
Cross lamination 4 . 0 24.5 2 . 6 3 . 0 

Graded 
simple 7.6 32 . 7 

2 . 6 38 .0 
multiple 16. 2 6 . 6 

Graded and paralle l lamination 3 . 3 x 5 . 3 x 
Graded , paralle l and cross lamination x 11. 5 x 44 . 0 
Contorted lamination 16 . 8 x x 7 . 0 
St rue tu re less 5 . 9 6 . 6 x 3 . 0 

I. Glacial varves fron Ontario, Canada , (locs . 4 , 5 , 15, Fig . 1) 
II. Istebna beds , Carpath ian Flysch, Poland (Unrug, 1963) 

III. Lgota beds , Carpathian Flysch, Poland (Unrug , 1959) 
IV. Martinsburg Formation , Central Appal achians, U . S . A . (McBride , 

1 962 ) 

TABLE 7 

S e que nce of internal structures in varves and flysch - turbidites 

Bouma 1 s model 

e. Pelitic interval 
d . Upper interval of parallel lamination 
c . Interval of ripple lamination 
b . Lower interval of parallel lamination 
a . Graded interval 

Types of sequence Percentage of different types 

I II 
n = 173 n = 1061 

a - e 1. 1 10.0 
b - e 4.6 8 . 7 
c - e 4 . 6 64 . 5 
d - e 51.4 6 . 8 
c - d 2 . 9 
a - b , e 11. 6 
b - c , e 10 . 4 10 . 0 

others 13. 3 
I. Glacial varves from Northern Ontario (locations 1 , 3 , 5 , Fig . 1) 

II. Flysch turbidites from Maritime Alps , France (Bouma , 1962) 
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a ) Turbidites in the kame deposit (loc . 14) Ontario . Scale in cm . 

b ) Fragments of under lying varves embedded in structureless silt 

(mudflow deposit) in the c l ay pit at location 1 5 . Scale in cm . 

c ) Channel cut into diamictic varves an d filled in with diamictic 

varves in the Don Valley Br i ckyard, Toronto (loc . 19). 

d ) Thinning upwards of basal varves of sequence I (see Figs . 4 

and 8) seen in the c l ay pit at l ocation 15 . Scale in inches . 

Plate 1 . Large - scale features of varves 
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a ) Vertical variation in the type of cross 
larnination in thic k sandy varves . (a) From 
ripple - drift lamination with full stoss - side 
erosion towards the bottom, the structure 
changes t o sinusoidal ripples towards the top 
with inc re a s ing con tent of fine s edirnent . 
(b) Sarne sequence repeated and grading 
upward into clay (loc. I 5). 

b ) Isolated ripples cons tituting the silt (summer) 
layers embedded in thick clay (winter) layers 
(loc . 1 8) . 
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f 

e 

d 

c 

b 

a 

c ) Vertical sequence of lamination: (a) graded bed , (b ) paralle l l amination 

and grad ed bed, (c ) parallel lamination, (d) cros s l am ina ti on (high - amplitude 

r ipples ), (e ) parallel an d cross - lamination (low ampli tude ripples ), and 

( f ) parallel lamination grading int o (g ) clay t owards th e top (L oe . 1). 

d) Vertical sequence of laminations : (a) parallel, (b) cross , (c ) parallel , 

(d) cross , (e) parallel , and ( f ) clay . Overall gradi ng to clay (lo c . 12). 

e ) Ripples in poor ly sorted g r ave lly sand at the base of a varve ser ies 

(loc. 12) . 

Plat e 3. Cross -lami nat i on in varves (sandy facies ). 
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i~ 

a ) Diamictic varve (l oc . 3 ). Summer layer entirely made up of broke n frag 

ments (clasts ) of light coloured silt e mbedded in clay matrix . A few very 

thin , continuous silt layers and a few s lump structures are present . 

b) Diamictic varves from Don Valley , Toronto (loc . 19). Summer layer com 

posed of silt or clay clasts embedded in silt matrix. Note grading and 

parallel lamination in the silt laye rs. 
Plate 4 . Diamictic varve s . 
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a) Slump structure s in sandy varves, Rideau River, Ottawa (loc , 12) . 
Slump movement right to l eft . 

b) Slump structure in silty varve. The upper part, w hic h is not 

affected by slumping , grades into clay above (loc . 1 9). Scale in 
c m, 

c) Contorted lamination in silty varves (loc. 3) . 
d) Photomicrograph of a very thin silt layer. Not e flowa ge folds 

faintly delineated by thin w hite layers in the middle part (loc . 19). 

Plate 6 . Deformation structures in va r ves 
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2 mm r 
• l;f 

a) Rounded clasts of clay (dark grains) in the silt or summer layer 

of sandy varves . Note poor sorting of the assembl age . Light 

colour e d grains of quartz , feldspar and carbonate (loc. 14). 

b) Microbreccia texture of the diamictic varves . Bedding planes 

not visible at th e scale of the photograph (loc. 3). 

c) Diamictic varves showing clusters and lenses of coarser mate -

rial embedded in clay. Bedding planes distinctly vis ible (loc. 19). 

Plate 9 . Textur e of the va rves 
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PART B 

NATURE OF THE GRAIN-SIZE DISTRIBUTION OF SOME 
PLEISTOCENE GLACIAL VARVES OF ONTARIO, CANADA 

ABSTRACT 

The nature. of grain -size distributions was investigated in a suite of 
Pleistocene varves belonging to g lacial Lake Barlow-Ojibway in northern 
Ontario and Lake Iroquoi s in southern Ontario. Separate size - analyses were 
made for 27 silt (summer) and 11 clay (winter) layers and they show signifi
cant differences . In silt layers , thickness is related to gra in size and the 
number of modes in silt is never more than two. In clay layers, on the other 
hand, no relationship exists between thickness and grain size and the number 
of modes always exceeds two . This difference in size-characters between the 
silt and clay layers is believed to r eflec t their different origins, silt being 
d epos ite d by turbidity current and clay from suspension and turbidity current. 

Glaciofluvial sediments associated w ith varves we re also analyzed 
and the results indicate that the whol e range of glacial sediments fr om coars
est eske r sand to finest varved clay can be classified into six characteristic 
populations. The total range of these populations can be compa r e d to that of 
a typical till, a possible source material for all glacial sediments. It is sug
ges ted that random breakage by ice produces in tills a normal population 
which is differentiated into a number of mostly non-normal populations by 
subsequent sedimentary processes . 

' , 
RESUME 

La nature de la repartition d~s grains a ete etudiee dans une serie 
de varves du Pleistodme du lac glaciaire Barlow-Ojibway au nord de l 10ntario 
e t du lac Iroquois au sud de 11 0ntario . On a fait des analyses granulo 
metriques separees de 27 couches de silt (e t e) et de 11 couches d 1 argile 
(hiver); ces analyses montrent des differences substantielles. Dans l es 
couches de silt, il existe un lien entre 11e paiss eur et la grosseur des grains , 
et il n'y a jamais plus d e deux modes dans le silt . D•autre part, il n ' y a pas 
de relation entre 11 epaisseur et la g ross e ur des grains dans les couches 
d'argile et il y a toujours plus d e deux modes. On croit que cette differenc e 
de caractere des grains entre l es couches d e silt et celles d•argile reflete 
leur origine different e : l e silt ayont ete depose par des courants de turbidite 
et l'argile par suspension e t par des courants de turbidite . 

Les sediments fluvio -glaciaires associes aux varves ont aussi ete 
analyses et l es resultats indiquent que toute la serie des sediments glaciaires , 
depuis le sable le plus grassier des eskers jusqu'a l'argile la p lus fine des 
varves, peut ~tre divis ee en six populations c aracte ristiques. Toute la serie 
de ces populations peut se comparer a celle d 1un till typique qui es t une 
source possible de materiau pour tous les sediments glaciair es . On suggere 
que la fragm entation au hasard par la g lace produit dans un till une popu 
l ation normale qui est differenciee en un nombre de populations surtout 
non - no r males par les proces sus s e dimentaires subsequents. 





INTRODUCTION 

Three major aspects of Pleistocene glacial varves in Ontario were 
studied in connection with a research project o n varves . Results of the first 
two aspects of the study, namely, a stochastic model of the varve time 
series and the stratigraphy and sedimentary st ructures of the varves have 
a lready been compil ed and published (Agterberg and Banerjee , 1 969 and com 
panion paper, this report, Part A). The present paper deals with the third 
aspect of the study, interpretation of grain - size distributions in the varves in 
the li ght of their proposed model of sedimentation . The grain - size data of 
the varves as present ed here have been examined in the light of a model of 
sedimentation inferred from previous extensive field and laboratory study of 
the stratigraphy and sedimentology of these varves . Only a brief mention of 
the proposed model has been made in the text of this paper and fo r a fu ll er 
discussion the reader should refer to Part A of this report . 

Size d i stributions were investigated in 38 samples (27 silt+ 11 clay 
layers) of varves belonging to glacia l Lake Barlow-Ojibway in north ern 
Ontario and Lake Iroquois in southern Ontario . Besides the varves , glacio 
fluvial sediments associated with them were sampled from two eskers and one 
kame delta. The location of the samples is shown on Figures 1 and 4 of the 
companion paper (Pt . A) . Based on their grain - sizes and sediment a r y structur es , 
th e varves under s tudy have been grouped into the fo llowing three facies 
according to the properties of the silt (summer) layer : (1) sandy - coarse silt 
with cross , parallel or convolute laminae and graded bedding , (2) silty - fine 
silt w ith simple or multiple graded units and parallel laminae , (3) diamictic -
fine silt in which sand - sized aggregates of coars e silt are embedde d, Only 
the sandy and silty facies were analy zed for grain- size because the diamictic 
varves with their large content of silt clasts are unsuitabl e for dis agg r egation. 

According to the mode l of sedimentation proposed here , the summer 
layer of the varve couplet was deposited by a turbidity cur r ent and the winter 
layer was forme d by deposition out of suspension . The deposits of the turbid 
ity current grade vertically from silt to clay . The most conspicuous plane of 
separat ion in the varve coupl e t, characterized by an abrupt change of colour, 
subdivides the varve into a silt (the so - called "summer") layer and a clay (the 
so - called "winter") layer. Genetically, the s ilt layer represents the coarser , 
basal portion of a turbidite whereas the clay layer represents material d epos 
ited mostly from suspension plus a small thickness of turbidite clay . Hence, 
neither the total silt nor the total clay layer is a pure sediment ation unit 
although both of them approach such a unit. 

G RAIN-SIZE DATA 

Sampling 

In sampling varves for size analysis , the tota l silt and the total clay 
l ayers were sampled separately . The l ayers we r e scraped with a r azor blade 
from tray samples of varves so that each silt layer and each clay l ayer is a 
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clean sample . Where individual layers we r e too thin , thr ee o r four adjacent 
silt and clay layers we r e combine d to make one whol e sample . 

The sampled silt layers show c ross and parall e l laminae and simpl e 
or multiple g rading. Most laye rs a r e stru cturally homoge n eous but a few 
multipl e g rade d units are not homogeneous , cons is ting of several s e dime nta 
tion units. 

Grain - size anal ys i s 

All the sampl es were a nalyzed in the sedime ntological laboratory of 
the Geolog ical Survey of Canada in Ottawa . Afte r disagg re gation of the sam
ple , sand was removed by we t sieving . The silt an d clay portion wa s dispersed 
by boilin g and by the addition of 100 ml of 0 . 5 N sodium hexametaphos -
phate to 900 ml of suspension . Pipette analysis was then used to d e t e rmine 
grain - size distribution of the silt and clay fraction . Half p hi inte rvals we r e 
c hos e n for the anal yses . Most of the samples were analyzed up to 10 <I> 

approximately 1 µ ). In most cases s u c h a procedure leave s an open - ende d 
distribution w hic h , in the case of clay layer s , contains only 50 - 60 p e r cent o f 
the t ot a l sizes present . H e nce , in many cases (in a ll analyse s wh ich fall 
short of 90 per cent of the mate rial present) inte rpolation of the r e st of the 
c umulative c urv e has been don e us ing Folk ' s (1 968) t ec hnique . Cumulative 
curves w ere draw n on arithmetic probability paper using Krumbein ' s phi 
scale . 

Si ze - parameters suggested by Folk and Ward (1957) we re then calcu
late d for the sample s and fr e quency di str ibutions of the parameters and their 
interre l ationship s we r e studi e d . 
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Figur e 1. Plot of m ean g rain size against thickness of both silt (summer) and 
clay (wint e r) laye rs . 
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Results 

Before discussing the natur·e of th e grain - size distributions, the fol 
l owing two featu r es of the va r ve coupl ets w ill be dis cussed: 

1) Relation between grain - size and thickness of the va r ved laye r , 
2) Difference in th e nature of gra in - s i ze distributions in the silt and clay 

l ayers . 

Thickness vs . mean size : 

Figure 1 is a plot of mean grain - size (Mz o r Graphic Mean) of the 
silt and clay layers against t h eir thickness . It is ev ident from the diag ram 
tha t the mean s i ze of the s i lt l ayers is related to th e thickness w hereas 
in clay layers no such relationship exis ts . Simila rly , when the pa tte rns 
of thickness variation in silt layers a r e compa r e d w ith th e ir patterns of grain 
size variat ion , there is a marked cor respondence (Fig . 2). No c orrespon 
d e nc e is present in the case of c lay layers . 

From extensive fi eld study of the varves made ea rlier, it has b een 
suggested th at the silt l ayer represents d epos its made by turbidity currents 
and the clay layer mostly represents depos its made from s uspe nsion in still 
wa ter . If this model of sedimentati on i s ass ume d for th e v arve coupl e ts , an 
expl anation fo r the above - mentioned r e lationship between thickness and m ean 
size may b e offered . In the case of s ilt , th e mean size d e pends pa rtly on the 
velocity of the turbidity c urr ent, w hich depends on th e effec tive d en s i ty of th e 
cu rr ents and , in turn , on th e total load . The total load also cont r ols the 
thickness of the layer . Hence , thickness and mean size are related in the silt 
laye r. As no such process control s th e thickness of the clay laye r , it is inde 
pendent of gra in - size . 

Differences in the nature of grain - size distributions in the silt and clay l aye r s : 

General : When grain - s i ze distributions a r e compar e d (T a b l e I) it is 
fo und that , on th e average , clay layers a r e fin e r than the cor r e sponding silt 
laye rs by about 2 4> and are more poorl y sorted, l ess skewed and polymodal in 
natur e . 

Modality: Silt shows a unimodal distribution because it is hydrody 
namic ally homogeneous r ep r esenting the uniform load of the turbidi ty current . 
Clay layers , on the other hand , s h ow typically polymodal distribution s (Fig. 
3) b ecause clay is polygenetic . Probably , one of th e modes r ep resents the 
turb idite clay while th e o th e r modes r e pr e sent h eterogeneity of the source 
m a t e rial . 

Sorting: Because of the mixing of several modes menti one d above , 
the clay shows poorer sorting . 

Skewness : All silt popul ations are strongly positively skewed . The 
long fin e tail r ep r esents the suspension load of th e turbidity c urrent , It i s 
e quivalent to th e matrix of the g raded g r eywackes (Kuenen , 1966). Why the 
sediment in the clay laye rs has a l ess skewed distribution is not known , P e r 
haps thi s feature of the clay is irr e levant b ecaus e it only d e p ends on the pro 
portions of mixing of several modes . 
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Figure 2 . Comparison of patterns of variation in (1) varve thickness and (2) 
mean size (Mz) in different varve series. 
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(For location. see Figure 1, 
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Figur e 3 . Cumulative curves showing the difference between silt and clay 
layers in the same varve couplet . 



A 

-3 0 

Silt (summer) varve layers. 
Horizontal ruling- coarse silty 
varves with cross-lamination 
and other current-generated 
structures (type IV, Table ll ). 
Verti cal ruling- fine silty varves, 
graded or multiple graded 
(type v, Table ll) . Dashed lines 
-these show the boundary of 
the area of type Ill in Figure 4A 
reproduced here to emphasize / 
its overlap with type IV I 

-3 

-3 

0 

0 

I 
I 

I 
I 

I 
I 

/ 
I 

4 

- 52 -

6 

Glaciofluvial sand-coarse stipple
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Types of Distribution 

The results of the size - analyses were plotted on arithmetic probabil 
ity paper using Krumbein ' s phi scale as abscissa . Most of the plots were 
non-linear and they have been grouped into several types based on the shape 
of the resulting curves . As a convenient way of showing th e broad fea tur es of 
the cumulative c urves , th e area occup ied by a group of curves is shown as a 
shaded zone in Figure 4A . The shape and position of the shaded zone typify 
each particular group . 

Cumulative curves of silt and clay l ayers of varves can be classified 
into three groups . Each of the groups falls into distinct fie ld s and have char 
acteristic shapes (Figs. 4B and 4C). The varves represent the end member 
of a continuous series of sediments from glaciofluvial gravel and sand at one 
end, to glac iolacustrine silt and clay at the other . To compl ete the series , 
cumul a tive curves of the glaciofluvial sediments from eskers and kame deltas 
were also plotted (Fig . 4A) . The whol e ser i es consists of six distinct groups 
each having a characteristic grain - size distribution (Table II). Except for 
type II, a ll the oth er distributions are non - normal. 

For bett er vis u al appreciation of the different size distributions , a 
series of frequency curves characterizing each distribution has been drawn 
diagrammatically in Figure 5 . It shows the entire range of the glacial sedi 
ments differentiated into at least six populations . Alongside these curves is 
shown a frequency curve drawn diagrammatically but based on actual size 
analysis of a typical till. Unfortunately , the till sample used in the illustra 
tion comes from a different area as no size - analysis of till was available 
from the study area . 

A comparison of the curves of the glacio l acustrine and gl aciofluvial 
sediments with that of the till is revealing . The till, having a long range 
covering the combined range of all six popul ations mentioned above , shows a 
normal distribution. In contrast , the other sediments , which were in all prob 
ability derived from a till acting as a source sediment , have mostly non 
normal distributions. It seems , therefore, that random breakage phenomenon 
produces a normal population in the till which , through subsequent differentia 
tion by flu vial processes , is split up into sever al non - normal populations . 

Interrelationship of size - parameters : 

Interrelationship of mean size (Mz) and other size parameters (O'] , 

Sk and Kg ) is shown in Figure 6, par ts A , C and D . To illustrate the 
size - sorting relationship in varves th e data on grain - size distribution of 
glacial varves fou nd in the works of Wallace (1 92 7), Hansen (1 940) and 
Quigley (1956 ) have also been used. Th e data h a v e been summarized in 
Figure 6 B , where medians of the sediments are plotted against Trask ' s sort 
i ng coefficient*. Comparison of these data with the results of the pres 
ent investigati on r eveal similar relationships . The following points are of 
interest : 

1) About half the silt (summer) layers of the varves plot as a distinct 
band with best sorting valu e near 4 <I> (Fig . 6A) . The data of previous 
workers a ls o show a simil ar band a lthough the best sorting valu e in 
that case lies near 6 <I> (see Fig . 6B). 

''Trask' s sorting coefficient is defined as -JQ 3 /Qi_ whe r e Q 3 is the 75 per 
centil e and Ql the 25 percentil e read from the cumul a tive curve . 
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2) Clay (winter) layers of the varves and finer silt layers plot in another 
band with a reverse size - sorting r e lationship (Fig. 6A). The same 
phenomenon is observed in Figure 6B. 

3) Many graded , locally cross - laminated, and rhythmically laminated 
very fine sand and silt (turbidite s) in eskers also plot w ithin the band 

of silt layers of varves . This is cons istent w ith lhe hypotheses that 
these two types of sediments are genet i cally related and that the 
rhythmites in eskers are proximal equivalents of lhe varves (see Part 

A) . 
Another feature of this plot is that all samples of series PR (Fig . 6A) 
fall in a restric ted zone and reveal a trend parallel to but separate 
from the general trend of the rest of the data . The reason for this is 
still unexplained because , in all other aspects the varves of this ser 
ies behave in the same manner as the others . 

Bot h the Mz vs. Sk (Fig . 6C ) and Mz vs. Kg (Fig . 6D ) diagrams 

reveal inverted V - shaped trends . In both diagrams values of Sk = 0 and Kg= 
1 , typifying a normal population , occur at two values of Mz , approximately at 
2 cf> and l 0. 5 cf> . It has been mentioned earlier th at the type II sed iment (see 
Table II) is the only group with a normal population . The average Mz of this 
group is around 2 cf> , which explains the occurrences of Sk = 0 and Kg= 1 val 
ues at this point . The second occurrence of these values at Mz = 10 . 5 cf> is 
near the principal mode of population V . Although th i s popul ation is non
normal , due to the dominance of the principal mode (containing about 80 per 
cent of the total sizes , see Table II) population V has a nearly symmetrical 
and mesokurtic distribution . From the above discussion it follows that nor 
mal population occurs in type II sediment which is a cross - bedded medium 
sand produced by fluv ial processes in the lower flow regime . A nearly nor 
mal population occurs in type V sediment which is a graded silt layer of varves 
believed to be deposited by a turbidity current without bed load . It may 
be suggested t h at the reason why type V population departs from a normal dis 
tribu tion is the p r esence of multiple graded units in the samples . It is expec 
ted that in samples with single graded units the population would be normal . 

TABLE I 

Comparison of size - parameters of silt (summer) and clay (winter) layers 
in a single couplet . 

Series Varve no . Layer Mz a1 Sk Kg 

NR 16 S ILT 7.66 1. 98 +0.36 1 . 52 
CLAY 9.50 2 . 72 +0 . 16 1. 42 

PR 18 S I LT 7.52 0 . 97 +0 . 23 1. 32 
CLAY 8 . 32 1. 63 +o . 34 1. 33 

PR 100 S I LT 8 . 69 1 . 42 +0 . 29 1. 83 
CLAY 10 . 76 1. 83 +o .17 0 .7 9 

PR 10 9 SILT 7.60 0. 91 +0 . 27 1. 24 
CLAY 10 . 60 2 . 08 +o . 14 0 . 93 
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II 

III 

IV 
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VI 
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TABLE II 

Size character of different sediment types 

Facies 

Massive or very 
thick cross 
bedded, gravelly, 
very coarse sand 

Cross-bedded 
medium sand and 
cross -laminated 
fine sand 

Cross -laminated 
or graded rhyth
mite, very fine 
sand or silt 

Silt (summer) layer 
of varve . Cross or 
parallel laminated, 
simple or multiple 
graded 

Silt (summer) layer 
of varve , Simple 
or multiple graded 

Clay (winter) layer 
of varve 

Depositional 
Mechanism 

Normal tractive 
current, upper 
flow regime (?) 

Normal tractive 
cur r ent , lower 
flow r eg ime 

Turbidity current 
with bedload 

Turbidity cur r ent 
w ith bedload 

Turbidity current 
without bedload 

Suspension 

Character of size 
distribution 

Bimodal , flattening a t 
both ends . 2 popula 
tions: 
( i) 3 ip to zip 
(ii) 3 ip to 7ip 

70-90 % 
10-30 % 

Unimodal , near nor
mal 
- 1 ip to 91> 

S - shaped, flattening 
at both ends . Middle 
straight part 
- 1 <P to 6 ip, 90% 

S - shaped, flattening 
at both ends. Middle 
straight part 
- 5 ip to Sip , 80% 

2 line segments . 
Inflection at 5 ipto 7ip, 

Upper straight part 
80% 

Polymodal 
3 populations 
( i) 4 . 5 <Pto 6ip 
( ii) 7 . 5 <Pto 9ip 
(iii) lOip to 14ip 

CM-plot: Passega' s CM diagrams (Passe ga , 1964) where one percentile 
grain - size (C) is plotted against median (M) can be helpful in th e interp reta 
tion of depositional mechanisms . The CM plot of 55 samples under study 
(Fig . 7) show that the points fall in th e following two groups : (1 ) all data on 
silt layers of varves and those from the g lac iofluvial sediments d el ineate a 
linear band (II) parallel to th e line C=M, (2) the clay layers of varves and silt 
layers of type V varves fall in a c ircular zone (I) which indicates absence of 
correlation between C and M values. The linear band corresponds to the QR 
segment of Passega's master CM diagram (Fig . 1 , Passega, 1964) . This 
segment, according to Passega, indicates loads of the "graded suspension" 
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zone . In Passega's diagram the upper limit of the zone (or Cs in his termi

nology, meaning the largest grain diameter than can be carried in graded sus
pens i on) is 390 µ . But in th e present suite of samples , zone II cont inues 
without change of shape up to 10 , OOO µ . Hence, this zone not only represents 
the QR segment of Passega's diagram, but also includes segments OPQ and 
NO which , according to him, represent sediments transported by rolling. 
Th e refore, zone II can be inte rpr eted as the undifferentiated traction load. 
Zone III, in w hich plots of turbidites fall in Passega's diagram, is also shown 

in Figure 7. A number of data points of silt layers in varves fall in this zone. 
Some glaciofluvial sands , mostly very fine sand and silt believed to be tur
bidites , a lso plot in th e same field . These turbidites are believed to be proxi
mal equivalents of varves and are genetically related to them (s ee p. 7). 

The occur rence of data points of fine silt layers of varves (type V 
population) in the same field of suspension as the clays indicates that, e ither 
they were also deposited straight out of suspension like the clay or they were 
deposite d from turbidity current without a bed load (autosuspension currents). 
The latter suggestion is favoured because a genetic difference between the silt 
and clay layers is suggested even in these varves . 

CONCLUSIONS 

From this study of 38 (11 clay and 27 silt layers) size analyses of 
Pleistocene g lacial varves in Ontario, Canada, a number of generalizations 
regarding th e grain - size distribution of varves can be made. 

1) Size characteristics of clay and silt layers in a varve couplet differ in 
a number of ways . Their differences can be explained by genetic 
differ e nc es inferred from sedimentary structures, namely the silt 
layer being deposited by turbidity currents and the clay layer being 
deposited largely out of suspension. 

2) Silt layers fall into two categories (types IV and V) . According to 
their size-character, these two types have been interpreted as being 

deposited by: 
i) turbidity currents with bedload 

ii) turbidity currents w ithout bedload . 
3) Size distributions of the continuous spectrum of sediments from esker 

gravel to varved clay have been studied. The presence of at least 6 
populations, most of them markedly non-normal, is indicated. The 
only normal population is shown by cross - bedded medium sand of 
glaciofluvial origin . It is postulated that the probable source
material, a till, had a normal distribution with a long range which has 
been subsequently differentiated by sedimentary processes into six 
diffe r ent size distributions of which only one is normal and the rest 
are non - normal. 
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