Rds B National Library
‘.’ of Canada

Acquisitions and

Bibliothéque nationale
du Canada

Direction des acquistions ot

Bibliographic Services Branch  des services bibliographiques

395 Weillington Street
Ottawa, Ontario
K1A ON4 K1A ON4

NOTICE

The quality of this microform is
heavily dependent upon the
quality of the original thesis
submitted for  microfilming.
Every effort has been made to
ensure the highest quality of
reproduction possible.

If pages are missing, contact the
university which granted the
degree.

Some pages may have indistinct
print especially if the original
pages were typed with a poor
typewriter ribbon or if the
university sent us an inferior
photocopy.

Reproduction in full or in part of
this microform is governed by
the Canadian Copyright Act,
R.§.C. 1970, e¢. C-30, and
subsequent amendments.

Canada

395, rue Welington
Ottawa (Ontano)

AVIS

La qualité de cette microforme
dépend grandement de la qualité
de la thése soumise au
microfiimage. Nous avons tout
fait pour assurer une qualité
supérieure de reproduction.

S'il manque des pages, veuillez
communiquer avec l'université
qui a conferé le grade.

La qualité dimpression de
certaines pages peut laisser a
désirer, surtout si les pages
originales ont éte
dactylographiées a l'aide d'un
ruban usé ou si I'université nous
a fait parvenir une photocopie de
qualité inférieure.

la reproduction, méme partielle,
de cette microforme est soumise
a la Loi canadienne sur le droit
d'auteur, SRC 1970, c. C-30, et
ses amendements subséquents.



UNIVERSITY OF ALBERTA

LAURENTIDE MELTWATER SYSTEMS:
GEOMORPHIC AND SEDIMENTARY EVIDENCE

TRACY ANNE BRENNAND T

©

A thesis submitted to the Faculty of Graduate Studies and Research in partial
fulfilment of the requirements for the degree of Doctor of Philosophy

DEPARTMENT OF GEOGRAPHY

Edmonton, Alberta
Fall 1993



National Lib
| D I

Acquisitions and

Bibliothéque nationale
du Canaca

Direction des acquisitions et

Bibliographic Services Branch  des services biblicgraphiques

395 Wellington Street
Ottawa, Ontario
K1A ON4 K1AON4

The author has granted an
irrevocable non-exciusive licence
allowing the National Library of
Canada to reproduce, loan,
distribute or sell copies of
his/her thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

395, rue Wellinaton
Ottawa (Ontano)

L'auteur a accordé une licence
irrévocable et non exclusive
permettant a la Bibliotheque
nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de sa thése
de quelque maniere ot sous
quelque forme que ce soit pour
mettre des exemplaires de cette
thése a la disposition des
personnes intéressées.

L'auteur conserve la propriété du
droit d'auteur qui protége sa
thése. Ni la these ni des extraits
substantiels de celle-ci ne
doivent étre imprimés ou
autrement reproduits sans son
autorisation.

ISBN 0-315-88439-8

Canada



SERLOT 9T 145327 TSD 481 £1393224€52 =6
Energy. Minos and Energlo, Mines et
Resources Carada Ressources Canada
Geological Survey of Canada Commission ?Oologiquo du Canada
601 Booth Street 801, rve Booth
WMliEctnwa gmxas.z'clnm
KA OE8 ! Yourfio Vot rélerence
(DRS) TEL: (813)992-3050 Qurtle  Noterélersnce

FAX: (613) 902.2468
Sept, 9 1993

Graduate studies
University of Alberta
Edmonton Alberta

Re: Brennand/Sharpe paper

"To whom it may concern.

The papes: Tce sheet dynamics and subglacial meltwater regime
inferved from form and sedimentology of glaclofiuvisl systems:
Victorls Isiand, District of Frankiin, NWT was a combined effort
by Tracy Brennand and David Sharpe, largely resulting from Brennands
efforts. . 1 have no problems with this paper comprising part of Ms
Brennand thesis requirements, 1t has been accepted for publication by the
Canadian Journal of Earth Sciences.

Sincerely
Lo/ -€ T o
Dr. D. R. Shampe

o1
m
{2



Aibovi inter-departinental Conospomden o

Graduate Studies 9 Septoember 1993
2-8 University Hall

Dr, John Shaw
Department of Geography

Dear Sir/Madam,
The papers:

1. Tunnel Channels and Associated Landforms, South-Central Ontario:
their implications for ice-sheet hydrology.

2. Geomorphology, sedimentology, stratigraphic context, and tandtorm
associations of the Harricana glaciofluvial complex, Abitibi reqgion,
Quebec: implications for genesis, meltwater regime and ice-sheet
dynamics.,

were co-authored by Tracy Brennand and myself., [ give her permission
for the use of this material in her thesis,

Yours sincerely,

John Shaw
Professor and Chair

JS/fm



Ministry of Ministére des
Natural Richesses
Resources naturelles

Ontario

l;;.ovincial Remota Sansing Offica, 90 Sheppard Ave. East, 4th Floor
MNorth Yark, Ontario M2N 3A1. Tel(416)314-1300 Fax: (416)314-1337

October 13, 1992

Ms, Tracecy A, Brennand
hepartment of Geography
University of Alberta
Fdmonton, Alberta

TOG 214

Dear Tracey:

I am writing in response to your request to Frank Kenny who
is currently on leave for one year,

You had an inquiry regarding obtaining permission for reproducing
a digital TM scene for publication and how to go about this,

You may certainly reproduce the image, I would suggest that you
provide proper credit in the publication (i.,e. to PRSO). The
casiest and cheapest way to reproduce this image is to photograph
the screen although this may not give satisfying results,
Alternately, I would recommend transferring your enhanced image
to tape and sending it to RADARSAT International in Vancouver for
tape-to-film transcription. See enclosed price list for more
information,

Sincerely,

£ Moo b= |-

Richard Mussakowski
Geoscience Applications Specialist

I'nc.

RM/sf



l*' Energy, Mines and Energie, Mines et

Resources Canada Ressources (Canaaa
Surveys. Mapping and Leves. Cartograchre ot
Remote Sensing Télddetaction
AN \. B . . .
May 3, 1993 6040

Tracy A. Brennand
Department of Geography
University of Alberta
Edmonton, Alberta

T6G 2H4

Dear Tracy A. Brennand,

Thank you for your letter of April 25, 1993 in which you requested
authorization tc reproduce and publish the following photographs
from the National Air Photo Library in the Canadian Journal of
Earth Sciences,.

Photograph numbers: A27083-123,124
A27083-189,190
A27083-104,105

The Product and Services Division authorizes the use as requested
subject to the conditions listed below:

a) that the authorization is for non-exclusive use,

b) that it applies only to the photographs and publications named
above,

c) that the photoyraph numbers (roll and frame number) appear
with each photograph or part thereof each time it is used in

the publication,

d) that the following copyright notice be included in the
publication, either in an acknowledgements section of the
publication or adjacent to each photograph. "This aerijal
phntograph (or: "The aerial photograph on pages x¥, xx and xx)
c (copyright year as shown in the attached listing) Her
Majesty the Queen in Right of Canada, reproduced from the
collection of the National Air Photo Library with permission of
Energy Mines and Resources Canada.",

e) that we be supplied, free of charge, with one copy of the
publication for our library.

Products and Servicen Div or

gl 615 Bootn Stree:
¢ a Ottawa, Ontaro
L] 19 Ce K1A OEQ




This authorizaton will come into effect upon receipt of a copy of
this letter signed with an acceptance by Tracy A. Brennand.

Yours truly

William Voller
Chief
National Air Photo Library

Wv/ic

TELEPHONE (613) 995-4560
FAX (613) 995-4568

Signature Title Date



NATIONAL AIR PHOTO LIBRARY
PHOTOTHEQUE NATIONALE DE L'AIR

Roll Number Copyright Year

Numéro du rouleau Année de copvright
A27083-123,124 April 2%, 1987
A27083-189,190 April 25, 1987
A27083-104,105 April 25, 1987

)

Verified byv/VErific par -/

c—'i
&
t
Id

)



Ministry of Ministere des
Natural Richesses
Resources naturelles

Ontario

INFORMATION MANAGEMENT SERVICES BRANCH, P. O. Rex WY, Poierhoraugh, Ontario Canads K97 UMS Telephyws: (N05) 740- 1600 Facsiomile: (NS) 7401666
DHRECTHON DE LA GESTION ET DES SERVICES INFORMATIONNELS, C. P. W%, Peeramugh, Ontario Corads K9 SMS Téiphaw: (T1S) 7401610 Fecsimil: (0S) 7401646

May 11, 1993

Ms. Tracy A. Brennand
Department of Geography
University of Alberta
Edmonton, Alberta

T6G 2H4

Dear Tracy:

Re: Ontario Mini:

As per our telephone conversation of today, | am giving you authorization to use the two
Ontario Ministry of Natural Resources aerial photo’s: 71-4406-6-151 & 152 to be published
in the Canadian Journal of Earth Sciences. Each reprint/copy of the photo(s) shall clearly
show the following information in the bottom left corner: Aerial Photo's Supplied

Caurtesy of the Ontario Ministry of Natural Resources,

Thank you for your letter and good luck on your thesis.

Yours truly,
D Lﬁ {_
4 G- o

Derick Yorke
Resource Specialist



% 3"3 Energy. Mines and Erergie. Mines et
B Resources Canada Ressources Canada

Surveys, Mapping and  Levés, Cartographie et
Rernote Sensing Télédetection

October 30, 1992 3029

Tracy A, Brennand
Department of Geography
University of Alberta
Edmonton, Alberta

T6G 2H4

Dear Ms, Brennand

Thank you for your letter of September 21,1932 in which you
reguested authorization to reproduce and publish the folleowing
photographs from the National Air Photo Library in 'the
Canadian Journal of Earth Sciences',

Photograph numbers: T324R - 63, Al6170 - 49, 109, 110, 155, 156,
186, 187, 188

The Product and Services Division authorizes the use as requested
subject to the conditions listed below:

a) that the authorization is for non-exclusive use,

b) that it applies only to the photographs and
publications named above,

c) that the photograph numbers (roll and frame num-
bar) appear with each photograph or part therecf
each time it is used in the publication,

d) that the following copyright notice be included
in the publication, either in an acknowledgements
section of the publication or adjacent to each
photograph., "This aerial photograph (or: "The
aerial photograph on pages xx, xx and xx)
(copyright year as shown in the attached listing)
Her Majesty the Queen in Right of Canada, re-
produced from the collection of the Natiornal Air
Photo Library with permission of Energy, Mines
and Resources Canada.”,

e) that we be supplied, free of charge, with cne
copy of the publicatioon for our library.

Products ang Services Diacorn D roi0n e, GrOoun, o e s, 2
.

o €15 Booth Sreet £16 rue Booth
Ottawa, Dntano CMtanzs IGntarn)
1.4 204 L0 K1A OES K1p LEY



This authorization will carme into effect upon receipt of a copy
of this letter signed with an acceptance by Tracy Brennand,

Yours truly

s

William Voller
Chief
National Air Photo Library

WV/hw

TELEPHONE (613) 595-4560
FAX {613) 995-4568

et - Me £/ l /C? 3

SIGNATURE TITLE DATE



V%TIO\AL AIR PHOTO LIBRARY
PHOTOTHEQUE NATIONALE DE L'AIR

Roll Number Copyright Year
Numéro du rouleau Anndée de couvrtght
. ' ////
- It ‘D
T 224 R- 63 /

///é/jjp - L/% JO7 e (5750 /i // S
— A o )""/:// /Y

1resles




UNIVERSITY OF ALBERTA
RELEASE FORM

NAME OF AUTHOR: Tracy Anne Brennand

TITLE OF THESIS: Laurentide meltwater systems:
geomorphic and secdimentary evidence

DEGREE: Noctor of Philosophy

YEAR THIS DEGREE GRANTED:  Fall 1993

Permission is hereby granted to the University of Alberta to reproduce single
copies of this thesis and to lend or sell such copies for private, scholarly or scientific

purposes only.

The author reserves all other publication and other rights in association with
the copyright in the thesis, and =xcept as hereinbefore provided neither the thesis nor
any substantial portion thereof may be printed or otherwise reproduced in any
material form whatever without the author’s prior written permission,

THE

Geological Survey of Canada

Terrain Science Division
601 Booth Street
Ottawa, Ontario

K1E OES, Canada

PATE: Doy ter €, (793




UNIVERSITY OF ALBERTA

FACULTY OF GRADUATE STUDIES AND RESEARCH

The undersigned certify that they have read, and recommend to Faculty of
Graduate Studies and Research for acceptance, a thesis entitled Laurentide
micltwater systems: geomorphic and sedimentary evidence submitted by Tracy Anne
Brennand in partial fulfilment of the requirements of the degree of Doctor of

Philosophy.

DATE: S apfe—ber 9,193

J. Yeau

J. Shaw (supervisor)

[ .
e

R. B. Rains

6. f firstacs

T. F. Moslow

R. D. Powell (external examiner)



Abstract

By understanding the genesis of individual glacial landforms informed reconstructions of ice-
sheet dynamics can he made; models must be constrained by geomorphic and sedimentary evidence.
This thesis investigates Laurentide tunnel channel and csker genesis on Victoria Island, Northwest
Territaries, in south-central Ontario, and in Québec by combined consideration of landform associations,
morphology, sedimentology and glacial hydrologic theory.

Assaciated streamlined fields have been interpreted as the products of erosion by turbulent
separated flows within catastrophically released subglacial meltwater sheets. Recent theoretical
modelling of ice-sheet hydrology suggests progressive channelization of meltwater during the collapse
of such a sheet. A geometric model is presented of the interaction of rough ice base and bed surfaces
with inferred meltwater flow paths. Late-stage sheet flow scours, megachannels and tunnel channels are
identified, describer! and interpreted as evidence of such progressive channelization and flow diversion
processes, governed by the gcometric interactions hetween the recoupling ice base and bed and the
thermadynamic feedbacks within an increasingly disccutinuous meltwater sheet.

Subglacial or grounding-line sedimentary environments are inferred for all of the Laurentide
eskers investigated, based on their association with tunnel channels, upslope flow paths, minimal
postformational disturbance of their sediments, down-esker trends in clast roundness, and low variability
in paleoflow dircction estimates. Sand-gravel couplets and fine-grained rhythmites record pulsed flows
which may have been seasonal. Results from an architectural approach to esker sedimentology suggest
unstcady flows down nonuniform conduits, with the style of sedimentation controlled hy conduit
geometry. Fans, beads, and extended, hummocky zones associated with subglacial eskers record high
discharge events which caused localized floatation 1o capture adjacent cavities or allow localized sheet-
flow events. Traditionally interpreted as an interlobate moraine, the Harricana glaciofluvial compley
is inferred to be a large subglacial esker.

Probable changes from cold-hased to warm-based or polythermal ice conditions, and from
catastrophic to seasonally-controlled meltwater systems are inferred for the Laurentide Ice Sheet from
landform associations, geomorphic and sedimentary evidence. Regional ice stagnation or stagnation
zone retreat is inferred during esker sedimentation. The conventionally interpreted genesis of so-called
interlobate moraines is questioned. Geographic differences and temporal changes in the Laurentide
meltwater system, and its implications for ice-sheet behaviour, must be accounted for in future ice-sheet

modcls.
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2.7

2.8

29

3.1

¢. Further erosion of tunnel channel and formation of shallower scour
channecls and residual hills by catastrophic subglacial meltwater flow in R/N-
channel. d. Ice stagnation and formation of major esker by seasonally
controlled, subglacial meltwater flow in R-channel. ¢. Formation of doyble-
crested ridges and minor eskers in open conduits (presence of ice roof
unknown).

Map of section locations and morphology at the Augustus Hills site. See
Figure 2.1 for location.

Sedimentary logs from the Augustus Hills site, with paleocurrent estimates,
event-sequence symbols, and elevation above sea level. See Figure 2.4 for
legend.

Augustus Hills. @ Grain-size frequency by section. b. Structural frequency by
section (flat beds include primarily proximal plane beds and primarily distal
draped lamination). ¢. Mean cvent-sequence thickness by section. Sections
arranged in order, from proximal (right) to distal. Note sections represent
point data, but connecting lines are drawn to aid visual clarity. See text for
sections omitted.

Map of landform associations at the Namaycush Lake site, and location of
Figure 2.11. See Figure 2.1 for location.

Air photograph mosaic showing esker (E), fans (1-3), extended deposits (4),
and section locations (V033, V034) at the Namaycush Lake site. See Figure
2.10 for location. Air photographs A16170-49, A16170-109, and A16170-110
copyright 16 July 1958 Her Majesty the Queen in Right of Canada,
reproduced from the collection of the National Air Photo Library with
permission of Energy, Mines and Resources Canada.

Scdimentary logs from the Namaycush Lake site with paleocurrent estimates,
event-sequence symbols, and elevation above sea level. See Figure 2.4 for
legend.

Study area showing drumlin fields, eskers, Dummer Moraine, Qak Ridges
glaciofluvial complex and locations of figures 3.4, 3.6, 3.7 and 3.10. Maodified
from Barnett et al. (1991).

Geometric model of the interaction between two mismatched surfaces (ICE
base and BED) at 30 m gap width (a). Note: gap width between the two
surfaces is greatly exaggerated here, to aid visual clarity; b. Gap width
between the two surfaces in g. once they ase interlocked

(RESIDUAL = ICE - BED); ¢. More visual rendition of residual volume
(RESIDUAL x -1); low points are zones of high potential meltwater
discharge.
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3 Classed contour map of potential water depths on the inverted surface (Fig. 45
3.2%). Grey scale class interval 10 m (white, 0 m to -10 m). Potential
channelized flow within declining sheet flow (black arrows); potential
channelized flow connecting cavities to other cavities or channels (dashed
arrows),

34 Distribution of elongate scours (west), scour zones (east), tunnel channels, 46
transverse ridges in tunnel channels, cskers, and the Qak Ridges glaciofluvial
complex in south-central Ontario. See Figure 3.1 for location.

38 Air photograph stereopair showing tunnel channels (TC), and esker (E) in a L2
tunnel channel, drumlinized residuals (DR) between tunnel channels and
sinuous late-stage shect flow scours (thin arrows) on drumlinized residuals.
Air photographs A27083-123 and A27083-124 copyright 2§ April 1987 Her
Majesty the Queen in Right of Canada, reproduced from the collection of
the National Air Photo Library with Permission of Encrgy, Mines and
Resources Canada.

36 Bedrock geology of south-central Ontario with Formation houndarics. S0
Modified from Carson (1980g, 1980b, 1980¢, 1981a, 1981b, 1981c). Sce Figure
3.1 for location.

37 Contrast-stretched, edge-enhanced LANDSAT 4 image of part of the tunnel LY
channel system around Tweed (TM 16-29, band §, 24-QOct-82), Ontario
Ministry of Natural Resources, Provincial Remote Sensing Office). Scale bar
is 10 km. See Figure 3.1 for loration. Note: serrated Shicld margin with
numerous Precambrian reentrants (top); drumlin field (lower left); muliple
escarpment levels (upper right); and Marlbank esker passing through Beaver
Lake channel (right).

38 View across fault-guided tunnel channel incised into Palcozoic limestone at 54
Kingsford; now occupied by Salmon River. (Photographer: Brennand 1989).

39 Air photograph stereopair showing drumlins truncated (TR) by tunnel S5
channel (TC) containing Tweed esker (TE), ~ 12 km north of Trenton. Air
photographs A27083-189 and A27083-190 copyright 25 April 1987 Her
Majesty the Queen in Right of Canada, reproduced from the collection of
the National Air Photo Library with permission of Energy, Mines and
Resources Canada.

3.10 Location of the high-stand shoreline of Glacial Lake Iroquois (after 57
Mirynech 1962) in relation to tunnel channei paths. See Figure 3.1 for
location.

i Air photograph stereopair showing a potential zone of localized sheet flow 59

(SF) and flow interference (FT) between two tunnel channels (TC), one of
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which is blind-ended (TCB), ~12 km west-southwest of Marlbank.
Streamlined bedrock residual (R) within tunnel channel. Air photographs
A270£3-104 and A27083-10S copyright 25 April 1987 Her Majesty the Queen
in Right of Canada, reproduced from the collection of the National Air
Photo Library with permission of Energy, Mines and Resources Canada.

in Transverse ridges adjacent to the southern end of Tweed esker, and within a 68
tunnel channel. (Photographer: Brennand 1989),

k Bk} Air photograph stereopair of part of a field of transverse ridges (TR) within 66
a tunnel channel, adjacent to Tweed esker (TE), ~10 km north-northwest of
Brighton. TCM is northern margin of tunnel channel. Air photographs 71-
4406-6-151 and 71-4406-A-152 supplied courtesy of the Ontario Ministry of
Natural Resources.

4.1 Bedrock geology (modified from Ontario Geological Survey 1991) and esker 8
distribution (modified from Barnett ef al. 1991) in the study area. A,
Actinalite.

4.2 Morphologic elements of the main eskers studied. Tributary ridges are not 8S

shown. The only obvious bead is mapped at pit N3§.

4.3 Crest long profiles rotated to bring the high-stand shoreline (750" or 228.6 m) 89
of Glacial Lake Iroquois back to a horizontal plane. a. Tweed esker. b.
Campbellford esker. ¢. Norwood esker.

4.4 Clast lithology for the Tweed esker unit (@) and oversize (b) samples. Lines 2
connecting points are not meant to imply continunus variation, but merely to
aid in graphical interpretation. The vertical line is the location of the Shield
margin. Actinolite is located on Figure 4.1.

4.5 Mcan and grand mean maximum projection sphericity (\!}'P. Sneed and Folk 9%
1958) for the Tweed unit (4, ¢) and oversize (b, d) clasts. Lines connecting
points are not meant to imply continuous variation, but merely to aid in
graphical interpretation. The vertical line is the location of the Shizld
margin. For lithologic abbreviations see Table 4.3. Actinolite is located on
Figure 4.1.

4.6 Mean and grand mean roundness for the Tweed esker unit (a ¢) and 95
oversize (b, d) clasts. Lines connecting points are not meant to imply
continuous variation, but merely to aid in graphical interpretation. The
vertical line is the location of the Shield margin. Roundness classes after
Powers (1953): WR, well rounded,; R, rounded; SR, subrounded; SA,
subangular; A, angular. For lithologic abbreviations see Table 4.3,
Actinolite is located on Figure 4.1.

4.7 Paleoflow direction measurements for the Tweed (T), Campbellford (C) and o8
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4.8

49

4.10

411

4.12

413

4.14

4.15

Norwood (N) eskers. TJS1, C43, cte. are pit locations. Gravel fabrics
presented as lower-hemisphere projections (contour interval is 2 standard
deviations), and cross-lamination and cross-bed mcasurements as rose
diagrams. Rose diagrams are plots of actual number of observations.
Longest segment at pit C31 represents 37 observations; the same scale is
used for all rose diagrams except at pit N36 (displayed at S0%; longest
segment represents 71 observations).

a. Normal faults lateral to an undisturbed ridge core, Camphellford esker
(pit C32; Fig. 4.2). Note alternating sand and gravel units. b. Diapiric fold at
the core of Tweed esker (pit T14; Fig. 4.2). Metre rods for scale.

Part of a composite macroform, Norwood esker (pit N36; Fig. 4.2). Note
climbing gravel dunes (right). Flow to the left. Metre rods for scale.

Heterogencous, unstratificd gravel facics: @. Poorly delincated lenses of
bimodal clast-supported, polymodal and openwork gravel. Visually chaotic
fabric, Campbellford esker (pit C30; Fig. 4.2). b. Vaguely delincated
lenticular organization and cluster imbrication of larger clasts, Norwood
esker (pit N36; Fig. 4.2). Metre grid for scale.

Heterogeneous, unstratified gravel facies: @. Grain-size distributions. b.
Partitioning of facies. Grain-size data for sample T23/1-1" is an
amalgamation of samples T23/1-1a and T23/1-1h. ¢. Grain-size histogram
demonstrating polymodal texture (unit C43/1-1; Table 4.6; Appendix 6).

a. Massive, imbricate, clast-supported gravel alternating with sand (truncated
at arrow), Tweed esker (pit T12; Fig. 4.2). Metre rod for scale. b. Imbricate,
polymodal gravel within an in-phase wave structure, Norwood esker (unit
N36/7-6 (1989); Table 4.7). Metre grid for scale. ¢. Plane-bedded gravel,
Campbellford esker (pit C31; Fig. 4.2). Tape extended to 0.5 m.

a. Trough cross-bedded gravel, Campbellford esker (pit C43; Fig. 4.2). Flow
out of face. b. Rhythmically-graded foresets of tabular cross-bedded gravel,
Twec A esker (pit T16; Fig. 4.2). Flow to the right. Metre grid for scale. ¢.
¥.: thmically-graded gravel triplet, Campbellford esker (pit C30; Fig. 4.2).
Note convoluted laminations in sand, part A (bottom). Scale in cm. d.
Rhythmically-graded gravel in tabular beds on the scale of the esker ridge,
Tweed esker (pit T26; Fig. 4.2). Tape extended to 0.5 m.

Grain-size histograms for rhythmically-graded gravel, Campbeliford esker (pit
C30; Fig. 4.2). Parts A and B show fining-upward sequence and a reduction
in the percentage of matrix. Raw data in Appendix 6.

Pseudoanticlinal macroform composcd of heterogencous, unstratified gravel
with a crest-convergent fabric, Tweed esker (pit TIS1; Fig. 4.2). Fabric data
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4.16

417

418

4.19

4.20

4.21

5.1

in Appendix 4, statistics in Table 4.7. Metre rods (arrows) for scale.
Primary flow was into the photograph (southward).

Oblique accretion avalanche bed macroform, Marlbank esker (pit M42; Fig.
4.2): a. High-angled inclincd avalanche beds truncated by lateral scour-and-
fill structures. Primary flow was into the photograph. Metre rods for scale.
b. Graded gravel within inclined avalanche beds. Metre grid for scale,

Grain-size histogram for polymodal, gravelly sand within an oblique accretion

avalanche hed macroform, Marlbank esker (pit M6*; Fig. 4.2), unit MG*/1-A.

Raw data in Appendix 6.

Vertically alternating sand and grave! units with sharp contacts (couplets),
Norwood esker (pit N36; Fig. 4.2). Metre rod for scale.

a. Schematic jGkulhlaup hydrographs. 1. Sudden meltwater release associated
with the drainage of a large water body. 2. Progressive enlargement of the
catchment arca of a main conduit associated with capture of minor conduits
and cavities. Both show a rapid reduction in meltwater discharge on the
falling limb (modified from Hacherli 1983). b. Critical shear velocities (Us)
for traction and suspension transport. Data for critical suspension criterion
(Us/w > 10, where w = settling velocity) and flow regime from Mamak
(1964, cited in Graf and Acarogly 1966). Data for critical traction criterion
(Shiclds’ criterion) from Blatt er a/. (1980) and Walker (1975), and diameter
(d) > 100 mm U, calculated from U = 0.46d°% (cf. Williams 1983) and
15U, = U (Walker 1975), assuming U » U.

a. Ball-and-pillow structures in the upper part of a minor fan along the
Tweed esker (pit T17; Fig. 4.2). Scraper is 20 cm long. b. Tabular, gently
inclined architecture of a minor fan along the Tweed esker (pit T17; Fig.
4.2). Arrow marks the location of Figure 4.204. Shovel handle is ~ 1 m
long.

In-phase wave structures in a major fan or fan comples at pit N36 (Fig. 4.2).
a. Diffusely-graded sandy in-phase wave structures draped by fine sand and
silt, with a scour-and-fill structure (arrow) and dispersed clasts within
hummacks. b. Gravel in-phase wave structures draped by fine sand and silt.
Note water-escape/load structure (arrow), and drag and load structures at
base of gravel hummocks. Metre rods for scale.

Pattern of eskers and moraines adjacent to the Harricana glaciofluvial
complex mapped within boxed area with the exception of the Sakami
Moraine. Data sources: (1) relief simplified from Yelle (1976); (2) eskers
mapped from G. Tremblay (1974), Chauvin (1977), Veillette (1985, 1990),
Sado and Carswell (1987); (3) moraines mapped from Hardy (1976),
Veillette (1986), Sado and Carswell (1987) and Vincent (1989). Dots are
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proposed northern (Hardy 1976) and southern (Veillette 1986) extensions of
the Harricana complex. The proposed northern island chain part of the
Harricana complex (Wilson 1938) extends beyond the mapped area.

§.2 Cross-striated sites mapped in dissected zone of Abitibi Uplands, and 152
adjacent to the Harricana glaciofluvial complex (boxed area). Data sources:
(1) relief simplified from Yelle (1976); (2) striae mapped from Veillette
(1986); (3) proposed grounded Cochrane limit mapped from Veillette ef a/.
(1991),

53 Harricana complex divided into depositional segments separated by “gaps”. 156
Location of pits, tributary eskers, and Lake Obalski.

54 Crest long profile along the axis of the Harricana glaciofluvial complex from 159
Point de la Fougdre Rouge on the coast of James Bay (51°48'S4"N
79°21"18"W) to just south of Val d'Or (48°00'00"N 77°56'30"W),
constructed from contours and spot heights on 1:250 000 scale NTS sheets.
High-water levels of Angliers and Early Kinojévis phases of Glacial Lake
Qjibway approximated from Vincent and Hardy (1979).

LX] Proportion of clast lithologies from in situ samples recorded in the Harricana 166
glaciofluvial complex presented as pie graphs (see Table 5.4 for percentage
values and 95% confidence limit sampling crrors) and superimposed over
adjacent Abitibi sub-province (Superior province) hedrock geology (modified
from MERQ-OGS 1983). Stars are location of gabbroic bedrock discussed in
the text.

56 a. Percent frequency of granitoid and metabasaltic clasts in in sin: samples 167
superimposed over bedrock geology along the axis of the Harricana
glaciofluvial complex. Geologic transect starts at S1°15'N 79°00'W and ends
at 48°01'N 77°06'W. b. Cumulative frequency of lithologies recorded in cach
pit (prefixed with "Q" in text) presented in downflow order. See Table 5.4 for
numeric data and confidence intervals. Lines connecting points are not meant
to imply continuous variation, but merely to aid visual interpretation.

57 a. Downflow trend in the mean roundness (Powers 1953) of granitoid and 168
metabasaltic clasts in in situ samples; geologic transect same as Figure 5.5. b,
Grand mean roundness for each lithologic class recorded. ¢. Frequency of
occurrence of each visual roundness class by pit. Pits (prefixed with "Q" in
text) arranged in downflow order. See Tables 5.5 and 5.6 for numeric data
and confidence intervals. Lines connecting points are not meant to imply
continuous variation, but merely to aid visual interpretation.

5.8 a. Downflow treads in the mean sphericity (%!P. Sneed and Folk 1958) of 169
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granitoid and metabasaltic clasts in in situ samples; geologic transect same
asFigure .5, Lines connecting points are not meant to imply continuous
variation, but merely to aid visual interpretation. b. Grand mean sphericity
for cach lithologic class recorded. See Table $.7 for numeric data and
confidence intervals, and Figure §.7 for legend. ¢. Zingg (1935) shape
classification for all clasts measured. a, clast long axis; b, clast intermediate
axis; ¢, clast short axis. '

Paleoflow direction estimates from gravel fabric measurements. Fabrics
displayed as equal arca lower hemisphere plots. Statistics presented in Table
S8,

Paleoflow dircction estimates from cross-bed and cross-lamination
mcasurements in sand. Statistics presented in Table $.9.

Examples of gravel fabric plats for southeast dipping cross-bedded gravel (a.
Q23/1-1) and a large downflow dipping avalanche bed macroform (b. Q12/1-
1aL.HS) with ‘parallel’ and ‘flipped’ clasts. All plots are equal area lower
hemisphere projections. Statistics presented in Table S.11.

Individual facies within the Harricana complex. a. Heterogeneous,
unstratified gravel exhibiting vaguely lenticular, textural organization (unit
Q21/1-1aRHS). Grid is 1 m® b. Heterogeneous, unstratified gravel with
imbricate clast clusters (unit Q23/1-3). ¢. Imbricate, polymodal, matrix-rich
coarse gravel with clasts occurring preferentially along poorly defined convex-
up hedding surfaces (unit Q26/1-1LHS; Table 5.11). d. Imbricate, polymodal
fine gravel with diffuscly-graded laminae (unit Q2B/2-1; Table 5.11). ¢.
Grading in cross-bedded gravel (unit Q23/1-1; Table 5.11). £. Bimodal, clast-
supported gravel with contorted laminae in sand (unit Q5/3-1) at the base of
large-scale, downflow-inclined, tabular beds. Ten centimetre intervals on
scale.

Scdiments exposed in long axis of part of a composite macroform at pit Q23
(Fig. 5.3). FQ, approximate pit face orientation.

below tabular cross-bedded medium-coarse sand at pit Q20 (Fig. §.3). FO,
approximate pit face orientation.

Sandy in-phase wave structures at pit Q2B (Fig. 5.3). Note: the metre scale is
in different locations in the sketch and the photographic panorama. FO,
approximate pit face orientation.

Shear planes and folds within debris-flow diamicton along the flank of the
Harricana complex at pit Q23 (Fig. 5.3). Ten centimceire intervals on scale.
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817 Composite macroform at pit Q18 (Fig. S.3). Person for scale. FO, 194
approximate pit face orientation.

§.18 a. Downflow accreting avalanche bed macroform at pit Q12 (Fig. $.3). 196
Section is ~10 m high. Flow out of face. b. Close-up of avalanche beds at pit
Q12 showing *parallel’ and *flipped’ clasts.

5.19 Alternating oblique accretion avalanche bed macroform at pit Q3 (Fig. 5.3). 198
Flow into face. FO, approximate pit face orientation,

$.20 Close- ups of sedimentary style within alternating oblique accretion avalanche 199
bed macroform at pit Q3 (Fig. $.3). a. Clast clusters along beds. h. Rhythmic
grading of fincr gravel. Grid is 1 m?.

.21 Low-angled pseudoanticlinal structure at pit Q8 (Fig. 5.3). Arrow is location M
of fabric from unit Q8/1-1LHS (Table 5.11). Flow into face. Section is 5.5 m
high.

§.22 Vertically alternating sand and gravel facies at pit Q21 (Fig. 5.3). Scale is 1 0

m.
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CHAPTER 1

Introduction

At its maximum (~18 ka BP), the late Wisconsinan Laurentide Ice Sheet covered most of
interior Canada, extending north to Victoria Island and Baffin Island, west to coalesce with the
Cordilleran Ice Sheet in the Alberta foothills, east to the Labrador Seca, and south into the northern
United States: Montana, South Dakota, lowa, linois, Indiana, Ohio, New York, Connecticut and Maine
(Dyke and Prest 1987) - an area of between 10.2 and 11.3 x 10° km? (Fulton and Prest 1987). During
deglaciation, a considerable volume of meltwater was gencrated, contributing to a global sca level rise
of 121 + § m (Fairbanks 1989). Consequently, the Canadian landscape today bears witness to meltwater
activity in a variety of glaciofluvial landforms and dcposits (cf. Prest ef al. 1968). Although some
landforms and deposits may be attributed to other glacial pracesses, this thesis focuses on glaciofluvial
landforms. The primary objective is to broaden our understanding of two of these landforms: tunnel
channels and eskers. Two basic questions are posed. 1. How did tunnel channels and eskers form?
2. Are the processes responsible for their formation related and do they record an evolution in the ice
sheet drainage system? Both questions are approached through combined consideration of landform
associations, morphology, sedimentology and glacial hydrologic theory.

It would take a lifetime to draw informed generalizations (taking into account the high
variability of landform associations, morphology and sedimentology) about tunnel channel and esker
genesis and their hydrologic implications within the limits of the Laurcntide Ice Sheet. However, |
wanted to base my thesis on as broad a range of observations as possible. Conscquently, | chose three
different regions (Fig. 1.1) for the following reasons: their distribution towards the geographic centre,
southern and northern margins of the Laurentide Ice Sheet (Fig. 1.1); differences in the scales,
morphology and sedimentology of their tunnel channels and eskers; and their accessibility. What follows
is a brief overview of current debate on tunnel channel and esker genesis, and a rationalization for the
choice of my study sites in light of these debates.

Tunnel channel genesis dehate

Tunnel channels are subglacial meltwater channels cut into glacigenic sediment or bedrock.
However, there is much debate about their genesis. The debate centres around whether meltwater
discharge was catastrophic (e.g., Wright 1973) or more steady state (e.g., Boulton and Hindmarsh 1987)
during tunnel channel formation; whether the channels were formed synchronously (e.g., Wright 1973)
or time-transgressively (¢.g., Mooers 1989); and whcther the basal substrate had any hearing on their
genesis or form (cf. Boulton and Hindmarsh 1987). [ chose south-central Qntario (Fig. 1.1) to

investigate these contrasting theories. This is an ideal region as tunncl channels were known to cross-cut
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the Peterborough-Trenion drumlin field, contain eskers, and extend across the region in both bedrock
and glacigenic sediments (cf. Shaw and Gorrell 1991). The tunnel channels and their relationships 10
other subglacial landforms can be mapped in detail using the cxcellent air phutograph coverage at both
1:15 000 and 1:50 000 scales. Cross-cutting and superimposition relationships can be assessed in terms
of their implications for ice-sheet hydrology. A complementary investigation was undertaken at
Ferguson Lake on southern Victoria Island (Fig. 1.1). Detailed observations of geomorphology and
landform associations are facilitated by excellent air photograph coverage and geomorphic expression
in this natural, poorly-vegetated landscape.
Esker genesis debate

"An esker is a linear accumulation of gravelly and/or sandy stratified sediment that was
deposited by a stream confined on bath sides by glacial ice. In some cases, though not necessarily, the
stream was also conf*ned on the top and/or bottom hy glacial ice.” (Banerjee and McDonald 1975, p.
132). Eskers, then, may be deposited in supraglacial, englacial, subglacial or ice-marginal environments,
although there is genecral agreement that large Pleistocene eskers were formed subglacially or ice
marginally in deltaic, fan or reentrant environments (cf. Bancrijee and McDonald 1975). There are,
however, disagreements as to whether subglacial conduits were Nowing full (closed) or partly full (open,
at atmospheric or triple-point pressure) at the time of esker sedimentation (cf. Shreve 1972 vecsus
Hooke 1984), and as to whether eskers were deposited in time-transgressive segments (c.g.. Hebrand
and Amark 1989) or synchronously (e.g., Shreve 1985). Previous rescarch into esker genesis has heen
conducted at one of two scales: (/) cuternal morphology (e.g., St-Onge 1984); or (ii) detailed site
observation (e.g., Aario 1971). The latter have mostly concentrated on the finer-grained deposits (e.g.,
Gorrell and Shaw 1991), and coarser-grained esker ridges have received little attention. The exception
has been descriptions of rhythmicity or sand-gravel couplets within esker ridges (e.g., Shaw 1972;
Banerjee and McDonald 1975). Pulsed meltwater discharges, possibly as annual events, have heen
invoked (cf. Banerjee and McDonald 1975). Research on the hydrologic system of contemporary
glaciers also suggests seasonally (e.g., Willis ef /. 1990) and episodically (c.g., Nye 1976; Kamb 1987)
changing meltwater systems. In addition, the architectural approach to fluvial sedimentology (Miall
1985) may be applied to eskers to define or isolate their building blocks. Consequently, I proposed to
take a fresh look at csker sediments, particularly at the ridges themselves, using an architectural
approach to their sedimentology, and keeping in mind the probability that scasonally or cpisodically
changing meltwater systems may have governed Laurentide esker formation.

Al the outset of this project I placed an unreasonable expectation on the sedimentological data
to provide all the answers to the question of esker genesis; a traditional approach is to describe and

interpret the sediments in order to infer the depositional environment.  As the project progressed |
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became increasingly perplexed that the sediments could be interpreted in a number of ways (e.g., open
channel or closed conduit) - a problem of equifinality. Finally, I came to the conclusion that it is
neccessary to consider *context information’, that is landform associations, esker morphology and path,
and down-esker trends in paleoflow-direction estimates and clast characteristics, in order to define the
general environmental conditions for esker deposition. Having inferred these conditions, esker
sedimentology is interpreted within that framework. The architectural elements identified within the
esker ridges and the sediments in associated deposits then provide a key to the detailed mechanics of
esker formation and the meltwater regime under which they evolved.

An architectural approach to esker sedimentology requires extensive vertical exposures. South-
central Ontario (Fig. 1.1) is a densely populated region, with a high demand for aggregate for the
construction and building industry; gravel quarrics are common. Consequently, this region was chosen
to investigate the architecture of esker sediments. This approach requires traditional sedimentology
whereby cach facies at each site is identified, described and interpreted. This is particularly critical
because the flow-dynamic conditions responsible for esker gra/ei deposition are not well understood and
must be carefully inferred from comparison with gravels in a variety of environments including pipes,
open channels, turbidity currents and volcaniclastic deposits.

A companion investigation is made of the Harricana glaciofluvial complex (Fig. 1.1) in the
Abitibi-Timiskaming region of Québec. This is a relatively continuous, linear accumulation of stratified
sand and gravel closely associated with an extensive, integrated, esker system and streamlined forms.
the arrangement of adjacent landforms and sediments (e.g., Veillette 1986), no detailed or integrated
investigation of the morphology and sedimentology of the complex itself had been undertaken. Gravel
facies observations and interpretations, the architectural approach to sedimentology and the use of
‘context information’, developed during the investigation of the south-central Ontario eskers, are applied
to the Harricana complex. They provide a powerful approach, giving new insight into the general
environmental conditions and the detailed genesis of this complex.

A contrasting investigation is made of three esker systems on southern and eastern Victoria
Island, Northwest Territories (Fig. 1.1) These systems have relatively small isolated eskers, extending
from or lying in tunnel channeis, and cross-cutting fields of streamlined forms. Fieldwork was carried
out in 1988 as a member of a Geological Survey of Canada expedition, under the co-ordination of Dr.
David Sharpe. Similar landform association, maorphologic and sedimentologic reasoning to that used
in south-central Ontario is invoked for the Victoria Island eskers. The main differences in the Victoria
Island eskers to those in south-central Ontario were their small size, isolation, and sandy texture. As
sedimentary exposures are poor and limited more traditional, vertical sedimentary logs are used.



Thesis Organization

This thesis is presented as four papers. The first (Chapter 2) investigates three glaciofluvial
systems on Victoria Island (Fig. 1.1). Because exposures are limited, the architectural method is
precluded and the approach taken is the most traditional. Implications for ice-sheet hydrology arc
proposed. The second and third papers (Chapters 3 and 4) present detailed observations and
interpretations of the genesis of tunnel channels and associated landforms, and eskers, respectively, in
south-central Ontario (Fig. 1.1). Although the papers were written in the reverse order, e sequence
used here is preferred because the tunnel channels were incised before the eskers were deposited within
them. In addition, a regional overview of the deglacial hydrologic system is inferred from more regional
observations of landform assaciations in the tunnel channel paper. The fourth paper (Chapler S)
investigates the genesis of the Harricana glaciofluvial system (Fig. 1.1) and its implications for ice-sheet
hydrology and dynamics. The regional conclusions are highly relevant to stratigraphic, glacial and
chronologic studies of the area. The final chapter (Chapter 6) discusses the major findings of the thesis
and suggests future research avenues in light of these findings.
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CHAPTER 2

Ice-sheet dynamics and subglacial meltwater regime
inferred from form and sedimentolegy of glaciofluvial systems:
Victoria Island, District of Fran''in. Northwest Territories!

Introduction

Glacial hydrology and hydraulics have an important impact on ice-sheet behaviour (Paterson
1981). The nature of this impact on Pleistocene ice sheets is being assessed by the study of a variety
of landforms such as eskers (e.g., Hebrand and Amark 1989; Gorrell and Shaw 1991), tunne! channels
(e.g., Wright 1973; Barnctt 1990) and drumlins (c.g.. Shaw ef a/. 1989). Direct modelling (e.g.
Shoemaker 19924; Arnold and Sharp 1992) is also helping to reveal the role of meltwater storage and
release. With this increasing emphasis on meltwater action, it is pertinent to search for a more detailed
understanding of glacial hydrologic systems.

Glaciofluvial landforms and sediments can be used to infer process. Consequently, it is the aim
of this paper to describe and interpret glaciofluvial complexes at three sites on Victoria Island (Fig. 2.1)
and to use these 1o assess the formative meltwater conditions. Differences in esker morphology,
sedimentology, and landform associations are used to infer the necessary ice-sheet dynamics assaciated
with their formation. Channelized glaciofluvial complexes are the focus of this paper, but streamlined
forms are discussed where appropriate. It is demonstrated that these complexes were formed by
meltwater in subglacial, grounding-line, or reentrant environments, under both active (early) and
stagnant (late) ice conditions. Meltwater processes modified the landscape and the behaviour of the ice
sheet across eastern and southern Victoria Island (Sharpe 1992g). In turn, ice-sheet dynamics influenced
glaciofluvial landform styles.

Ferguson Lake glaciofiuvial compley

Environment/landform associations

Ferguson Lake glaciofluvial complex extends about 5§ km in a north-south arc, north of
Ferguson Lake (Figs. 2.1 and 2.2). It may be associated with a glaciofluvial system extending northwest
through Mount Pelly and Lady Pelly, south of Ferguson Lake (Fig. 2.1). The northern part of this
system trends parallel and then obliquely to a diverging field of streamlined forms with a northeast-
southwest orientation (Figs. 2.1-2.3). Approximately 1S km north of Ferguson Lake a smaller eskc.

' A version of this paper has been accepted for publication as:
Brenannd, T.A., and Sharpe, D.R. in press. Ice-sheet dynamics and meltwater regime inferred
from form and sedimentology of glaciofiuvial systems: Victoria Island, District of Franklin,
Northwest Territories. Canadian Journal of Earth Sciences.
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Figure 2.2. Map of Ferguson Lake glaciofluvial complex showing landform associations, study sites, and
location of Figure 2.3, Sce Figure 21 for location.
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Figure 2.3. Air photograph mosaic of Ferguson Lake glaciofluvial complex with section locations (VO14-
v023). Flow from the north-northeast. CL, crescentic lakes within tunnel channcl; D, dromlinoid
ridges; DCR, double-crested ridges; F, flutes; L, lobe adjacent to tunnel channcl; ME, major esker; R,
residual hills within tunnel channel; S, subducd streamlined forms; SE, smaller eskers within tunnel
channel; TC, tunnel channel with scalloped margins. Air photographs A16170-186, A16170-187 and
A16170-188 copyright 16 July 1958 Her Majesty the Queen in Right of Canada, reproduced from the
collection of the National Air Photo Library with permission of Energy, Mines and Resources Canada,
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-tunnel channel system trends obliquely to the major system (Figs. 2.1 and 2.2). South of this
intersection, streamlined forms are less obvious and forms transitional between strcamlined and
transverse ridges are draped by marine sediments (Fig. 2.2). Marine limit crosses the area irregularly
at ~150 m asl.

A sparsity of natural exposures and a possible bias toward sandy sections necessitates
interpretation from description of each landform, the landform associations (Figs, 2.1-2.3) and limited
scdimentary logs (Figs. 2.4 and 2.5). Each landform is described and interpreted separately. Finally,
the most probable sequence of events is proposed.

Streamlined forms: abservations

Streamlined forms (drumlinoid and fluted ridges) cover most of the area surrounding Ferguson
Lake glaciofluvial complex (Figs. 2.2 and 2.3). Although these landforms are spatially gradational, flutes
arc more frequent in the north of the study arca, whereas drumlins dominate the southern portion.
Within the predominantly drumlinized zone, flutes occur downflow of the upflow-facing main channel
wall (Fig. 2.3). Crescentic lakes, streamlined forms, and ice-marginal fans indicate a flow from the
north-northeast.

Flutes separate clongate ridges up to 2.5 km long, 150 m wide, and 8 m high (Fig. 2.3). They
are often occupied by elongate lakes. Crescentic lakes wrap around the proximal ends (north-northeast
end) of some fluted ridges. These ridges differ from those described elsewhere (e.g., Shav 1988); they
are less clearly defined, and their crest lines often appear broken, or exhibit irregular low sinuosity (Figs.
2.2 and 2.3). Underlying stratified, interbedded, and undeformed glacigenic sediments are up to 40 m
thick (Sharpe 1985) (Fig. 2.8a, sections 482 and 483).

Drumlinoid ridges are relatively straight-crested but generally shorter (< 1.5 km) and wider (150
to 300 m) than the fluted ridges (Fig. 2.3). They are predominantly spindle-shaped. The lakes
associated with the drumlinized landscape vary in shape, but are generally elongate parallel with ridge
orientation. The sediments within the drumlinoid ridges are similar to those in the fluted ridges,
exhibiting undeformed, interbedded sand, gravel, and diamicton (Sharpe 1985, 1987).

Streamlined forms: interpretation

Elongate and crescentic lakes associated with streamlined fields are inferred to fill scour zones.
A lack of deformation in the sediments of streamlined forms, the presence of crescentic lakes that wrap
around their proximal ends, and enhanced fluting downflow of a positive step (channel wall) have been
used to infer formation by erosive catastrophic meltwater sheets (cf. Shaw and Sharpe 1987). However,
a complete absence of deformation in the streamlined sediments at the Ferguson Lake site cannot be
claimed, as there were no laterally extensive exposures.

The crest lines of streamlined forms, unlike those described elsewhere, exhibit irregular low
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sinuosity. There are a number of possible explanations for this. First, streamlined forms near Ferguson
Lake may be immaturc {orms, the formative flow having ceased prior to form completion. Second,
forms may have been modified by mass wasting, melting of buried ice, or thermokarst erosion.
Elsewhere on Victoria Island, massive ground ice has been observed (Sharpe 19924). If the flutings at
this site were croded into ice-rich sediment, subsequent melting of that ice could impart low-sinuosity
crest lines to streamlined forms. The inference of ice-rich sediment beneath the ice sheet would
necessitate cold-hased ice conditions at this site. Such conditions are favourable precursors to
catastrophic meltwater cvents, as cold-based ice would prevent meltwater drainage until threshold
conditions were reached (Shoemaker 1991). The source of such meltwater is uncertain. It may have
heen generated basally and up-ice from the Ferguson Lake site, ponded supraglacially in depressions
in the ice surface, or included connected supraglacial and subglacial reservoirs (Shoemaker 1992). The
inferred event does not necessitate a gradual change to warm-based conditions at the study site either
prior to or after catastrophic relcase (Shoemaker 1992b).

It is the intent of this paper to focus on the genesis of channelized glaciofluvial landforms rather
than streamlined forms. We interpret streamlined forms as products of erosion by catastrophic
meltwater sheets, as (i) our ohservations are consistent with those made hy proponents of that
hypothesis (cf. Shaw et al. 1989), and (ii) by espousing this hypothesis certain details of tunnel channel
morphology may be explained, which would otherwise remain enigmatic.

Tunnel channels: observations
The main channel (45 km long, 1 to 2 km wide, and about 30 m deep) north of Ferguson Lake

streamlined ficld and are incised into glacigenic sediment (sections 482 and 483, Fig. 2.54). Immediately
downflow of the channel margins (to the southwest) flutes persist in a zone otherwise predominantly
oceupied by drumlinoid ridges (Fig. 2.3). A fluted sedimentary lobe appears to extend from the castern
margin of the main channel. Section 301 is exposed in this lobe (Fig. 2.2). Twelve or 13 rhythmic
sequences (0.2 to 1.5 m thick) of cross-laminated medium to fine sand, fining up io silt or clay, are
observed. Paleoflow was toward the east. The section is capped by diamicton and is below marine
limit.

The morphology of the main channel is complex. Its thalweg is discontinuous and the channel
margins arc not parallel, but rather exhibit pronounced scallops along the western wall (Fig. 2.3).
Within the scallops, crescentic lakes fill the deepest channel sections, and residual hills occur at their
geometric focus, or offset slightly to the north (Fig. 2.3). Inset streamlined hills occur at a lower
clevation than the surrounding land surface. Section 335 (Figs. 2.2 and 2.59) is exposed in one such
feature and exhibits tabular and trough cross-bedded sand indicating paleoflows towards the east and
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northeast. The eastern side of the channel is less scalloped and exhibits more residuals (or less erosion)
than the western side. Shallow inset channels, rather than deep scours, dissect the eastern portion of
the channel (Figs. 2.2 and 2.3). ,
Tunnel channels: interpretation

The channels do not appear to be part of 8 connected fluvial system, which may have cxisted
prior to the last glaciation. In addition, postglacial fluvial activity has been minor (cf. Jenness 1952).
Tuanel channels are commonly observed to cross-cut streamlined fields and contain eskers (e.g., Wright
1973). This is the case for the channels at Ferguson Lake. Consequently, the channcls at this site are
considered to be tunnel channels. Form, sedimentology, and context of the main tunnel channel also
support this interpretation.

Tunnel channels: form, sedimentology, and context

Given that flutes occur downflow of the western channel wall, it is probable that the channel
existed prior to the formation of the streamlined forms. In addition, flutes on the lobe adjacent to the
eastern channel wall are oriented parallel to those in the adjacent streamlined ficld. The sedimentary
lobe was, therefore, modified by the event that produced the streamlined ficld. Consequently, the lohe
must predate the formation of this field. Finivg-upward rhythmites in this lobe are inferred to represent
"overbank” deposits, each rhythmite associated with episodic broadening of the ice tunnel over the tunnel
channel prior to fluting formation. The diamicton cap may have been deposited before or after the
fluting event and may have also been reworked or winnowed by later marine inundation (scetion 301
is below marine limit), or reworked by solifluction. However, the presence of interhedded sand and
diamicton within section 482 necessitates their deposition prior to fluting formation. The diamicton cap
has a similar composition to underlying diamictons. In addition, the meltwater event inferred to have
eroded the flutes may have also left basal ice relatively debris poor (cf. Shaw ef a/. 1989). Conscquently,
the diamicton cap was most likely deposited prior to fluting formation.

The scalloped tunnel channel walls are interpreted to be the product of scour, both assaciated
with the meltwater sheet flood event, and during later channelized flow. The deepest scours are along
the western side of the channel and are now filled by crescentic lakes (Fig. 2.3). Inset streamlined hills
are inferred to be residuals, either of older glacigenic sediments (Sharpe 1985), or of glaciofluvial
sediments deposited during the formation of the streamlined ficld. The eastern side of the scalloped
portion of the tunnel channel exhibits more residuals (or less crosion) than the western side. Flow from
the north-northeast, which produced streamlined forms, cut across the preexisting tunnel channel.
Preferential deposition of the coarsest material carried by the subglacial sheet flow, at points of flow
separation or negative steps (channel wall), is inferred for the eastern side of the channcl. In addition,

cross-beds in a within-channel residual indicate easterly and northeasterly palcoflows. These are
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interpreted as dunes that may have been deposited by a return eddy generated at the channel wall
during the sheet-flow event.

At the Ferguson Lake site, the angle of skew () of the negative step (channel wall) is about
160° 1o the inferred sheet flow. For 135° << 180°, the flow-separation bubble produced at a negative
step forms a vortex that adds both axial velocity and rotational components to flow (cf. Allen 1982),
The length of the separation zone (distance to the point of flow reattachment) is primarily controlled
by the relative roughness at the step, determined by the ratio of flow depth (4) to step height (/). At
this site (H = 30 m, h = 10 m; cf. Shaw 1989), the separation bubhle would have been approximately
25Sm (160 m if H = 20; cf. Allen 1982, p. 111, fig. 3-10). The tunne! channel now has a width on the
order of 1 km, hut was presumably narrower during the proposed sheet-flow event. The channel is
inferred to have been narrower, as sediment was preferentially deposited at the castern side of the
channc! during the sheet-flow event, and the channel would also have been eroded by later channelized
Now. However, it is probable that the zone of flow reattachment occurred within the tunnel channel,
Scour along the reattachment zone may account for the deepest scours at the western side of the
channel. In addition, streaming of vortices in « subglacial sheet between streamlined forms upflow
would have concentrated scour at intervals acress the sheet. This could account for the scalloping of
the western wall. Hence, the distribution of scallops may be related to the angle of impingement of the
vortices on the western wall and the arrangement of vortices in streams within the formative flow.

Decper scours at the western side of the tunnel chan. el are cxplained primarily as the imprint
of vortices within the tunnel channel, contemporaneous with the formation of the streamlined forms.
By contrast, the shallower scour channels at the eastern side may have been erorled by subsequent
channelized meltwater. In addition, such sediment-charged, high-velocity flows would have enhanced
the scallops in the western wall by mechanical erosion and melting of ice-rich sediment (cf. Mathews
1973). Channel walls may have also been modified by later thermokarst erosion,

Scouring by channelized meltwater has produced a complex tunnel channel morphology. A
combined substrate (N-channel; Nye 1973) and ice tunnel (R-channel; Réthlisberger 1972) could explain
the observation of a discontinuous thalweg, by allowing intertwined vortices in the channelized flow to
impinge upon the base of the ice sheet, as well as upon the basal substrate. Alternatively, or in addition,
repeated reoccupation of the tunnel channel after the formation of the streamlined forms, and possibly
during successive lesser discharge events, may have further complicated tunnel channel morphology.
Depositional ridges: observations

The depositional ridges are primarily eskerine, although they may include deposits at the eastern
margin of the tunnel channel as previously described. The ridges occur at a number of scales, from a
major esker running south of the tuni=l channel, to smaller discontinuous esker segments within the
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tunnel channel, to small double-crested ridges west of the major esker (Fig. 2.3).

The broad-crested, major esker at this site is about S00 m wide and it exhibits kettle holes and
crratic boulders (Fig. 2.3). It extends south from the castern margin of the tunnc! channel, continuously
for 8.5 km, at which point it is intersected obliquely by a second esker-tunncl channel complex (Fig. 2.2).
It is bounded to the west by a string of lakes. To the cast, the topographic gradient is more gradual.

Few natural cxposures cxist within the major esker (Figs. 2.3 and 2.5b). Surficial materials are
mainly pebble-sized clasts, whereas underlying beds have a maximum grain size of coarse sand. Section
V023 is primarily composed of ripple-drift cross-lamination types A and B (subsequently referved to as
RDXL A and RDXL B, respectively), parallel-laminated, and massive sand. One clay drape was noted
(Fig. 2.5h). A longer sedimentary record was acquired from the major esker as it extends from the
tunnel channel (sections V019-V022, Figs. 2.3 and 2.5b). The maximum grain size in these sections is
coarse sand. The sections are rhythmically bedded. Each rhythmite is a fining-upward sequence from
coarse, medium or fine sand, to silt or clay (see event sequences, Fig. 2.5h). No cxiensive faulting was
observed. Paleocurrents were towards the north (Fig 2.5h; Appendix 1). All scctions were located near
the western flank of the esker.

Double-crested ridges occur mainly to the west of the Ferguson Lake esker (Fig. 2.3). Some
of these are short, solitary segments up to 100 m long. Qthers form a dendritic patiern about 2 km
long, adjacent to the esker and possibly associated with the west side of the expanded tunnel channel
zone (Figs. 2.2 and 2.3). The double-crested style is enhanced by small lakes infilling a centre-line
depression. Section V018 is a sedimentary sequence from the eastern side of a double-crested ridge
(Figs. 2.2 and 2.5b). The sedimentary package fines upward and is capped by a rubbly diamicton.
Interbedded coarse and medium sand overlies massive coarse sand and granules. The whole section is
disturbed by folding and a series of curvilinear reverse faults (Fig. 2.5h) with displacement towards the
centre-line depression.

Depositional ridges: interpretation

Most of the sediments in the main esker form fining-upward rhythmites. Each rhythmite is
inferred to represent a waning-flow sequence. Sedimentary structures indicate relatively low energy
conditions. Within-rhythmite repetition of structural sequences is inferred to represent responses to
pulsed meltwater velocity or suspended sediment supply (cf. Lowe 1988). The clay drapes suggest that
the meltwater system completely shut down from time to time, although the conduit (R-channel)
remained water-filled during esker formation. The rhythmic sedimentary packages, the thinness of some
rhythmites, and the presence of clay drapes suggest possible seasonal control on sedimentation and, thus,
a supraglacial meltwater source (cf. Weertman and Birchfield 1983; Hebrand and Amark 1989). The
ice sheet must have been warm based or polythermal at this time.
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Sections were exposed only in the upper and marginal portions of the main ridge. The relatively
low-energy conditions inferred from the sediments may be explained cither in terms of lateral deposition
within a subglacial conduit during waning or low-discharge cvents, or as the product of subaqueous
depasition within an icc-walled channe! or reentrant. Marked textural differcnces between surficial
sediments and those exposed within the ridge question the validity of inferring esker genesis primarily
from the texture of surficial materials (e.g., St-Onge 1984).

Northward paleoflow in the major esker was approximately opposite to the flow direction
inferved for the streamlined forms. Following flooding and bed separation, extremely low ice-surface
gradients are expected (Shoemaker 1991). Thus, local piezometric surfaces may have driven subglacial
meltwater northward (cf. Shreve 1985). Alternately, meltwater flow within enlarged subglacial conduits
(hroad R-channcls at atmospheric pressure; Hooke 1989) or ice-walled reentrants with embayments (i.e.
geometrically nonuniform conduits) may have effected local northward currents now recorded in
sediments toward the western esker flank.

Dauble-crested ridges with sediment displaccment toward a cenire-line depression were
probably initially deposited over ice or ice-rich sediment as single ridges within ice-walled channels.
Melting of the underlying ice resulted in a faulted, double-crested ridge (cf. McDonald and Shilts 1975).
The rubbly diamicton cap may be a till, which would indicate the existence of an ice roof to the
channels. However, it contains very little clay, so may he better explained as the product of marine
reworking and solifluction of glaciofluvial sand and gravel, particularly as the exposure is well below
marine limit.
probably some of the last depositional products of the glaciofluvial system. Lack of features indicating
former ice-marginai positions, the well preserved nature of the landform elements, and the variable
paleocurrent directions suggest regional ice stagnation toward the end of deglaciation (Sharpe 19924,
1992k). Therefore, both eskers and double-crested ridges likely represent deposition in ice-walled
channels (with or without an ice roof) under stagnant ice conditions.

Inferred sequence of events

Formative processes for the Ferguson Lake glaciofluvial complex have been inferred from
landform associations and morphology, and sedimentary logs. The event sequence is complicated by
the existence of a channel prior to the formation of the streamlined field. This channel was likely cut
by carlier channelized subglacial meltwater flow (Fig. 2.64). Under high meltwater discharges, localized

Beyond this complication, a parsimonious interpretation of the observed landform suite is adopted. A
subglacial meltwater sheet is invoked to explain the streamlined forms as surficial elements eroded into
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thick, ice-rich sediment (Fig. 2.6b). Such a catastrophic meltwater relcase may have been accompanied
by ice-sheet surging along the path of the meltwater shieet (cf. Shoemaker 1992g). A meltwater-sheet
event would have included flow separation and sediment deposition in the obliquely oriented channel.
Impingement of vortices on and below the downflow channel wall may have initiated the scalloped
margin. Crescentic scours were also eroded at this time, at points of flow rcattachment within the
tunnel channel. Under waning flow, a reduced meltwater discharge was confined to the tunnel channel,
resulting in shallow scours and low residual hills within the channel. 1t is probable that meltwater also
cut upward into the ice at this time, forming a combincd R “N-channel (Fig. 2.6c). When a threshold
was reached in the supplying meltwater reservoir, flow within the tunnel rhannel ceased (cf. Shocmaker
1992h) and ice may have invaded the channel. It is probable that the ice-surface gradient was drastically
altered by decoupling of the ice sheet from its bed; the decoupled section carried virtually no shear
stress. Later, within stagnant ice, seasonally controlled meltwater drained subglacially by way of an R-
channel within the tunnel channel (cf. Shreve 1985). The esker formed in this R-channel (Fig. 2.6d).
Discontinuous eskers within the tunnel channel may be the result of localized conduit closure against
nbstacles (residual hilis), nondeposition, or a downflow connected N- and R-channel meltwater system.
Double-crested ridges were deposited in open conduits (Hooke 1989) or cracks (King and Buckley 1969)
in stagnant ice (Fig. 2.6¢).

The above sequence is simplified. It is likely that the tunnel channel carried several separate
discharge events. In addition, meltwater discharge through an R-channel is inferred to fluctuate over
time, contingent upon whether supraglacial to subglacial meltwater routing was direct or indirect (cf.
Willis et al. 1990). Seasonal influence is suggested by rhythmicity and clay drapes in the esker
sediments.

Augustus Hills glaciofiuvinl system
Landform associations

Augustus Hills is part of a broad, flat-topped ridge with an approximate east-southeast = west-
northwest trend (Figs. 2.1 and 2.7). This ridge is part of a discontinuous glaciofluvial system that may
extend from Mount Pelly in the east to about 10 km west-northwest of Augustus Hills, or possibly
beyond Wellington Bay (Fig. 2.1). East of Mount Pelly, a bedrock channel now containing elongate
lakes that wrap around residuals, and a field of streamlined forms trending east-west, may also be
associated with the ridge (Fig. 2.1). The channel is inferred to be a tunnel channel. At Augustus Hills,
the ridge is up to 3.75 km wide, with a maximum elevation of about 100 m as) (Fig. 2.7). It exhibits
asymmetric cross profiles, an irregular long profile and a sinuous crest line. The southern portion of
the ridge has raised strandlines. The whole feature was drowned by marine incursion to about 157 m
asl after aboui 9 ka BP (Sharpe 1992).
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Sedimer.tary package
Ten recorded sections, ranging in height from $.00 to 22.74 m, document sediment over about

52 m of the ridge height (Fig. 2.8). The sedimentary sequence is unknown below approximately 47 m
asl at the crest and 34 m asl at the flanks of the ridge. Where exposed, the sediment comprises
glaciofluvial sand, silt and clay, capped in places by shelly doposits and acolian sand. Lone grave! clasts
occur within medium and coarse sand units. Qnly toward the top of section VOC7 does gravel constitute
the dominant grain size. Here, the cobbles are striated. To the west end of Augustus Hills, isolated
boulders are perched on the surface.

Sedimentary architecture is broadly parallel or shect-like and gently undulatory (Fyles 1963).
However, a pronounced undulatory surface is observed towards the top of sections V014 and VO1S,
Section VDS, situated on the ridge flank, exhibits faulting, although no one fault extends through the
entire section (Fig. 2.8).

Most sections exhibit a number of fining-upward sequences, from very coarse, coarse, medium,
or fine sand to fine sand, silt, or clay. Sedimentary sequences are delimited by event-sequence symbols
on Figure 2.8. Some sequences coarsen and then fine upward. Sequence thickness varies from about
0.03 to 4.60 m. One sequence in excess of 20 m constitutes most of section V007. Clay drapes are
gencrally thin (<0.01 m), but thick clay units (>0.1 m) are observed. Sedimentary sequences may hegin
with plane-bedded, cross-bedded, or cross-laminated sand, or sand with a poorly defined structure that
may be cross laminated, progress up to cross-laminated sand, sand with a poorly defined structure, or
massive sand and silt, and most are draped by parallel-laminated silt or clay. Some cross-bedded cosets
in medium sand are abruptly punctuated by clay. In places, tabular cross beds and RDXL A alternate
(section V017, Fig. 2.8). No oscillatory wave cross lamination was observed. Paleocurrent
measurements from 28 cross-bedded and cross-laminated cosets show a mean direction of 273° (Fig.
2.8; Appendix 1).

Maost of the contacts between cosets and event sequences at Augustus Hills are sharp and
undulatory. However, gradational contacts exist at transitions between RDXL A and RDXL. B, or
where massive sand and sand with a poorly defined structure repeat. Other contacts are irregular and
faulted (section VOOS; Fig. 2.8), or loadzd with convolutions and flame structures (cf. section V009, Fig,
2.8). Loaded contacts are particularly associated with the more massive and texturally differentiated
sequences.

Trends in grain size, sedimentary structure, and event-sequence thickness are shown in Figure
2.9. Tt should be noted that (i) section V008 has been omitted, as the sediments in this section appear
1o have been reworked by marine and aeolian processes; (ii) section V007 has been omitted, as most
of the section represents a single event sequence, which is at a higher elevation and noncorrelative with
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the other sections (discussed on page 28); and (iii) section V006 has been omitted from Figures 2.9b
and 2.9¢, as the sediments have been disturbed by slope movement and exhibit no primary structures.
Only sections with more than one recognizable event sequence are included in Figure 2.9¢. In general,
coarse sand is observed only in the more proximal sections, whereas fine sand, silt, and clay accounted
for about 70% of the sediment in the more distal sections (Fig. 2.94). Trough cross-bed: are more
frequent proximally and are replaced by tabular cross-beds downflow. Massive sand dominates the most
distal section (Fig. 2.9). Syndepositional deformation in the form of flame structures and convolutions
is also more prevalent distally. The mean thickness of event sequences decreases distally (Fig. 2.9).
Interpretation/discussion

Depositional environment

A sinuous ridge morphology, strong unidirectional flow inferred from sedimentary structures
and paleocurrent estimates, and a lack of bidirectional forms, which may have resulted from waves or
tidal currents at Augustus Hills, suggest that this ridge is an esker rather than a beach ridge, baymouth
bar, or spit. The coastal location, strandlines, and presence of marine shells confirm later marine
reworking.

As soon as the ice retreated during deglaciation, the isostatically depressed land surface was
immediately inundated by a posiglacial sea. As there was minimal postformational disturbance of the
sediments, it is unlikely that they were deposited onto ice. This rules out supraglacial and englacial sites
of deposition (cf. Banerjee and McDonald 1975). Indeed, Powell (1983) has reported that supraglacial
streams are absent and englacial streams rarely flow from tidewater glacier fronts because of their highly
crevassed nature. The ridge must, therefore, have been deposited subglacially or ice-marginally. In
either case, meltwater would have likely debouched subaqueously into high standing water which was
probably brackish.

The sediments are generally similar to subaqueous outwash deposits (e.g., Rust and Romanelli
1978). First, they exhibit proximal to distal fining, which argues for a continuity of scdimentation along
the length of the ridge. Second, depositional processes inferred from the frequency of scdimentary
structures indicate that deposition from suspension dominated the most distal section. Load structures
also indicate high rates of sedimentation from suspension (e.g., Cheel and Rust 1986). It may be
expected that RDXL B would be more common than RDXL A in distal locations. This is not the case,
but may be accounted for by the high frequency of massive units, and units with poorly defined
structure, in distal sections. In this case, the rate of deposition from suspension is inferred to be so
rapid that ripples rarely formed in the under-loose bed. Hydrodynamically, the distal transition from
trough to tabular cross-beds may be attributed to a reduction in stream power or flow velocity and also

implies synchronous sedimentation along the ridge. Third, the mean thickness of event scquences



decreases distally.
Subaqueous outwash commonly contains gravel (e.g., Chee! and Rust 1982). Its absence in

Augustus Hills has scveral possible implications. First, the system may have had insufficient velocity or
power to entrain and transport gravel. Second, gravel may not have been available to the system. The
second possibility scems unlikely, as other smaller eskers in the area and the local till contain gravel.
Third, gravel may be present in the ridge core, although it is not exposed. For example, an arched
gravel core may exist below 47 m asl at the ridge crest and 34 m as) at the flanks. Surficial grave! units
may reproscnt marine winnowed diamicton, which was deposited onto the esker surface from the
stagnating ice sheet, or dropstones from icebergs or sea ice.

The irregular crest line is problematic, as deposition into a standing-water body would have
produced a surface sloping distally. Some undulatory surfaces within the ridge may have been formed
by in-phase waves (Cheel 1991) associated with supercritical density currents (cf. Hand 1974) or
supercritical flow exiting a confined system (cf. Rajaratnam and Subramanyan 1986). The undulatory
character may be a product of time-transgressive sedimentation, or sedimentation into a closed conduit
of nonuniform geometry. However, trends in sedimentary texture and structure and a velatively planar
sedimentary architecture argue against thesc interpretations. The irregular ridge surface may be simply
a product of post-depositional gullying. From the available exposure it was not possible to determine
whether the full sedimentary package (Fig. 2.8) represents a continuous time (vertical) sequence, or
whether vertical and lateral sedimentation were differentiated over time and related to conduit
cxpansion. Such differentiation in vertical and lateral sedimentation over time may account for the
anomalous, noncorrelative, thick (20.3 m) single event recorded in section V007 close to the ridge crest.

The question remains as to whether the site of deposition was subglacial or ice marginal. The
site of deposition must account for low paleacurrent variability, ridge morphology, and lateral faulting.
Taken together, these lines of evidence suggest that sedimentation must have been in an ice-walled
channel (Banerjee and McDonald 1975). There is no diagnostic evidence for or against the presence
or absence of an ice roof during deposition of the exposed sediments. However, as Augustus Hills is
below marine limit, it is reasonable to assume high sea level at the time of ridge formation. High sea
level and lateral ice support favour deposition in a broad ice tunnel flowing full of water. Tt is difficult
to imagine the alternative, a very narrow inlet into the ice front.

Meltwater regime

The most significant observation from the exposed sections is sediment rhythmicity. Each of
these rhythms may represent one event. The textural and structural progression through each sequence
is indicative of waning-flow conditions. Coarsening-upward to fining-upward sequences are inferred to
represent turbidity-current activity. The alternation of ripples and dunes within one event sequence is
inferred to record spatial differentiation of sedimentary structures within a declining meltwater discharge
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sequence, rather than flow-velocity fluctuations. This differentiation may result from ripples climbing
up the stoss side of the dunes and supplying sediment to the dune forescts, or to ripples forming in the
lee of the dunes before being overridden by dune migration (Allen 1982),

Clay drapes were probably produced in standing water when discharge effectively ceased. If
meltwater supply was shut down, sea level would have effectively ponded subglacial meltwater by raising
the height of the piezometric surface (Powell 1990), providing an environment suitable for clay
deposition. Such shutdown is cxpected in winter, hence the clay drapes are used to infer a scasonality
to the rhythmites with relatively thin clay caps. This implies a supraglacial to subglacial connection in
the meltwater system (cf. Hebrand and Amark 1989) and warm-based ice conditions. Although a
scasonal shutdown of meltwater discharge may explain thin clay drapes, it does not account for the
relatively great thickness of some of these units (up to 20 cm). In a tidewater sciting, sali-water
incursion into the conduit during successive winters may have flocculated clays. Thick clay units may
have resulted where clay was continuously supplied by low meltwater discharges near the end of the melt
season and was flocculated upon contact with salt water.

In addition to the seasonal implications of clay drapes, many of the event sequences are
suggestive of quasi-continuous or episodic sedimentation from turbidity currents (cf. Burbidge and Rust
1988). Conversely, the presence of persistent plane-bedded and cross-bedded units is indicative of more
steady, uniform flows. Alternatively, these units may indicate very high energy turbidity currents with
power to transport coarse sands and deposit them as traction bedforms (Allen 1982). Diurnal or
weather-related discharge events affecting subglacial water pressure and subglacial plumbing may have
controlled these sediment pulses (Gstrem 1975; Willis ef al. 1990).

To summarize, Augustus Hills is inferved to have formed subagqueously by deposition in an ice-
walled channel, probably with an ice roof, in stagnant ice. Closcd-conduit conditions are prohable if
high sea levels are assumed. The sedimentation is rhythmic and was probably seasonally controlled.
Pulses within seasonal events may be the result of diurnal or weather-related discharge cvents, or
changes in subglacial plumbing (Gorrel! and Shaw 1991). The disturbed sand at the top of most of the
sections is the product of later ridge modification by marine, mass-movement, periglacial, pedogenice,
and aeolian activity.

Namaycush Lake glaciofiuvial comples
Landform associations/ridge morphology

Namaycush Lake glaciofluvial complex provides an example of the association between an csker,
subaqueous fans and extended deposits, located at the edge of streamlined terrain, and cxtending from
a channel to the north (Figs. 2.1, 2.10 and 2.11). Extended deposits are defined as a zone of hummocky
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of Figure 2.11. See Figure 2.1 for location.
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Figure 2.11.  Air photograph mosaic
showing esker (E), fans (1-3), extended
deposits (4), and scection locations (V(33,
V034) at the Namaycush Lake site. Sce
Figure 210 for location. Air
photographs A16170-49, A16170-10% and
A16170-110 copyright 16 July 1958 Her
Majesty the Queen in Right of Canads,
reproduced from the collection of the
National Air Photo  Library with
permission  of Encrgy, Mincs  and
Resources Canada.
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sediments that occur lateral to, and run parallel to, a bend in the esker ridge. Adjacent streamlined
terrain, escarpment noses, and comma forms indicate flow from the south-southwest, whereas
streamlined terrain to the north indicates divergent flow from the northeast (Fig. 2.1). Ice-cored hills
are present within streamlined terrain (e.g., Sharpe 19923). A broad belt of subaqueous fan sediments
accurs to the south (Fig. 2.10). The esker is continuous for about 27 km and trends south and southwest
across relatively flat terrain, below marine limit. It is a single, sharp-crested, sinuous ridge with no
sedimentary exposures (Fig. 2.11). Three lobate fans extend from the esker (1, 2, and 3, Fig. 2.11). In
addition, extended deposits appear to underlie the main ridge at site 4 (Fig. 2.11).

Sedimentary sequences in fans: observations

Two sedimentary logs were recorded for fans 1 and 3 (Figs. 2.11 and 2.12). Paleacurrents from
RDXL indicate paleoflow with a southward component (130° to 220°; Fig. 2.12; Appendix 1). Fan 1,
the smallest fan, contains silt to coarse sand, with fine sand the most common (section V033; Fig. 2.12).
A number of fining-upward event sequences, varying ir thickness from 1.50 to 0.02 m, are observed.
RDXL A dominates the lower 6 m of the section, whereas massive and plane-bedded sand appear to
dominate the upper part. No clay is present.

Fan 3 contains sediments with a maximum grain size of medium-fine sand (section V034; Fig.
2.12). In detail, the recorded succession comprises a large number of fining-upward packages in massive
sand and silt, with thicknesses varying from a few millimetres to a few centimetres. Only two clay
drapes a few millimetres thick were observed.

Fans and eviended depasits: interpretation

The sedimentary package in fan ! (section V033) indicates pulsed flows with traction processes
having dominated the lower 6 m of the section, and sedimentation from traction and suspension having
dominated the upper part. If clay drapes are interpreted as seasonal markers, their absence in fan 1
suggests that the whole sequence was deposited in a single year (Smith and Ashley 1985). Given the
small size of the fan, this suggestion is plausible.

Deposition from suspension with very little traction transport may be inferred from fan 3
sediments. Thin clay drapes imply seasonal control on sedimentation, and deposition of section V034
over three years is favoured. The event sequences between these clay drapes have a much higher
frequency than those observed in the Augustus Hills esker. Diurnal or weather-related controls, or
changes in subglacial plumbing related to fluctuations in subglacial water pressure within a melt season,
may be inferred for these pulses. The record of numerous within-season pulses suggests that fans
preserve low-magnitude events better than do eskers (Gorrell and Shaw 1991),

The location of the extended deposits at a bend in the esker path may be critical to their
interpretation. When water flows around a bend, a relatively high pressure is created. During high
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meltwater discharges this could cause localized hydraulic lifting of the ice sheet. An increase in
meltwater discharge causes an increased velocity within a conduit, which results in increased sediment
transport. Local uplift at the bend causes local flow expansion and deposition of extended deposits.
When discharge declines, normal high-pressure 2ones are reestablished at the conduit margins, isolating
subsequent esker deposits from the extended deposits. The localized ice floatation inferred here may
require proximity to a grounding line (Gorrell and Shaw 1991) or ice margin that may be represented
by the belt of subaqueous fan sediments further south,

Discussion: depositional environment and meltwater ~egime

The assaciation of a continuous esker ridge with a possible tunnel channel to the north, and a
broad belt of subaqueous fan sediments to the south, suggests a subglacial site of deposition for the
esker ridge at the Namaycush Lake site. The thick belt of subaqueous fan scdiment to the south,
suggests that fan 1 may record an ice-marginal position (cf. Burbidge and Rust 1988), However, the
lack of other cast-west belts of subaqueous sediments and the landform associations at site 4, argue for
subglacial deposition in cavities, perhaps proximal to a grounding line (Gorrell and Shaw 1991), for the
remainder of the fans.

Paleoflow patterns present an enigma in event reconstruction at the Namaycush Lake site.
Whereas the esker sediments indicate a southerly paleoflow, adjacent streamlined forms indicate earlier
northeasterly flow. If streamlined forms, comma scours, and escarpment noses relate to erosive
meltwater sheet flows (cf. Shaw er al. 1989), such exceptional drainage events would have lowered ice-
sheet profiles and may have influenced local distribution of meltwater head, or both, producing a new
hydraulic gradicnt to drive subglacial meltwater in the opposite direction. The lime between the
formation of the streamlined ficlds and the eskers is unknown. It is possible that the esker was formed
by meltwater that was driven by a hydraulic gradient inherited from the event which produced the
streamlined field to the north.

Esker deposits are inferred to record subglacial drainage of meltwater from supraglacial
sources. However, the seasonal melt control on esker sedimentation may be either by direct supraglacial
to subglacial routing or by indirect filtering through a subglacial meltwater system which may also
include linked-cavity or cavity-film drainage (cf. Willis et al., 1920).

Implications for ice-sheet dynomics

Reconstruction of ice-sheet dynamics from landforms requires interpretation of the sediments
within them as well as of their morphology and landform associations. The details and vagaries of
glacial hydrology and hydraulics for three sites on Victoria Island have been outlined. In general, the
landforms produced by erosional events (streamlined forms and tunnel channels) are inferred to record
low-frequency, high-magnitude changes in meltwater discharge related to catastrophic drainage in sheets
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and combined R/N-chanrels, whereas depositional landforms (eskers, associated fans, and estended
deposits) record the subtleties of lower-magnitude, R-channel drainage of predominantly supraglacial
meltwater. Together, these landforms record the activity of subglacial meltwater processes through the
course of deglaciation. A temporal disconnection between the different drainage conditions is suggested
by possible paleoflow reversals between the formation of the streamlined terrain and eskers. Lateglacial
meltwater storage and flow may kave locally altered the low ice-sheet profile (Shoemaker 1991, 19924,
1992h) to produce cross-cutting relationships and even flow reversals between streamlined forms and
eskers. As the streamlined fields exhibit complex cross-cutting relationships (Fig. 2.1), the location of
the proposed M'Clintock dome (Dyke 1984) cannot be relevant to any of the landforms discussed here
(Sharpe 19924, 1992b), whether they were formed by ice or water. Indeed, it is likely that most of these
landforms were formed after glacial maximum (Fyles 1963; Sharpe 1992g, 1992)

It has been suggested that the eskers at the three sites lack major postdepositional disturbance
and have in common a tunnel channel. Conscquently, at least an early phase of esker sedimentation
may have occurred in a subglacial environment. Although it is not possible to unequivocally determine
whether the eskers were formed contemporaneously along their length, or in scgments, time-
transgressively, textural and structural trends in sediments suggest a continuity of processes along their
length. This continuity argues for synchronous scdimentation along the length of the esker ridges, in
subglacial conduits, rather than time-transgressive sedimentation at a retreating icc margin.  This is
supported by a lack of recessional ice-marginal landforms and sediments (Sharpe 19924).

The details of esker sedimentology and morphology have been used to reconstruet local ice-
sheet dynamics. The presence of eskers indicates warm-based or polythermal ice conditions. A
continuous esker at the Namaycush Lake site records seasonally controlled discharges with localized ice
floatation events in a subglacial conduit near a grounding line. The less connected or disconnected
ridges at Augustus Hills and Ferguson Lake sites also record scasonally contralled discharge events and
were produced by a thinning and stagnating ice mass. They may have been deposited in subglacial R-

channels or ice-walled reentrants, the former being more probable.
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CHAPTER 3

Tunnel channels and associated landforms, south-central Ontario:
their implications for ice-sheet hydrology’

Introduction

Some recent literature on subglacial landscapes (Shaw 1983; Shaw and Kvill 1984; Shaw and
Sharpe 1987; Shaw et a/. 1989; Brennand and Sharpe in press) and on dynamic modelling (Shoemaker
1991, 19924, 1992b; Arnold and Sharp 1992) highlights the role of glacial hydrology. With this emphasis
on meltwater action, it is timely to enquire more deeply about the hydrologic system of ice sheets. Such
enquiry may follow three basic paths: (i) theoretical modelling (cf. Shoemaker 1991, 19924, 1992;
Arnold and Sharp 1992); (ii) studies of the hydrology and hydraulics of contemporary glaciers as an
analog for that of former ice sheets (cf. Sharp er al. 1989; Willis et al. 1990); and (i) inference of
process from glaciofluvial landforms and sediment (cf. Shaw ef a/. 1989; Kor et al. 1991; Brennand and
Sharpe in press). In reality, a comprehensive understanding of the hydrology of Pleistocene ice sheets
will only be obtained by combining all of these approaches; contemporary glacial hydrologic theory and
observation must be applied in an attempt to cxplain observed Pleistocene glaciofluvial landforms and
landform assemblages. Such an approach should he rcalist, inferential and broadly uniformitarian
(Baker 19884, 1988b). Above all, inferences from observed landforms and sediment must constrain
theory.

Much recent glacial geomorphic and sedimentologic literature has focused on drumlin genesis
(cf. Menzies and Rose 1987; Shaw ef al. 1989), paying cursory attention to tunnel channels and eskers.
Tunnel channels have often been reported to cross-cut drumlin fields (Wright 1973; Grube 1983; Shaw
1983; Dardis and McCabe 1983; Eyles and McCabe 1989; Moocrs 1989, 1990; Brennand and Sharpe in
press) and contain eskers (cf. Shaw and Gorrell 1991; Brennand in press). Consequently, both tunnel
channels and eskers were formed by meltwater after the formation of drumlins. Here we investigate
channelized landforms to explore, qualitatively, post-drumlin hydrologic conditions in south-central
Ontario.

An anastomosing network of tunnel channels dissccts the southern Ontario landscape (Sharpe
1987; Barnett 1990; Gilbert 1990; Shaw and Gilbert 1990; Shaw and Gorrell 1991; Gilbert and Shaw
1992). We prefer the term tunnel channel, rather than tunnel valley, as cvidence is presented later
which infers bankfull conditions (cf. Mooers 1989). We present detailed maps of the terrestrial tunnel

! A version of this paper has been submitted for publication as:
Brennand, T. A,, and Shaw, I. Tunnel channels and associated landforms, south-central Ontario:
their implications for ice-sheet hydrology. Canadian Journal of Earth Sciences.
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channel system between Tamworth in the east, Norwood in the west, the Shield margin in the north,
and Lake Ontaria in the south (Fig. 3.1). All maps were compiled using air photographs of approximate
scales: 1:15 000 and 1:50 000. Two previously unreported landforms are also described: clongate scours
on drumlinized residuals, and megachannels. We suggest that drumlin fields, the Dummer Moraine,
clongate scours within drumlin fields, megachannels, tunne! channels, transverse ridges within tunnel
channels, eskers, and the Oak Ridges glaciofluvial complex (Oak Ridges Moraine (cf, Duckworth 1979)),
togethe:, record subglacial hydrologic evolution.
Background

The study area includes parts of the Peterborough-Trenton and Quinte-Lake Ontario drumlin
ficlds. The drumlins in the former are oriented north-northeast to south-southwest, those in the larter
are oricnied parallel to the axis of Lake Ontario (east-northeast to west-southwest). The Peterborough-
Trenton drumlin field lies to the south of the Dummer moraine (Barnett et al. 1991), is buried hy the
Qak ridges glaciofluvial complex (Mirynech 1962; G. Gorrell personal communication 1991), and is
truncated by the Quinte-Lake Ontario drumlin field (Fig. 3.1; Shaw and Gilbert 1990). Drumlins in
these fields have variable composition: (i) limestone bedrock, with or without thin diamicton drapes; (ii)
preexisting sorted and unsorted sediments, including glaciolacustrine rhythmites; and (iii) interstratified
sand and diamicton (Deane 1950; Gravenor 1957; Sharpe 1987), Crescentic scours are common around
the proximal ends of drumlins (Shaw and Sharpe 1987), The variable composition, including bedrock,
and the crescentic scours have been used to infer an erosional origin for these ficlds (Gravenor 1957,
Shaw and Sharpe 1987; Shaw and Gilbert 1990; Boyce and Eyles 1991).

While there is general agreement that the drumlins in the Peterborough-Trenton drumlin field
are crosional forms, the mechanism of erosion is much debated. Boyee and Eyles (1991) argued that
the drumlins were carved beneath an ice stream by subglacially deforming sediment. Others argued for
crosion by catastrophically released meltwater sheets (cf. Shaw and Sharpe 1987). We continue to
favour the meltwater hypothesis since Boyce and Eyles (1991) provide no substantive evidence to reject
it, and their own hypothesis is problematical for the following reasons:

1. The well records they use are crude and, while they may permil reconstruction of a coarse
stratigraphy, they do not provide the information needed to determine sediment genesis and age.

2. There is no systematic mapping of deformed sediment over the surface of drumlins or between them.
Detailed logs of sedimentary sequences in drumlins of the Peterborough and associated fields indicate
undeformed sediment and intact stratigraphy within less than one metre of the landsurface (Shaw 1983;
Sharpe 1987; Shaw in press).

3. There is nothing to indicate the margin of the postulated ice stream, and the expected sediment
accumulation at its terminus does not exist (Gravenor 1957). In this regard, Boyce and Eyles (1991)
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present no evidence for their depicted limit of the Simeoe lobe, yet large quantities of sediment are
expected at the terminus of an icc stream carrying an enormous flux of subglacial sediment (Alley ef a/.
1989).

4. The flow directions they propase to the south and west of the postulated Simcoe Lobe limit are
supported neither by drumlin morphology and orientation, nor by meltwater channels between drumlins.
S. Whereas, Boyce and Eyles (1991) state that there is an absence of eskers in the southern part of the
ficld, Barnett et al. (1991) (Fig. 3.1) clearly show linear glaciofluvial deposits through this area.

6. We show that eskers are in tunnel channels that truncate drumlins, Esker conduits may also have
fed sediment to the Oak Ridges glaciofluvial complex. Thus, eskers and the Oak Ridges glaciofluvial
complex were possibly contemporaneous and the complex is younger than the drumlins. Consequently,
Boyce and Eyles (1991) are incorrect in their assertion that a drumlin-forming ice stream overrode the
Qak Ridges glaciofluvial complex; the complex actually buries drumlins (Mirynech 1962; G. Gorrell
personal communication 1991). As well, the connection that they make between eskers and subglacial
drainage at the time of drumlin formation is invalid because the two landforms were created at different
times (cf. Shaw 1983; Brennand and Sharpe in press).

By using the meltwater hypothesis and reconstructing flow lines based on drumlin orientation,
twa catastrophic meltwater sheet events have been proposed for southern Ontario: (i) the Algonquin
event swinging from the north and northeast, southeastwards across Lake Ontario and diverging over
northern New York State, responsible for the Peterborough-Trenton and northern New York State
drumlin ficlds; and (i) the Ontarian event flowing from the northeast along Lake Ontario, responsible
for the Quinte-Lake Ontario drumlin field (Shaw and Gilbert 1990).

Our interest here is in subglacial hydrologic evolution in the period following the main drumlin-
forming event (Algonquin cvent, Shaw and Gilbert 1980). Sheet-flow scouring, megachannels,
anastomosing tunnel channels, eskers, and transverse ridges originated, or were reactivated, during this
period. Each landform type is described and interpreted independently. Landform associations are
identificd, paying particular attention to cross-cutting and superimposed relationships. From these
relationships we elucidate a sequence of hydrologic conditions and events over the course of deglaciation
in south-central Ontario. Finally, the Dummer moraine and Oak Ridges glaciofluvial comg.iex are briefly
discussed in the context of the proposed sequence. Our findings provide a framework for further field
testing.

A subglacial sheet flow with a sculpted bed (drumlins) and confining ice surface describes the
initial conditions for landforms formed immediately after drumlins. Thus, the starting conditions for
post-drumlin-stage landforms include a drumlin-covered hed and a counterpart ice bed, in phase with
the drumlins and separated from them by a high-velocity meltwater sheet. In this model, as the flow
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wancs and the ice settles to the bed, local flow conditions depend on the geometry of the meliwater
sheet. A geometric model of ice base-bed interaction underpins our explanation of the evolution of
tunnel channels and associated landforms,

Moadelling of geometric interactions

Brown e/ al. (1986) and Brown (1987, 1989) modelled progressive channelization for fluid flow
through rock joints. They brought two rough, mismatched surfaces together and simulated viscous
laminar flow between the surfaces over a range of gap widths. At large scpaiation. the flow geometry
is litde affected by interaction with the surfaces. At small separation, the flow is largely controlled by
gap geometry. A similar, but more complicated phenomenon, is considered for the western part of the
study aren. We assume that the icc and bed had nested morphology - the positive forms (drumlins) on
the bed fitted exactly into corresponding inverted erosional marks in the ice bed. A necessary
simplification of the model is to assume no erosion or deformation of the ice bed as it approached the
drumlinized surface during waning Now.

A real drumlin landscape was digitized and surfaced (BED, Fig. 3.24). A second surface was
duplicated with an initial 30 m gap width between this surface and the BED (ICE = BED + 30 m, Fig.
3.2a). The surfaces were brought together along a horizontal plane until they interlocked. The new gap
width was calculated as (ICE - BED) to generate a RESIDUAL volume (Fig. 3.2b). This residual may
be represented as a surface (Fig. 3.2b). But the low points on this surface are actually points of low gap
width, where discharge would be reduced, and the high points are arcas of high gap width, where
discharge would be greatest. Discharge in these cases being measured per unit width. As it is casiest
to visualize zones of high potential flow as low points, the gap width surface is best inverted (Fig. 3.2¢).
A classed contour map of water depths with potential flow lines on the inverted surface (Fig. 3.2¢) is
presented (Fig. 3.3).

Some connected channcls (continuous flow lines) may be drawn across the entire model surface
(Fig. 3.3). Such connected channels may be the precursors to tunnel channcls. Potential flow lines form
an anastomosing pattern (Fig. 3.3). In places, to maintain continuity, flow is inferred to have heen
upslope; in other places, channclized flow may have connected cavities or localized sheet flows to one
another and to adjacent channels. These latter flows (dashed arrows in Fig. 3.3) may produce the late-
stage sheet flow scours discussed next. Smaller initial gap widths gave similar results and, conscquently,
they are not presented here.

Late-stage sheet flow scours hetween drumling
Description

The western half of the study area lies within Peterborough-Trenton drumlin field, and exhibits

numerous clongate, relatively narrow, deep scours (arrows on western partion of Fig. 3.4; Fig. 3.5).
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Figure 3.3. Classed contour map of potential water depths on the inverted surface (Fig. 3.2¢). Grey
scale class interval 10 m (white, 0 m to -10 m). Potential channclized flow within declining sheet flow
(black arrows); potential channelized flow connecting cavities to other cavitics or channcls (dashed
arrows).
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These lincar scours are generally less than 1 km long and are differentiated from primary drumlin scours
(which, by definition, demarcate each erosional drumlin), in that they are commonly sinuous, do aot
demarcate drumlins, and may cven truacate them. They are less clearly defined, shallower, and
discontinuous compared to tunnel channels; they start and end abruptly, and are disconnected. It should
be noted that the arrows on the castern portion of Figure 3.4 represent scour zones, which are primarily
associated with blind-cnded tunnel channels rather than drumlinized residuals. They are discussed later.
Interpretation

While it is possible that some of the elongate scours marked on the western portion of Figure
3.4 may simply be associated with initial drumlin formation, the fact that most appear to be incised
decper than individual drumlin-demarcating scours, leads to two possible interpretations. First, they may
record localized scour at the end of the inferred drumlin-forming, subglacial meltwater sheet flood event.
With the initiation of ice-bed recoupling, towards the end of the flood event, the sheet would have begun
to break up into discrete streams. Mcltwater sheets are inherently unstable due to thickness
perturhations (Walder 1982). Spatial variation in meltwater sheet thickness produces greater viscous
heat dissipation and melt rates where the sheet is thick, This favours channelization, even when ice and
bed surfaces are relatively planar. The ar'ded influence of geometric interaction between the ice base
and bed on sheet thickness (Figs. 3.2 and 3.3) increases the likelihood of the formation of channels of
different magnitude. Initially, channelization would have accurred within a sheet. With further collapse
and pinning, a discontinuous sheet or "punctuated water sheet” (Weertman 1972) would have developed.
As meltwater was under hydrostatic pressure, it would have been capable of flowing upslope between
cavities created by the contact of the two rough surfaces (Figs. 3.2 and 3.3). Depending on local
pressure gradients and local meltwater discharge, channels probably connected areas of broad sheet flow
in cavities, thereby effecting flow continuum. Elongate scours in the present landscape represent local
channelized flow at a late stage in the sheet fluad,

As the base of the ice sheet deformed and began to drape the basal topography, some
meliwater paths would have been pinched off, diverting flow into others which scoured further. Thus,
discontinuous scour zones are observed, on what are now drumlinized residuals, or interfluves, hetween
tunnel chanaels.

A second explanation for some elongate scours is also plausible: they may record tunnel channel
overbank events. In the western, drift-dominated region, such events may have produced localized scour
between drumlins on residuals. Greater surface relief in the drumlinized landscape may have inhibited
the formation or maintenance of localised sheet flow which is inferred for tunnel channel overbank
events in the cast (discussed later), where local topography is more subdued. These overbank events
may have happened in the waning stages of sheet flows when meliwater discharge was highly

nonuniform. If some meltwater paths became locally blocked by ice or sediment, flow would have been



49

diverted and concentrated in other channels, causing localized high meliwater discharges there.
Overbank events are discussed further in connection with the tunnel channel system.

Most scours described here a5¢ inferred to record mainly the final stages of a meltwater sheet
event (Algonquin event, Shaw and Gilbert 1990), It is possible that scours were initiated as late-stage
sheet flow scours, and were later enhanced during localized tunnel channel overbank events. By
extension, tunnel channels (discussed later) are inferred to record the culmination of these progressive
channelization and flow diversion processes.

Redrock geology and megachannels
Description

The study area is divided into two major geologic regions: the Precambrian Shield to the north,
and the Paleozoic limestones to the south (Ontario Geological Survey 1991). The Black River-Trenton
escarpment marks this lithologic break (Fig. 3.1). The north-facing scarp extends for approximately 290
km; from Midland on Georgian Eay to Kingston at the eastern end of Lake Ontario (Hewits 1904). This,
Precambrian-Paleozoic boundsiy is serrated, exhibiting a number of Precambrian reentrants (for
example at Beaver Lake and Stoco Lake, Figs. 3.6 and 3.7; Carson 1981g). Precambrian lithologies
(Grenville Province) include felsic to ultramafic plutonic, and metasedimentary rocks, that is, granite,
granodiarite, migmatite, gabbro, marble, conglomerate and breecia. Quaternary sediments are less than
1 m thick on the Shield (Barnett 1992). Paleozoic rocks are primarily limestones, mudstones and shales
of the Gull River, Bobcaygeon, Verulam and Lindsay Formations (Fig. 3.6; Carson 1980, 1980h, 1980,
1981q, 1981, 1981¢).

Paleozoic outliers, up to 14 km from the main boundary (Carson 1980h), suggest that the Shield
margin was north of its present location prior to the last glaciation (Fig. 3.6; Mirynech 1962). These
outliers range in size from a few hundred m® to S km?; and may stand up to 4 m ahove the surrounding
Precambrian surface (Carson 1981a). Paleozoic strata form a south-dipping homocline, inclined at ~3.8
m km! or ~02° (Kay 1942; Winder 1954g, 1954b; Liherty 1960). However, localized domes
(monadnocks; Kay 1942; Liberty 1960) occur in the Palcozoic rocks, associated with buried hills on the
Precambrian basement. Such localities may also exhibit Precambrian inlicrs (e.g., ~12 km cast-
northeast of Belleville, Fig. 3.6; Carson 19814, 1981h, 1981¢).

Associated with major tunnel channels and Precambrian reentrants in the Kingsford, Beaver
Lake-Marlbank, and Stoco Lake areas (castern portion of study area), are lobate rcentrants of
Bobcaygeon, and to a lesser extent Gull River, Formations into the younger Verulum Formation (Fig.
3.6). These reentrants are up to 8 km wide and 27 km in length. Bohcaygecon Formation reentrants
of & similar scale are not observed in the western portion of the study arca. While the reentrants

extending through Kingsford and Marlbank are 10 some extent fault-controlled (Carson 1981¢; Ontario
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Gealogical Survey 1991), the one in the Stoco Lake area is not (Fig. 3.6).
Interpretation

The large lobate reentrants of Bobcaygeon and Gull River Formations extending into arcas of
younger Verulam Formation are interpreted as subparallel scour zones. The agent of scouring may have
been: (i) preglacial tributaries of the proposed ancient Laurentian River, some of which may have been
fault- or joint-controlled (Wilson 1904; Mirynech 1962); (ii) glacial erosion; (iii) megachannel or narrow
sheet flow (Shoemaker 1992h) activity associated with meltwater sheet break-up, and perhaps
contemporancous with late-stage sheet flow scouring in the western part of the study area; or (iv)
scouring associated with episodic overbank flow from tunnel channels. Wilson (1904) proposed
preglacial drainage lines along all three major lobate Bobcaygeon reentrants. She also proposed similar
drainage lines for other parts of the castern portion of the study area, but these are not expressed as
lobate geologic reentrants. This may be explained by either differential incision by the preglacial rivers,
or by some other process, or processes, that have enhanced some channels. Reentrants may have been
enhanced by differential glacial erosion along the valleys of preglacial sireams. However, the existence
and preservation of s-forms in the Kingsford reentrant (at Marysville, ~7 km northwest of Deseronto,
Fig. 3.6; Gilbhert ¢f al. in press) suggest that glacial erosion alone was not responsible for reentrant
formation. Indeed, striae are observed only to ornament well-preserved s-forms (¢f. Gorrell and Shaw
1991; Gilbert and Shaw 1992). Perhaps preglacial rivers, glacial abrasion, subglacial megachannel flow
and tunnel channel overbank flow, all contributed to the erosion exposing the Bobcaygeon and Gull
River Formations.

In view of the evidence for sheet floads, a combination of scour in relatively narrow zones as
the meltwater sheet became discontinuous and overbank surges from tunnel channels is probable, Thus,
during ice-bed recoupling, the ever-changing geometry of the gap between the ice and its bed would
have produced continual change in meltwater routing and, consequently, in local meltwater discharge.
Megachannel and tunnel channel averbank flow may have occurred in sequence; broad scouring in
megachannels or narrow sheets during sheet break up, followed by enhanced scour by tunnel channel
overbank flows.

A lack of similar large-scale lobate reentrants in the western portion of the study area is best
explained by the greater thickness of glacigenic sediments there. Glacigenic sediment thicknesses are
generally less than 10 m in the cast (Leyland and Mihychuk 1983), and greater than 60 m in the west
(Leyland 1982; Leyland and Mihychuk 19844, 1984b). Thus, subglacial meltwater erosion in the east was
primarily into bedrock, while in the west erosion was largely of glacigenic sediments, and was influenced
by a rough ice base-bed interface geometry (Figs. 3.2 and 3.3). If this were the case, scouring of these
megachannels must have post-dated deposition of the thick glacigenic sediments in the west, and may
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have been contemporancous with late-stage sheet flow scouring in the cast.

The megachannelized seour zones are interpreted to have been cnhanced subglacially because
the latest episode of scour is presumed to be younger than subglacial deposits. They are intimately
associated with tunncl channels exhibiting paths against regional gradient (Gilbert 1990), and they were
likely initiated prior to extensive tunnel channcl dissection. Tn this contest, these scour zones may well
record transitional subglacial hydrologic conditions between an extensive meltwater sheet and relatively
narrow tunnel channels, although their cnhancement by scour during tunnel channel overbank cvents
cannot be ruled out.

Tunnel channel system
Description

South of the Shield margin, couthern Ontario is dissected by a complex, anastomosing network
of channels (Figs. 3.4 and 3.7; cf. Shaw and Gilbert 1990; Shaw and Gorrell 1991). Most channels are
connected, and form an integrated system. These channels reach a maximum of ~9% km in length and
are 160 to 4200 m wide, in the study arca (Fig. 3.4). Where bedrock is exposed, channels are incised
up to 30 m below the surrounding land surface (e.g., around Kingsford, and south of Beaver Lake; Figs.
3.4 and 3.8). Major channels are oriented approximately northeast-southwest, hut are interconnected
by channels lacking a preferential orientation. The orientation of major channels and palcocurrent
directions estimated from esker scdiments within them (Brennand in press) suggest that hoth were
formed by flows from northeast to southwest. In places, these channels are well defined and incised into
bedrock (Fig. 3.8) or glacigenic sediment (Wilson 1904; Mirynech 1962); in athers, they are scour zones
which truncate drumlins (oriented north-northeast to south-southwest) within the Peterhorough-Trenton
drumlin field (Fig. 3.9).

The channel system in this study is part of a more extensive system which extends westward to
southern Georgian Bay (Barnett 1920), castward to Kingston (Shaw and Gorrell 1993; Shaw and Gilhernt
1990), and southward into Lake Ontario (Gilbert 1990; Shaw and Gilbert 1990; Gilbert and Shaw 1992).
Sharpe (1987) noted a complex tunnel channel system in the arca between Norwood and Peterborough.
There are similar channels within the northeastern part of Lake Ontario (Gilbert 1990); Shaw and Gilhert
1990; Gilbert and Shaw 1992), and northern New York State (Muller and Cadwell 1986; Mullins and
Hinchey 1989). These channels are not related to the modern drainage pattern (Fig. 3.4; Gilbert and
Shaw 1992). In places they are occupied by underfit crecks, and exhibit well-preserved glacial landforms
such as drumling, eskers and transverse ridges on their floors (Fig. 3.4). Consequently, there can have
been little postglaciai modification of these channels (Gilbert and Shaw 1992).

East of Tweed, the channels are easily observed on LANDSAT images. Figurc 3.7 is 4 contrast-
stretched, edge-enhanced image (portion of LANDSAT 4, TM 16-29, band S, taken 24-Oct-82) of the

northeastern part of the study area. Channels are easily observed in band S (mid-infrared, wavclength:
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1.55-1.75 um) as many arc now occupied by glaciolacustrine scdiments (Leyland 1982; Leyland and
Mihychuk 1983, 1984, 1984b; Leyland and Russell 1984), are poorly drained or wetter than surrounding
residuals, and are marshy. Consequently, they are poor reflectors of band § radiation and appear dark
on Figure 3.7 (cf. Lillesand and Kicfer 1987, p.S67; Gupta 1991, p.31).

Channcl path is against contemporary regional gradient (Gilbert 1990). As most of the channels
are partly filled with glaciolacustrine sediment, and without drilling or geophysical investigation, it is
difficult to determine terrestrial channel long profiles. However, the high-stand shoreline of Glacial
Lake Iroquois gives a proxy datum for latc-glacial times. {f channel profiles are related to this plane
they occur helow lake level in the cast, and occasionally above lake level in the west (Fig. 3.10). As the
paleacurrents in the channels were from northeast to southwest, and the channel slopes were towards
the northeast, water flow was upslope and must have been subglacial. In addition, undulating long
profiles are a result of uneven incision along channels. Some channels even contain a number of lake
basins along their axis (e.g., Beaver Lake-Marlbank channel, Figs. 3.4, 3.7, and 3.10). In eastern Lake
Ontaria, Gilbert (1990) also noted channels with undulating long profiles and deep scour pools. Some
channel beds are striated and grooved (Wilson 1904). In places, these grooves have been identified as
s-forms using the terminology of Kor er a/. (1991) (Shaw 1988; Gilbert 1990; Shaw and Gilbert 1990;
Gorrell and Shaw 1992; Gilbert and Shaw 1992),

Although channel identification is difficult north of the Black River-Trenton escarpment, Wilson
(1904) suggests that some may extend headwards onto the Shield. Channel paths do not seem to have
been geologically controlled south of the Shield margin, although some channel walls do follow
Formation boundaries. Precambrian reentrants along the Black River-Trenton escarpment, and
steuctures in the Shield to the north, may have facilitated flow channelization (Figs. 3.4, 3.6, and 3.7).

Channels extend through the Dummer Moraine whick is mapped as continuous across the
northern portion of the channelized landscape in this region (cf. Fig. 3.1; Leyland and Mihychuk 1983,
1984b; Leyland and Russell 1984; Barnett ef al. 1991). However, this relationship is complex; Dummer
Moraine is observed in some large and small channels, but not others. Drumlinized residuals, eskers
and fields of transverse ridges lic within some of the larger channels (Figs. 3.4 and 3.5). Some small
eskers are also observed on residuals (Fig. 3.4). Tunnel channels appear to be buried by the Qak
Ridges glaciofluvial complex (Fig. 3.4; Shaw and Gorrell 1991).

There are two distinet morphological sets of tunnel channels, one to the east and one to the
west, connected through a central transitional zone. The eastern set coincides with the predominantly
bedrock zone, and the western set with thick, d:umlinized glacigenic sediment (Barnett ef al. 1991),
Although some channels extend across the entire region (e.g. the Beaver Lake-Marlbank channel, Fig.
o the contrasting morphologies are described separately.
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Eastem channels: description

East of a line between Tweed and Belleville (Fig. 3.4), channels are primarily cut into Paleozoic
hedrock. These channels are mostly flat floored and flanked by steep walls (Fig. 3.8; Mirynech 1962).
Channe! incision left streamlined residuals.

Residual limestone escarpments are often convex upflow, forming streamlined noses (Figs. 3.4
and 3.7). Most escarpments delincate boundarics between limestone Formations or Members (Figs. 3.4
and 3.6). Escarpments formed at a number of levels, in a *staircase’ rising progressively in a downflow
(south and southwesterly) direction; each lower lc.el delincating 3 more confined channel. Inset
channels and multiple escarpments are particularly prevalent close to the Shicld margin (e.g., around
Beaver Lake, Figs. 3.4 and 3.7).

In some locations, shallower, higher channels appear to have been left ‘hanging' above deeper,
lower channels; in others lower and upper channels are gradationally connected. Hanging tributary
valleys are also associated with buried channels on the Scotian Shelf (Boyd ef a/. 1988). Some major
channels, such as Tamworth-Kingsford-Salmon River and Beaver Lake-Marlbank channels, follow
regional fault systems (cf. Ontario Geological Survey 1991; Gilbert and Shaw 1992). In the southeast,
many channels appear to be blind-ended. Headwards or downflow of distinet walls, channels merge into
more indistinct and wider scour zones (arrows on the castern part of Fig. 3.4; Fig. 3.11). Around
Marysville (~7 km northwest of Deseronto, Fig. 3.4) some adjacent flutes appear to be aligned paralle!
to channels, rather than with the flow directions of inferred regional meltwater-sheet events (Shaw and
Gilbert 1991; Gilbert et al. in press).

Many channels contain bedrock or sediment erosional residuals. Some of these are aligned
parallel to drumlins on adjacent interfluves, others are aligned parallel to channel walls (Figs. 3.4, 3.7,
and 3.11). The geology of channel floors is highly variable; Paleozoic and Precambrian bedrock,

mapped (Leyland 1982; Leyland and Mihychuk 1983; Leyland and Russell 1984). In addition, some of
the larger channels contain esker ridges and associated deposits (Fig. 3.4; Shaw and Gilbert 1990; Shaw
and Gorrell 1991; Brennand in press). The geology in the channels is similar to that of the residuals
or interfluves; in the northeast residuals are of Precambrian and Paleozoic bedrock, and Dummer
Moraine; in the southeast, they contain Paleozoic bedrock and till.

Westers channels: description

West of a line between Stirling and Trenton, smaller, more complexly anastomosing channels
dissect the Peterborough-Trenton drumlin field (Figs. 3.4 and 3.5). These channels, which are mainly
cut into glacigenic scdiment, are narrower and are more closely spaced than eastern channels.
Nevertheless, there are four larger, northeast to southwest oriented channels in this region: one through
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Tweed or Beaver Lake-Marlbank to the Oak Ridges glaciofluvial complex; one through Campbellford;
onc along the Trent River-Rice Lake axis; and one through Norwood (Fig. 3.4). The channels are not
structurally guided, and even the curvilinear westward extension of the Point Anne-Campbellford fault
system (Ontario Geological Survey 1991) has not influenced channel location. The major channel
extending through Campbellford begins at a Precambrian reentrant (Figs. 3.4 and 3.6).

Northwestern channels dissect residuals composed of Paleozoic bedrock, Dummer Moraine and
till (leyland and Mihychuk 1984g). Southwestern channels dissect residuals containing till with
glaciolacustrine drape (Leyland and Mihychuk 1984b). Channels in hoth areas contain or expose
glaciolacustrine sediment, organic sediment, and till. In the northwest, channel floors locally reveal
Paleozoic bedrock (Leyland and Mihychuk 1984q).

Interpretation
Any landscape represents a palimpsest of landforms and environments, The channels of south-

central Ontario may have any one, or 4 combination, of five possible origins. First, they may be related
to a preglacial fluvial system. Certainly some channels appear to follow the inferred route of preglacial
tributarics of the ancient Laurentian River (Spencer 1891; Wilson 1904; Gravenor 1957; Mirynech 1962).
But, ohservations that channel path is against regional gradient, channe! long profiles undulate, channel
pattern is integrated and anastomosing, and channels truncate other glacial landforms (such as drumlins
and the Dummer Moraine) require further explanation than preglacial fluvial incision alone.

Second, they may be structurally « antrolled - associated with regional fault or joint patterns
(Mirynech 1962), or karstic landform systems (¢f. Ford 1987). Yet, the coincidence of some channels
with regional fault systems (cf. Ontario Geological Survey 1991) in no way explains their formation, it
merely accounts for their location (Barnett and Kelly 1987; Gilbert and Shaw 1992). It should be noted,
as well, that not all fault systems are utilized by channels (cf. McFall 1990; Ontario Geological Survey
1991); some channels are cut into thick glacigenic sediment, and their formation was, consequently,
unaffected by the structural weakness and resistance to erosion of underlying bedrock.

Third, they may have been eroded by glacicr ice alone (Carlson ef a/l. 1982; Grube 1983; Kriger
1983).  Striae are superimposed on s-forms, suggesting that glacial abrasion caused at least
ornamentation. Tt is also possible that glacial erosion (plucking and abrasion) may have occurred prior
to s-form formation. Itis, however, difficult to rationalize an anastomosing channel pattern with glacial
erosior: ¢s a primary formative agent.

Fourth, they may have been ice-marginal spillways or proglacial channels. Subglacial eskers
located in the bottom of some channels (Brennand in press), and the upslope flow inferred in channels,
preclude these explanations.

Fifth, the favoured origin is that they may be tunnel channels eroded by subglacial meltwater,

The integrated, anastomosing network of channels is interpreted as a result of contemporaneous erosion
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by catastrophic, channelized subglacial mcltwater (Wright 1973; Shaw 1983; Shaw and Kvill 1984; Boyd
et al. 1988; Shaw 1988; Ehlers and Linke 1989; Shaw er al. 1989; Barnett 1990; Gilbert 1990; Shaw and
Gilbert 1990; Shaw and Gorrell 1991; Gilbert and Shaw 1992; Loncarevic ef al. 1992; Shoemaker 1992b).
A number of obscrvations lead to this inference. First, the anastomosing pattern argues for a meliwater
origin. Second, landform relationships dictate crosion in a subglacial environment; channels truncate
drumlins and contain cskers, both of which have been interpreted as subglacial landforms in south-
central Ontario (cf. Shaw and Sharpe 1987; Shaw and Gilbert 1990; Brennand in press). Third, flow
paths were against contemporary regional gradient, and appear to have been upslope in relation to
once-level plane demarcated now by the high-stand shoreline of Glacial Lake Troquois.  In addition,
individual channels have undulating long profiles as is evidenced by separate lake basins along the
Beaver Lake-Marlbank channel axis (Fig. 3.4). Subaerial fluvial activity cannot produce upslope flow
paths. But, such paths and undulating long profiles may be produced by flowing water under hydrostatic
pressure beneath an ice sheet (Shreve 1972, 1988g, 1985h). Fourth, the scale and integration of the
system suggest contemporaneous operation, and necessitate catastrophic discharges which were not
sustainable for long periods (Wright 1973; Boyd et al. 1988; Shaw er a/. 1989).

It is not our intent to suggest that these channels have resulted solely from subglacial
channclized meltwater incision. Subglacial meltwater flow is governed in part by icc surface gradient,
but it will tend to favour topographic lows or structural weaknesses (Shreve 1972, 19854, 1985h). It is,
therefore, plausible that meltwater would make use of preexisting valleys (Gilbert 1990), surficially
expressed faults (Gilbert and Shaw 1992), and less resistant bedrock strata or surficial scdiment. There
may also have been multiple tunnel-channel events. 1t would be intercsting to know if stacked channels
exist in the western subsurface record, similar to those reported in the North Sea (cf. Long and Stoker
1986; Cameron et al. 1987; Ehlers and Wingfield 1991).

There are three main theories on tunnel channel formation which focus on meltwater as the
primary agent of incision. The debate centres around whether meltwater discharge was catastrophic or
more steady-state during tunnel channel formation; whether the channcls were formed
contemporaneously or time-transgressively; and whether the basal subsirate had any bhearing on their
genesis or form. It has been suggested that tunnel channels may have been cut by: (i) relatively steady-
state, longer-term, subglacial meltwater discharges of basally produced meltwater along the entire length
of laterally-migrating R-channels (Rathlisberger 1972), possibly with deformation of subglacial sediments
into these channels and removal of this material by fluvial action (Woodland 1970; Boulton and
Hinu marsh 1987; Mullins and Hinchley 1989); (ii) subglacial meltwater discharges confined to a short
distar.ce behind the ice margin and operating seasonally (Mooers 1989, 1990), or formed ai the ice
margin catastrophically (Wingfield 1990), producing channels time-transgressively with ice retreat; or



62

(iii) contemparaneous occupation and incision of the entire channe! system by catastrophic, channelized
subglacial meltwater flow (Wright 1973; Shaw 1983; Boyd ef a/. 1988; Shaw 1988; Shaw e al. 1989;
Barnett 1990; Gilbert 1990; Shaw and Gilbert 1990; Gilbert and Shaw 1992; Loncarevic ef al. 1992;
Shoemaker 1992b). The scale and integration of the system in south-central Ontario refute both (/) and
(i0). In addition, the tunne! channel system forms a complex anastomosing network which is intcgrated
across changes in basal substrate: bedrock in the cast and glacigenic sediment in the west. If subglacial
deformation was intcgral to tunnel channel formation in the west, it would have had to have been
laterally constrained (not pervasive), as adjacent drumlins are truncated, not destroyed. Such lateral
constraint on subglacial deformation into low pressure channels has been demonstrated in theory by
Alley (1992). However, to resolve this question, it is also essential to test the deformation theory by
cxamining sediment adjacent to the channels. In this regard, Barnett (1990) observed no deformation
in glacigenic sediments constituting channe!l walls west of Lake Simcoe. It is perhaps possible to argue
that the eastern channels are Nye-channels (Nye 1973), while the western channels are formed by
comhined R-channel/subglacial deformation processes (cf. Boulton and Hindmarsh 1987). However,
as Wingficld (1990) points out

"The multiplicity and similarity of the incisions would suggest that they were all formed

hy the same commaonplace mechanism in accordance with the tenet of Occam's Razor”

(Wingfield 1980, p. 42-43).

Consequently, alternative (iii) seems most plausible, and is investigated further.

The concept of catastrophic subglacial meltwater discharges through the entire channel system
is a logical extension of inferences about subgiacial hydroiogic conditions associated with other
landforms investigated so far. The tunnel channel system is inferred to represent more constrained
channelized conditions following late-stage sheet flow and megachannel scouring. At this time, a
reduced meltwater discharge would have resulted in geometric interaction between the ice base and bed,
and consequent thermodynamic feedbacks (Walder 1982; Shoemaker 1992b) within a punctuated
meltwater sheet (zero thickness at some locations; Weertman 1972).

In the cast, interaction between a relatively planar bedrock surface with s-forms, and a similar,
but inverted, ice base geometry, may be expected to give rise to initial waning stage flow geometries
intermediate between sheets and channels - megachannels. Such broad flows are inherently unstable
(Walder 1982). As meltwater discharge declined, progressive channelization would have utilized
preexisting channels or lines of geologic weakness. In this sense, the location of incipient channelization
is stochastic. However, subglacial meltwater is driven by a pressure gradient at the bed and, by
continuity, would have flowed to the ice-sheet margin. Thus, incipient channels must be connected. At
the commencement of channel incision it is plausible that not all channels were connected; indeed, the
observation of blind-ended channels and unconnected channels attest to this process ‘frozen in time’
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(Figs. 3.4 and 3.11). Connection between such channel segments may have been by relatively wide,
shallow sheet flows, which lacked the velocity to incise deeply into the bed. Potcntial paths of such
localized sheet flows are indicated by arrows on the castern portion of Figure 3.4,

In the west, the cffect of the interaction of hasal ice and bed geometries on meltwater flow
paths would have been more complex. Ice-bed recoupling would have been spatially chaotic, governed
primarily by local interactive ice base-bed gcometries and meltwater routing (Figs. 3.2 and 3.3). Early
drainage would have been by linked channels and broad cavities or sheets. Over time, changes in
relative pressurcs between channels may have created local pressure gradients which facilitated
channelization in meltwater sheets over basal highs, therehy dissecting drumlinized residuals, and
creating new channels (late-stage sheet flow scours). As discharge declined further, meliwater flow
paths would have most probably become blocked where gap widths were smallest, that is along sheet
segments, as the ice and bed recoupled. Meltwater would have then been rerouted into connected
channels. Such diversion would have increased meltwater discharge along the new path. This may have
produced local overbank events during a period of predominantly channelized flow. In this manner, new
channels may have been created by avulsion, causcd by and causing a concomitant rearrangement of
pressure gradients.

In the east, such diversion and overbank flow may have been responsible for flutes aligned
parallel to channels rather than to adjacent drumlin axes (Shaw 1988; Shaw and Gilbert 1996; Gilbert
and Shaw 1992; Gilbert et al. in press), and the enhancement of multiple cscarpment levels such as those
just south of Beaver Lake (Fig. 3.4). Shoemaker (1992h) suggests that tunnel channels cannot develop
into sheet flows as ice head will be reduced, due to ice thinning after a catastrophic meltwater sheet-flow
event. However, the overbank events suggested here would have been the product of flow diversion and
locally increased meltwater discharge. It is cqually plausible that these channel-parallel flutes may have
been formed at a transitory phase between sheet and full tunnel channel conditions, when the flow was
in the process of progressive channelization.

As the tunnel channels, in their present form, are inferred to be end points of a catastrophic
subglacial meltwater sheet event, they are not envisaged to be long-lived. Anastomosing tunnci channels
are related, by some authors, to extreme discharges that can only be sustained for short periods (Wright
1973; Boyd er al. 1988; Shaw et al. 1989). In addition, the fact that they contain drumlinized residuals
and Dummer Moraine deposits suggests that this final tunnel channel occupation, which along with the
inferred meltwater sheet event probably marked the beginning of deglaciation, was not powerful enough
to completely remove these landforms. Again, this suggests multiple occupancy of the castern channels,
with the main erosive activity occurring before formation of the Peicrborough-Trenton drumlin ficld

(Algonquin event, Shaw and Gilbert 1990). At some time between an carlier tunnel channc! phase and
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their last occupation, it is likely that channcls were filled with glacigenic sediment, most of which was
removed during the final tunncl channel phase. This inference is made because western tunnel channels
are cut into glacigenic sediment which was drumlinized by the Algonquin cvent (Shaw and Gilbert 1990),
and eastern channels still contain sowme drumlinized material and Dummer Moraine deposits. In other
words, western tunnel channels may have been incised solely by the last tunnel channel phase, while
most eastern tunnel channels were simply enhanced and reexcavated at that time, although somc minor
channels were perhaps added then. It is likely that the multiple-generation, bedrock-incised channels
in the east, to some extent, governed the location and pattern of single-generation, drift-incised channels
downflow (in the west of the study area). The glacigenic scdiments to the west may cven bury tunnel
channels that were earlier cxtensions of those to the northeast.

The anastomosing pattern of the tunnel channels descrves comment. In subacrial covironments
an anastomosing pattern is the product of bank cohesion and clevation of base-level control (or basin
subsidence), such that avulsion and crevasse splays result (Smith and Smith 1980; Smith 1983). In the
inferred subglacial environment, the anastomosing paticrn was primarily an cffect of progressive
channelization governed by the state (hydrodynamic and thermodynamic) of the meltwater sheet above
and locally by the ice base-bed interactive gcometry, rather than avulsion of already channclized flow.
That is, channel pattern was forced by changes in the mcltwater sheet above, rather than by a risc in
water level in the channel below. However, somec new channels may have been created by a form of
avulsion. Adjacent channels may have become connected by a shect which later hecame channclized,
when pressure gradients were conducive to down-cutting. Most new channcls, however, wauld have
been created where basal ice and bed geometries gave risc to R-channels (Rathlisherger 1972) through
which water could pass more efficiently than in a shect; less energy would be required to overcome
friction. Over time, erosion of the substrate beneath the R-channel would have crcated N-channels (Nye
1973), and resulted in combined R/N-channels (Brennand and Sharpe in press). By this mechanism,
most new tunnel channels were formed, and existing channcls incised furiher.

As the meltwater reservoir was exhausted, ice would have invaded the tunnel channcls. Striac
within tunnel channels may have been produced at this time. In some cascs, striac supcrimposed on
«-forms have been observed only along the margins of the channels, suggesting that the N-channcls or
combined R/N-channels continued to operate when the ice was still active (Gorrell and Shaw 1991,
Gilbert and Shaw 1992).

Transverse ridges within tunnel channels
Description

Fields of transverse ridges (Fig. 3.12), observed within tunne! channcls on both 1:15 () (Fig.

3.13) and 1:50 000 scale air photographs, are 0.3 to 1.4 km wide and 0.6 to 6.7 km long (Fig. 3.4). They

are primarily confined to the western portion of the study arca, in the region of thicker glacigenic
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sediment, and to larger tunnel channels which also contain eskers. Individual ridges are 2 to 6 m in
height, are oricnted perpendicular to channel axes, and are aligned subparallel tc: one another, with
spacings of 20 to 100 m (Figs. 3.12, 3.13). Some ridges bifurcate.

Transverse ridges occur in arcas mapped as glaciofluvial sand and gravel, glaciolacustrine sand
and silt (shallow water) or glaciolacustrine silt and clay (deep water) (Leyland and Mihychuk 19844,
1984b). Seismic investigations have revealed 1 to 3 m of sand over sand and gravel in a field of
transverse ridges, approximately 10 km north-northwest of Brighton (Fig. 3.4), in Cold Creek valley (G.
Gorrell personal communication 1989). This same area was described as "pitted” lacustrine clay plain
by Mirynech (1962, p. 101-102, plate 28).
Injerpretation

Little substantive work on transverse ridges has appeared in the literature. Leken and Leahy
(1964) described morphologically similar small ridges, composed of clay, near Kingston. These were
attributed to squeczing of lacustrine clays into basal crevasses during ice readvance. However,
Henderson (1967) observed no evidence of forward motion in the sediments within the ridges, and
supgested ice-pressing of a crevassed ice shelf into lacustrine clay. Watkins (1992) argued that the
regular ridge pattern, perpendicular to channel path, and with local bifurcations, was not readily
explained by a crevasse pattern resulting from tension at the ice base. Instead, she drew on observations
hy Ashton and Kennedy (1972) of erosional forms (ripples) sculpted into the base of river ice by sub-ice
water flow. She suggested that such forms may have been eroded into the base of an ice shelf, and
would have acted as moulds to underlying glaciolacustrine sediments when the ice was let down during
lake lowering (see also Vreeken in Gilbert e al. in press). If this hypothesis is correct, it fixes the
formation of the transverse ridges to a very late stage of deglaciation.

All of the above hypotheses were formulated for ridges containing glaciolacustrine sediment to
the cast of the present study arca. At two iocations south of Campbellford, Shaw and Gorrell (1991)
reported large, subglacially-formed gravel dunes within tunnel channels. A number of their sites (Shaw
and Gorrell 1991, fig. 2) coincide with ficlds of transverse ridges mapped in the present project (Fig.
3.4). These dunes may be the product of any of three possible events. First, they may have been active
towards the end of the last tunnel channel event when flow velocity was low enough to allow deposition
within the channels (Shaw and Gorrell 1991). Such a process may have been facilitated by the
availability of local sediment in the drifi-dominated, western part of the study area. It is possible that
the ficlds of gravel dunes are morc extensive than mapped here, and were later obscured by
glaciolacustrine sedimentation. Second, they are preferentially located in the larger channels which also
contain eskers (Fig. 3.4). It is possible that episodic flood events through R-channels (esker precursors)

may have resulted in localized hydraulic lifting, narrow sheet flow, and dune formation. Third, gravel
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dunes may have been the product of meltwater flow from a grounding-line position out under an ice
shelf at a relatively late stage of deglaciation. Insufficient information is available to test these
hypotheses at present. It is perhaps possible that both ice-pressed, ripple-form ridges and subglacial
gravel dunes exist in the study area. Further investigation is required.
Fskers

Description

The description which follows is a summary of more detailed observations presented by
Brennand (in press). Esker ridges form a dendritic pattern in the study arca and feed into the Ok
Ridges glaciofluvial complex (Fig. 3.4). Most are located within tunnel channels incised into bedrock
or glacigenic sediment (Figs. 3.5 and 3.8), although some small eskers lic on residuals between tunnel
channels (Fig. 3.4). Major esker ridges (Marlbank, Tweed, Campbeliford, and Norwood) are regularly
spaced, 10 to 15 km apart. In length, these eskers vary from ~40 km (Campbeliford and Norwood
eskers) to ~70 km (Tweed esker). The width of the main csker ridges increases from cast to west.
Ridges are relatively continuous, and exhibit upslope long profiles. Measurements from imbricated
gravels within esker ridges indicate low variability in paleacurrent direction. Intcrnally, ridge sediments
form three styles of macroforms: composite, pseudoanticlinal, and oblique accretion avalanche bed.
Sand and gravel couplets may be stacked within cach of these macroforms. Esker ridges exhibit minimal
postformational disturbance. Seismic investigations (reflection method supplemented by refraction
measurements) revealed intercalated till with stratified sand and gravel at one location (G. Gorrell
personal communication 1989). Al another location diapiric folding was observed at the ridge core.
Fans, beads, laterally-fining deposits, anabranched reaches of the main ridge, and extended, hummocky
zones are intimately associated with the main esker ridges. Extended, hummaocky zones arc not mapped
on Figure 3.4, but fans, beads and laterally-fining deposits are mapped with main esker ridges, as
undifferentiated esker deposits.
Interpretation

The location of esker ridges within tunnel channels, minimal postformational disturbance, and
low paleocurrent variability are characteristic of esker deposition in constrained, subglacial conduits (cf.
Charlesworth 1957; Flint 1957; Banerjee and McDonald 1975). Ridge continuity and upslope path imply
that meltwater was under pressure for it to flow against topographic gradicnt, and nccessitate closed-
conduit conditions (Shreve 1972, 1985a) during esker ridge formation (Brennand in press).
Contemporaneous erosion, transportation, and deposition in an upsloping, subglacial conduit flowing full
of water has been inferred for the eskers. Macroforms and large bedforms are the depaositional
manifestations of these processes (Brennand in press). Sand and gravel couplets have been proposed

to record flood events through the conduit with possible seasonal control and, therefore, a connection
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bhetween supraglacial and subglacial parts of the glacial meltwater system. From theory, Weertman and
Birchficld (1983) have also suggested that R-channels may only be maintained if they are primarily
supplied by supraglacial meltwater. In general, the observation that main esker ridges become wider
from cast to west across the study area is best explained by increased sediment availability, as the
thickness of glacigenic sediments increases westwards. For a detailed account of inferred esker genesis
and related meltwater regime in the study area, the reader is referred to Brennand (in press).

Esker pattern is more pertinent to this paper. Eskers form a dendritic network within an
anastomosing tunnel channel system. Although meltwater is driven by ice-surface gradient it
prefere wially follows topographic lows (Shreve 1972, 1985q, 1985h), hence, eskers are in tunncl channels.
However, not all tunne! channels contain eskers. Perhaps one explanation for this is the inferred
differcnces in meltwater regime responsible for the formation of these landforms. Tunnel channels were
incised by catastrophic, channelized, meltwater flows, whereas rhythmic sedimentation within eskers and
associated deposits suggests that supraglacial, seasonally-controlled meltwater dominated the hydrologic
system at the time of esker formation (Brennand in press).

Seasonal control on the subglacial hydrologic system necessitates a relatively direct supraglacial
1o subglacial meltwater connection within the ice sheet. Such connection may have been possible
through thick ice via water-filled moulins or erevasses, provided these passageways remained water-filled
(Glen 1954; Loewe 1955; Weertman 1973, 1974; Robin 1974). However, if we hypothesise that such
connections were made through moulins and/or crevasses, this infers that meltwater could arrive at the
bed at any location (in tunnel channels or on residuals); such meliwater would not necessarily connect
with the bed at topographic lows. Moulins draining to conduits which remained open (that is, the main
esker conduits within tunnel channels) would have been most active and would have developed larger
surface catchments.  Although supraglacial meliwater may collect and initiate R-channcls on a
topographic high, the fact that meltwater tends to follow topographic lows (Shreve 1972, 19854) would
result in smaller subglacial catchment areas for such R-channels on residuals. Consequently, R-channels
would likely have been smaller on residuals than in tunnel channels. The largest R-channels have the
lowest pressure, and meltwater flows from high to low pressure (Rothlisberger 1972; Shreve 1972,
1985q). Consequently, large R-channels would have tended to capture subglacial meltwater from small
R-channcls, and would have eventually dominated the subglacial hydrologic system (Shreve 1972, 19854).

Small R-channels on residuals are expected to have low preservation potential; they may have
remained open for one season only. Any sediment delivered to them by subglacial delormation or basal
crosion may have been flushed directly into the major R-channels where it was eventuaily deposited.
Converscly, Brennand (in press) has argued that the interactive geometries of major R-channels and

associated macroforms in tunnel channels may have acted to trap meltwater as conduit pressure fell at
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the end of a melt season. The location of such linearly-arranged, water-filled cavitics within topographic
lows (tunnel channels) may have facilitated repeated reoccupation of these conduits (Brenrand in press).
Discussion

Having argued for progressive channelization associated with catastrophic meltwater sheet
break-up, followed by later, seasonally-controlled R-channel drainage for meltwater landforms of south-
central Ontario, we now attempt to integrate the Dummer Moraine and the Qak Ridges glaciofluvial
complex into this sequence of events. Further implications for ice-sheet hydrology are discussed.

The Dummer Morgine

The Dummer Moraine lies along the Shield margin, starting just south of the margin in the
west, and just 1o the north of it in the ecast of the study area (Fig. 3.1; Miryncch 1962; Barnctt ef al.
1991). It is mainly found on Gull River and Bohcaygeon Formation limestones (Shulmeister 1989),
although it extends onto Verulum Formation limestone south of the Precambrian reentrant af Tweed-
Staco Lake (Figs. 3.1 and 3.6). The moraine extends for ~ 180 km in a broad arcuate belt, generally
less than 12 km wide (Mirynech 1962, 1967; Shulmeister 1989). The southern margin appears o merge
with the Peterborough-Trenton drumlin field (Mirynech 1982, 1967); in places drumlins are observed
within the Dummer Moraine zone (Gravenor 1957, Barnett ef al. 1991). This moraine is hummocky
with low relief (<6 m; Gravenor 1957; Mirynech 1962, Gadd 1980), and is composed primarily of large,
angular, limestone boulders in a dominantly sandy matrix (Leyland and Mihychuk 1983, 1984h; Finamore
1984; Leyland and Russcll 1984). However, Shulmeister (1989) notes a significant Shicld-derived
ccmponent on the northern fringes of the Dummer Moraine. Tunnel channcls and eskers cross the
Moraine (Figs. 3.1 and 3.4; Gadd 1980). The termination of the Dummer Moraine cast of Tamworth
(Fig. 3.1; Chapman and Putnam 1966) coincides with the margin of the proposed Ontarian mehwater
sheet event (Shaw and Gilbert 1990).

The genesis of this moraine is unclear. It was initially interpreted as a diffusc terminal moraine,
deposited during a local readvance towards the end of the last (Wisconsinan) glaciation (Coleman 1937,
Graveror 1957; Mirynech 1962, 1967, Chapman and Putnam 1966). Schliichter (1979) and Gadd (1980)
suggested that a readvance was not necessary to produce the moraine, but rather its formation was
related to bedrock structure and the dynamics of ice retreat. Barnelt (1992) proposed that the moraine
was deposited during ice-marginal stagnation along the Black River-Trenton escarpment during the Two
Creeks Interstadial recession (~12 ka BP). Genetically, it has been interpreted as a product of glacial
plucking at the Shield margin due to a change in glacial hydrologic conditions across this boundary
(Shulmeister 1989). Shulmeister (1989) proposed that meltwater generated at the ice base headward
of the Shield margin would have drained through the relatively thin karstified limestone south of the
margin, due to an efficient epikarst drainage system (cf. Williams 1983). Freezing of this water would
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have resulted in limestone blacks being frozen to the ice base and plucked from the bed. Melting out
of this material was suggested to have resulted in the Dummer Moraine.

The conceptual model outlined by Shulmeister (1989) suffers from the same problems faced
by other similar megablock entrainment theories (cf. Moran 1971; Aber 198S). If the ice is to be in
contact with the bed during megablock entrainment, the incorporation of the bluck(s) into the ice
requires ice or surrounding basal sediment displacement, unless incorporation occurs at a downflow-
facing bhed step where a cavity may form (cf. Rothlisberger and Tken 1981). In south-central Ontario
ice flow encountered an upflow-facing escarpment.

Dummer Moraine deposits in some tunnel channels, indicate that these channels, at least,
predate moraine formation, and probably carried several meltwater events. There are three possible
cxplanations for the absence of Dummer Morainc deposits in other channels: (i) they were never
present; (i) they were subsequently removed; or (i) they have been masked by later glacigenic ov
modern deposits. The first explanation seems unlikely, as there is no good reason why moraine should
be deposited in some channels and not others. The latter two explanations seem more plausible.
Masking of some Dummer Moraine deposits is certainly possible. Channels are often filled with Glacial
Lake Iroquois sediments or organic deposits (Leyland 1982; Leyland and Mihychuk 1983, 19844, 1984b;
Leyland and Russell 1984). Conversely, removal of Dummer Moraine deposits suggest that powerful
meltwater flows in some channels postdated moraine formation.

These landform relationships suggest that the Dumme. Moraine was deposited before the latest
(low events in tunnel channels. With respect to the proposed event sequence presented in this paper,
and as the moraine and drumlins appear to be intimately associated, Dummer Moraine and drumlin
formation may have been roughly contemporaneous. How might this hypothesis assist explanation of
block cntrainment in the vicinity of an upflow-facing escarpment? According to Shaw and Sharpe
(1987), drumlins were formed by turbulent separated meltwater flows of high Reynolds numbers. If the
freczing plane of the ice sheet extended into the karstified and thin limestone, quarrying may nave been
a result of the water sheet migration. The meltwater sheet flood event would have commenced as a
wedge migrating out from a reservoir (Shoemaker 1992h). As the sheet reached the frozen limestone
wedge (over impermeable Shield rocks) some water may have been forced along the limestone-Shield
contact, and limestone blocks may have beer lifted with the ice bed by hydraulic jacking. Alternatively,
the limestone may not have been frozen. In this case, using the Bernoulli principle, low pressure,
related to high flow velocities where the flow was constricted over the escarpment, may have caused
hydraulic plucking of heavily jointed bedrock. This relatively high-velocity, low-pressure zone would have
been localized at the escarpment, so that blocks were deposited soon after they had been entrained into

the flow.
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It should be noted that the castward extent of the Dummer Moraine appears to coincide with
the margin of the Ontarian event (Shaw and Gilbert 1990). This supports the seegestion that the
Dummer Moraine was formed duriug the Algonquin event, and later truncated by the Ontarian cvent
(cf. Shaw and Gilbert 1990).

The Oak Ridges glacioftuvial complex

The Oak Ridges glaciofluvial complex is also enigmatic. It is approximately 160 km long, up
to 14.5 km wide, with sediments up to 215 m thick in places, and primarily composed of glaciofluvial,
stratified sand and gravel, with some diamicton and rhythmically laminated silt and clay (Duckworth,
1979). The ridge has a hummocky to flat-topped topography (Gwyn and Cowan 1978). It is
geographically related to tunnel channels (Deane 1950; Duckworth 1979), drumlins and eskers
(Chapman and Putnam 1966), which have been attributed to subglacial meltwater processes.

Taylor (1913) first interpreted the complex as interlobate. In an attempt to explain the
alignment of drumlins in the Peterborough drumlin ficld north and south of the complex, and espousing
the notion that drumlins are a product of glacial action, Chapman and Putnam (1966) proposcd that the
Oak Ridges complex was overridden from the north. Similarly, Gravenor (1957) interpreted till
overlying the complex, and the orientation of drumlins north and south of the complex, as indicating that
the complex was overridden. Gwyn and Cowan (1978) proposed that the Qak Ridges complex was
deposited by a braided river system as an outwash apron in the front of a northward-flowing Ontario
lobe. These deposits were then overridden by the same lobe, burying the braided river deposits bencath
Halton till. They argue that if the complex were interlobate, it would have geomorphic and
sedimentologic features arranged symmetrically on either side of its longitudinal axis, and sediments
would fine towards the central axis. More recently, Duckworth (1979) and Gadd (1980) have again
proposed an interlobate origin for the complex. This genesis has been attributed to similar features in
Canada (cf. Prest 1983; Veillette 1986) and Scandinavia (cf. Punkari 1980).

However, as the Oak Ridges complex is primarily composed of glaciofluvial stratificd sediment,
it is likely that its evolution was controlled by the glacial hydrologic system. The convergence of cskers
on the eastern end of the complex (Figs. 3.1 and 3.4; Shaw and Gorrell 1991) supports this argument.
Original interpretations of sedimentary packages within the complex include deltas which, in light of
recent work, may be reinterprcted as large bedforms (Brennand 1991q, 1991b, 1992, in press; Shaw and
Gorrell 1991). In addition, discrete gravel ridges previously interpreted as crevasse-fill deposits
(Duckworth 1979), may actually represent an carly eskerinc phase of deposition. It is, therefore,
possible that the complex formed subglacially. Barnett (1992) suggests that material eroded from tunnel
channels during the Mackinaw Interstade (~13.2 ka BP) by jokulhlaups may have been deposited in the
Oak Ridges complex. Howevcr, some tunnel channels are buried by the complex (Fig. 3.4; Shaw and
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Giorrell 1991) and must, thercfore, be older than it.

Given the glaciofluvial origin for the Oak Ridges complex and its close association with tributary
cskers, it is highly likely that the complex and eskers were formed contemporancously. As the eskers
postdate the tunnel channels which truncate drumlins, the eskers are younger than the drumlins. Boyce
and Eyles (1991) are, thercfore, incorrect in their assertions about the relative timing of, and
consequently the necessary subglacial hydrologic conditions for, drumlin, esker and Oak Ridges complex
formation.

Implications for ice-sheet hydrology

Boulton and Hindmarsh (1987) proposed that, hydrodynamically, tunnel channels in soft-
sediment areas were equivalent to eskers in bedrock areas. Clark (1991) extended this notion to suggest
that eskers would only be present where the bed was not deforming. This paper contradicts these
asscrtions at two levels. First, we have demonstrated that the scale and integration of tunnel channels
can only be explained by catastrophic drainage through the whole system contemporaneously.
Conversely, ridge continuity and the upslope path of eskers, in combination with the sand and gravel
conplets within them, suggest seasonally-controlled meltwater discharges, and supraglacial to subglacial
connection in the meltwater system. Second, an adequate sediment supply is required for eskers to
form. it has been suggested elsewhere that catastrophic meltwater sheet events would tend to result in
relatively clean basal ice (cf. Shaw et al. 1989). This is also substantiated by the lack of a diamicton
drape over eskers in the study area (Brennand in press). Consequently, sediment supply for eskers must
initially come from glacigenic sediment adjacent to R-channels. There are lateral constraints on
sediment deformation into major R-channels (Alley 1992). Some sediment may be routed from minor
R-channels to major R-channels. In either case, local deformation of sediment into R-channels is

required for esker formation in this study area.

Table 3.1. Traditional and ppglcial landform

sequences, south-central Ontario
TRADITIONAL SEQUENCE'

PROPOSED SEQUENCE

Oals Ridges Inleriobate Moraing Drumiing & Dummaer Moraine (subglacial)
dumiing Late-stage Shest Flow Scours & Lalest Megachanne! Floy
Eskors Latest Tunnel Channel Flaw

Eskers (& Oak Ridges Glaciofiuvial Complex?)
Glacial Lake iroquois Shorelines
Transverss Ridges within Tunnel Charinels

Dummer Moraine (recessional)
Glacial Lake iraquois Shorelines

LA = o e
LR S

' cf. Gravenor (1957)

The landform associations and interpretations presented in this paper point to a new glacial
fandform sequence for south-central Ontario, which differs substantially from the traditional view (Table

3.1; ¢i. Gravenor 1957). We feel that the proposed sequerce best explains the suite of observations that
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are presently available. It is hoped that new field rescarch on the Cak Kidges glaciofluvial complex by
the Ontario Geologic Survey and the Geological Survey of Canada will clarify the timing of this feature.
Further research on the extent of the Dummer Moraine and on the distribution of the different types

of transverse ridges may also prove invaluable.
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CHAPTER 4

Macroforms, large bedforms and rhythmic sedimentary sequences
in subglacial eskers, south-central Ontario:
implications for esker genesis and meltwater regime’

Introduction

Previous studies on eskers have been conducted at two J2vels: (/) genetic interpretation based
on external marphology (e.g., Shilts 1984; St-Qnge 1984); and (i¥) detailed site observation (e.g., Allen
1971; Denny 1972; Banerjee and McDonald 1975; Saunderson 197S; Diemer 1988). A number of models
of esker genesis have been put forward (cf. Banerjee and McDonald 1975). Bancrjee and McDonald's
(1975) seminal paper related esker morphology and sedimentology to the site of deposition and the
nature of the conduit (open or closed). However, their interpretation of fans and deltas as icc-marginal
indicators only, led them to conclude that all esker: were time-transgressive. This notion was echoed
by Hebrand and Amark (1989) for some Swedish eskers.

The literature to date describes _ker formation in terms of glacial hydrologic theories derived
from ohservations on contemporary glaciers and small eskers, often in the process of formation (cf.
Lewis 1949; Stokes 1958). However, esker systems produced by Pleistocene ice sheets tend to he much
larger in dimensions than these forming today (cf. Banerjee and McDonald 1975). Tt is debatable,
therefore, whether a modern analog for the formation of large Pleistocene eskers exists and "to what
degree modern subacrially exposed eskers should constrain the interpretation of scdimentary sequences
in large *fossil eskers'™ (Banerjee and McDonald 1975, p. 133).

The present discussion focuses on the landform associations, morphology and sedimentology,
including clast lithology, sphericity and roundness, of late Wisconsinan eskers in south-central Ontario,
Canada. Four main eskers passing through Tweed, Marlbank, Campbellford and Ncrwood are examined
in detail (Figs. 4.1 and 4.2). Large bedfoims, macroforms and sedimentary sequences are identified,
deseribed and interpreted with respect to esker morphology and the meltwater regime responsible for
their formation. An attempt is made to relate esker sedimentology systematically to external
morphology by invoking formative processes in a uniformitarian manner (¢f. Baker 1988a, 1988b);
processes observed in modern environments are preferred as explanation, but these processes may be
invoked in different combinations or situations and at very different magnitudes from those observed

' A version of this paper has been accepted for publication as:
Brennand, T.A. in press. Macroforms, large bedforms and rhythmic sedimentary sequences in
subglacial eskers, south-central Ontario: implications for esker genesis and meltwater regime.
Sedimentary Geology.
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today. A model of synchronous subglacial sedimentation for large Pleistocene cskers, where ice-
marginal sedimentation was, at most, a minor (later) component of esker sedimentation is presented.
Sediment supply and the dynamics of the glacial hydrologic system necessary to maintain a continuous
conduit are investigated.
Theories of esker genesis

There appears to be gencral agreement that large Pleistocene eskers were formed subglacially
or ice marginally in deltaic, fan or reentrant environments (Table 4.1). However, many Pleistocene
eskers may have undergone complex genesis (cf. Lundgqvist 1979). The eskers of south-central Ontario
exhibit little postdepositional sedimentary disturbance. Consequently, supraglacial and cnglacial
depositional environments are not discussed here. Evidence used to determine subglacial and ice-
marginal sites of esker deposition in the literature is prescnted (Table 4.2). There are, however,
disagreements as 1o whether subglacial conduits were flowing full (closed) or partly full (open, at
atmospheric or triple-point pressure) at the time of esker sedimentation (cf. Shreve 1972 versus Hooke
1984), and as to whether eskers were deposited in time-transgressive scgments (Table 4.1) or
synchronously (cf. Shreve 1985; Garbutt 1990). In addition, although conduit drainage may have heen

continuous along its length, deposition may have occurred in time-transgressive segments (Ashley et al.
1991).

Table 4.1. Literature on site of esker deposition.

Subglscial Plaisinzene esliere: Wandwonn (1804). Stone (1A20); Daane (1950)"; Gravenar (1967)"; Mirynech (1852)",
Lobancy (1267); Frakes & &). (1088); Qanny (1072); McDonalg & Vincent (1972); Baneries & McDonald (1976)";

Shils & McDanala (1975); Ssunderson (1077, 1882)"; Ringrose (1962); Shilts (1884)%; 51-Onge (1254)"; Linastirém
(1886); Shilts (1085); Shreve (1086); Terwindi & Augustinus (1946); Shils & Avisworh (1887)": Diamar (1 onny’.
Visser o a/. (1807); Jensan (1208); ayigwonh & Shilte (18422, 1830h); Garbut (1630); Ashiey af al. (1631)";
Gorrell & Shaw (1691); Arennand and Shama (in press).
Eontemparery celisre: Blakios (1988); Jewiuchowics (1986); Szupryncyhsid (1885); Rrica (18086, 1880);
Gustavsan & Roothroyd (1882, 1087).

Engieeial plelsiasene esliere: Alden (1918): Tenner (1932). Shuimalster (1280).
Eanlompareny ealier: Sauprynczyield (1285), Ratrie & Mice (1388); Price (1888, 1849). Howanh (1671);
Gustavaen & Ronthroyd (1882, 1847).

supraglacial plolstasens sakore: Crosby (1802); Tanner (1832).
contemparery ssliare: Lewls (1040); Sauprynczyfistd (1885). Ratrie & Price (1686). Rrice (1858, 1869),
Fitzsimang (1291).

ice-marginagl delta,  Pleigtaseng estiore: Do Gear (18G7); Ranerjes (1839); Saunderson & Jopling (1970). Aarto (18714, 1971b);

fan or reantrant Danny (1972); Shaw (1672); Rust & Aomanelll (1975); Aanerjes & McDonald (1975); Saunderson (1975),

enviranment Saundarson & Jopling (1880); Cheal (1882); Thomas (1924), Cheal & Rus! (1888); Burbidge & Rust (1844);
Christian (1928); Diemer (1888); Hendersan (1888); Shampe (1988); Hobrand & Amark (1880).
Contemparary eekom: SzuprynczyAsid (1855); Howanh (1971).
gupsrimants): Hanson (1843).

Cracl- or creveeee- Pleistacene sokere: Upham (1910); Fint (1928, 1930); King & Bucikley (1859).

il in gtagnant ico

' Papare discuss southemn QOntario esiers.
z authors spacifically infar time-iransgressive sedimentation and a subgiacial site of deposition.

To add to this confusion, the evidence listed for ice-marginal csker formation (Table 4.2) has

also been documented for associated esker beads and fans inferred to have been deposited in a



Table 4.2. Evidence used to determine the site of esker deposition (from
Charlesworth (1957), Flint (1957), and Banerjee and McDonald (1975)).
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subglacial, grounding-line position (Gorrell and Shaw 1991). Conversely, the path of an esker up an
adverse slope has been explained not only by a hydraulic head in a subglacial environment, but also,
theoretically, by time-transgressive sedimentation at the ice margin as the ice retreated (e.g., Banerjee
and McDonald 1975; Shilts 1984). The upslope path in the latter case was inferred to be a result of
scgmental sedimentation over low gradients rather than an active, upslope, water-flow path.
Geologic setting

Bedrack geology

The study area is divided into two major geologic regions: the Precambrian Shield in the north,
and the Palcozoic limestanes in the south (Fig. 4.3). The north-facing Black River-Trenton escarpment
marks the Shicld margin. Precambrian rocks (Grenville Province) are felsic to ultramafic plutonic, and
metascdimentary, and include: granites, granodiorites, migmatites, gabbros, marbles, conglomerates and
breecias (Ontario Geological Survey 1991). Paleozoic outliers (Fig. 4.1) indicate that the Shicld margin
was north of its present location prior to the last glaciation (Mirynech 1962). Some eskers lie on the
shield and extend onto the Paleozoic carbonate (Marlbank and Tweed eskers; Fig. 4.1), whereas others
appear 1o start at or near the Shield margin (Norwood and Campbellford eskers; Fig. 4.1).
Consequently, the Shield margin provides a means to test the provenance of esker sediments.
Quatemary geology/landform asseciations

All of the main eskers are located in channels cut into glacigenic sediment or bedrock, whereas
some minor eskers (<3 km long) occur on interfluves (Brennand and Shaw submitted). These channels
are difficult 1o follow north of the Shield margin. However, Wilson (1904) suggested that some do
extend headward onto the Shield. The channels appear to have been occupied and enhanced by
subglacial meltwater and follow a path which is against the regional gradient (cf. Gilbert 1990; Brennand
and Shaw submitted). Consequently, they aic inferred to be tunnel channels formed by catastrophic
subglacial meltwater flows (Gilbert 1980; Shaw and Gilbert 1990; Shaw and Gorrell 1991; Gilbert and
shaw 1992; Brennand and Shaw submitted). This does not rule out the possibility that some of the



channels may have predated the last glaciation (Wilson 1904), but it does imply that they were enhanced
by subglacial meltwater during the late Wisconsinan (cf. Gilbert 1990; Brennand and Shaw submitted).
Gross morphology

The four eskers studicd in detail (Fig. 4.2) exhibit four main morphologic clements: (1) main
ridge, (2) fans, (3) beads with minor ridges, and (4) extended, hummocky zones.
Main esker ridges

In general, these are single sinuous ridges, but bifurcation is not uncommon (Fig. 4.2). Qbvious
anabranched reaches along the Marlbank and Campbellford cskers arc 2.0 km and 0.7 km in length,
respectively (Fig. 4.2). The width of the main ridges increases from cast to west across the study arca.
The Tweed and Marlbank esker ridges arc generally 0.03 to 0.10 km wide, whereas the Campheliford
and Norwood esker ridges are up to 0.15 km and 0.40 km wide, respectively. Major and minor (<1 km
long) tributary ridges join ihe main esker ridges from upflow (Fig. 4.1).

In general, eskers in this region are relatively sharp crested. The Norwood ridge is certainly
broader in places, but not flat topped. The term "broad crested” is not applied here, as this term has
dynamic implications which may not be directly equivalent to those proposed by Shreve (1985) for the
Katahdin esker system. In plan view (Fig. 4.2), the ridges do not exhibit a consistent width along their
length. In some places (pit M6°, Fig. 4.2), the main ridge is compased of a number of wider bulbous
areas (O'Donnell 1966) joined by narrower sharp-crested ridges.

Crest long profiles of the main ridges are irregularly undulatory (Fig. 4.3). These profiles have
been rotated to bring the high-stand shoreline of Glacial Lake Iroquois (750’ or 228.6 m) back to 8
horizontal plane using isobase data (Miryncch 1962). This adjustment (raising the southwest cnd) was
necessary to compensate for greater rebound in the northeast following deglaciation. While it cannot
compensate for all isostatic adjustments, that is thase prior to the Troquois high stand, it gives the best
approximation at present. The long profiles (Fig. 4.3) show that crest lines trend upslope. The
elevational range (climb) of the eskers is between 92 m (Tweed esker) and 53 m (Norwoad esker). As
the thickness of aggregate deposits in the Tweed esker is 3 to 25 m (Ministry of Natural Resources
1987), and this is considerably less than the crest line elevational change, the upslope paths of the main
eskers in this study are considered to be real; upslope paths are not a result of changes in the thickness
of aggregate deposits downflow.

Ridge continuity is also demonstrated by crest long profiles (Fig. 4.3). Most of the
discontinuities in the ridges are oceupied by underfit creeks, the Trent River or the West Quse River
(Fig. 4.3). The Campbellford esker is more continuous northeast of Campbeliford to the Shicld margin,
and relatively discontinuous southwest of Campbellford (Fig. 4.3b). Mirynech (1962) suggested that the
southern portion of the Campbellford esker is wave modified. The Marlbank csker is the most
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discontinuous of the four eskers studied (consequently, a long profile was not plotied; Fig. 42); it is
quite discontinuous on the Shield and for 32 km above its junction with the Tweed esker (Fig. 4.1).
Some of its inferred path is now occupied by the Moira River.
Fans

Both major and minor fans extend from the main esker ridges in a downflow direction. Major
fans are en echelon, or overlapping, towards the southern ends of the main eskers (Tweed, Campbeliford
and Norwood; Fig. 4.2). They reach a maximum of 2.5 km long and 1 km wide. Mirynech (1962)
reported a kame-esker complex, interpreted here as a fan complex, at the southern end of the Tweed
esker. Minor fans are connected laterally to the main esker ridges. They arc mapped on both sides of
each ridge and preferentially at bends. They also oceur along straighter portions of the ridges. Minor
fans are gencrally less than 1 km long and 02 to 0.3 km wide. The Tweed esker cxhibits at least 18
minor fans (Fig. 4.2).
Beads with minor ridges

A single bead is located ~1 km southwest of Norwood (pit N3§; Fig. 4.2) on Norwoad esker.
The bead is ~0.25 km wide and ~0.3 km long. This bead is joined to the main ridge by narrow minor
ridges. Although it was the only bead mapped in this study, some of the minor fans which run alongside
the main ridges may represent a morphological (and functional?) continuum with beads.
Exvtended, hummaocky zones

Long (up to 8.5 km), wide (up to 0.5 km) hummacky zencs, previously mapped as proximal
sand, gravelly sand and gravel (Leyland and Mihychuk 1983, 19844, 1984b; Leyland and Russell 1984),
are observed on one or both sides of the main ridges towards the headward (northern) ends of the
Tweed, Campbellford and Norwood eskers (Fig. 4.2). These deposits are at lower clevations than the
main ridges. This morphologic element is not to be confused with the extended deposits of Hebrand
and Amark (1989). They considered these depasits to include all nonlincar morphologic components:
hummocks, plateaus, and terraces. Plateaus and tervaces are not recognized in this study. In contrast
10 the inference of Hebrand and Amark (1989) that extended deposits occur as downflow cxtensions of
the main ridges, the hummacky, extended zones in this study are lateral to, and run parallel to, the main
ridges.

Down-gsker trends

Clast lithology, sphericity and roundness

Clast lithology, sphericity and roundness were recorded along the length of the esker ridges.
Distance from a datum was determined planimetrically for each ridge. Data collection from the Tweed
esker was the most systematic, and is the focus of attention here. Samples were collected from two clast

populations: (i) unit samples, or in situ clasts, from vertical sections; and (ii) oversize samples gathered
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from the base of slopes under pit faces and from piles of oversize material within the pit. Unit samples
include pebbles and cobbles (-4.56 to -7.5¢ diameter). Qversize samples include cobbles and boulders
(-5.5¢ to -11.0¢ diameter). The scparate treatment of the two samples is a crude attempt to cantrol
grain size (Sneed and Folk 1958). Sample size at each location varicd from 60 to 120 clasts (Table 4.3;
Appendices 2 and 3).

Clast roundness was determined visually in the field (Powers 1953; Appendices 2 and 3). For
statistical manipulation, the geometric mean of the visual roundness class (Powers 1953) exhibited by
each clast was assigned as its roundness value. Maximum projection sphericity (Vp) was calculated from
clast axial lengths (Sneed and Folk 1958; Appendices 2 and 3). The results of the analyses arc presented
in total (Table 4.3) and graphed selectively (Figs. 4.4, 4.5 and 4.6).

Observations

With distance from the Shicld margin, there is an increase in the proportions of limestone clasts
and a concomitant decrease in the proportions of Shield clasts for the unit samples taken from Tweed
esker (Fig. 4.4a; Table 4.3). Limestone clasts dominate unit sample clast counts at cach loeation.
Trends in the oversize samples are almost diametrically opposite to those exhibited by the unit samples
(Fig. 4.4b; Table 4.3). Although Shield lithologies dominate oversize clast counts, downflow (south)
from the Shield margin the percentage of Shield clasts increases and that of limestone clasts decrcases.
The percentage of gabbro clasts in both unit and oversize samples, increases away from the Shield
margin.

Mcan V, (Sneed and Folk 1958) of unit sample clasts decreases with distance down esker for
most lithologies (Fig. 4.5¢; Table 4.3). Similar trends are observed in the oversize samples (Fig. 4.5b;
Table 4.3). Excluding lithologies only represented by one clast, grand mean V¥, ranges (Figs. 4.5c and
4.54: Table 4.3) are similar for both unit and oversize samples. Limestone has one of the lowest grand
mean ‘%'p in both oversize and unit samples (Table 4.3).

Grand mean roundness classes for most clast lithologies, in botn unit and oversize samples, are
rounded 1o subrounded (Fig. 4.6¢c and 4.64; Table 4.3; Powers 1953). Unit samples exhibit a general
increase in the mean roundness of Shield clasts with distance downflow, while the mean roundness of
limestone clasts remains relatively constant (Fig. 4.64; Table 4.3). Oversize samples show no consistent
downflow trends (Fig. 4.6b; Table 4.3) and large confidence intervals on closely grouped means (Table
4.3) restrict further generalization.

Interpretations

The divergence of clast lithology trends down esker for unit and oversize samples suggests that
these groups may be recording two different processes. Unit samples exhibit a decrease in Shield clasts
with distance from the Shield margin (Figs. 4.1 and 4.4g). This is expected fluvial transport behaviour
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(cf. Sneed and Folk 1958). However, the increased percentage of Shicld clasts in oversize samples and
of gabbro in both samples, away from their source (Figs. 4.1 and 4.4), cannot be cxplained by regular
fluvial processes. Possible sources of sediment deposited in an esker include allogenic sediment,
sediment melied out from debris-rich ice, bedrock eroded by flowing water, adjacent deformable
sediment squeezed into the conduit (cf. Shoemaker 1986; Shoemaker and Leung 1987; Alley 1991),
sediment flushed from cavities into the conduit, and/or fluvially reworked or episodically transported
sediment from within the conduit system. The most likely cause of an increase in exotic lithologies with
distance from source in the oversize samples, is squeczing of local deformable substrate (containing both
exotic and local lithologies) into the conduit or melt out of scdiment from debris-rich ice. Morcover,
gabbro is potentially the most far-travelled lithology (Fig. 4.1), and towards the southern end of Tweed
esker the percentage of gabbro clasts increases whereas that of granitoid clasts declines (Fig. 4.4). This
observation is consistent with a spatially controlled, incremental frecze on and melt out of debris in the
subglacial environment. Such material may be consequently delivered to the conduit through local
subglacial deformation or ice transport and melt-out processes. The appearance of limestone clasts
north (upflow) of the Shield margin in an oversize sample (Fig. 4.4b) is cxplained hy the presence of
a limestone outlier (Fig. 4.1). The lower percentage of large limestone clasts within these oversize
samples (Fig. 4.4b) may be explained by the poor preservation of large, relatively soft limestone clasts.

Past research has suggested that clast sphericity is primarily controlled by lithology and grain
size (cf. Sneed and Folk 1958). An overall decrcase in sphericity with distance for the Tweed unit
samples (Fig. 4.5q) may be explained by the mode of fluvial transport. Clast fabric data (discussed later)
from gravels within the esker ridge record imbricate clasts with a-axcs dominantly transversc to flow
direction. It is inferred from this that clasts were primarily transported by tractional rolling as bedload
(cf. Johansson 1963, 1965, 1976; Rust 1972). Consequently, a decrease in sphericity downflow is
interpreted as the effect of clast abrasion by rolling along the bed, thus producing prolate clast forms.
In addition, limestone clasts increase in frequency down esker in the unit samples (Fig. 4.49) and cxhibit
the most pronounced decrease in sphericity with distance along the ridge (Fig. 4.5¢). Limestone tends
to be removed from outcrop in tabular fragments, preferentially breaks parallel to bedding planes (cf.
Sneed and Folk 1958), and forms discs or rods during the abrasion process. Similar trends arc also
evident for the oversize samples and deserve comment. Trends in oversize clast lithology suggest that
these clasts were transported primarily by ice, and only secondarily by water. If the continuous decrease
in sphericity with distance (Fig. 4.5b) is real, it must be explained by coherent processes rather than
stochastic inference. While it is possible that a decrease in sphericity may be cxplained by fluvial
transportational vigour over short distances, this does not cxplain the apparent cunsistent down-esker
trend. It is possible that grain size may have been a controlling factor. The data set was inadequate
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1o investigate this hypothesis as confidence limits are too large (Table 4.3). Mean sphericity trends in
the Tweed oversize sample remain enigmatic.

The dominance of rounded to subrounded clasts in both the unit and oversize samples (Figs.
4.6c and 4.6d) is consistent with fluvial transport processes (cf. Sneed and Folk 1958). Clast roundness
in a Muvial system is primarily governcd by transportational distance and vigour, and scdimentation rates
(cf. Sneed and Folk 1958). An increase in the mean roundnets of far-travelled clasts (Shield clasts) with
distance from source for unit samples (Fig. 4.6a) suggests relatively long transport distances, vigorous
flows, and low sedimentation rates in a continuous meltwater conduit. A constant mean roundness for
limestone clasts downflow (~ 0.48) in the same data set (Fig. 4.62) may indicate the cffects of
preferential cleavage parallel to bedding planes, thus cancelling out the expected effects of attrition (cf.
Sneed and Folk 1958). Alternatively, it could indicate a continual addition of limestone clasts to the
system by melt out of debris from the conduit walls or squeezing of local deformable substrate into the
conduit. The grand mean roundness of limestone clasts in the unit samples (0.478 + 0.026, Table 4.3)
is significantly less than the asymptotes reported elsewhere (c.g., 0.63, Sneed and Folk 1958). This may
be attributed to the use of a synthetic class geometric mean (Powers 1953) in calculations of mean
roundness, operator error, variations in the type and regime of the fluvial environment, differences in
physical characteristics of the limestone in each study (cf. Sneed and Folk 1958), and/or continual influs
of limestone clasts into the subglacial conduit system. The erratic nature of downflow changes in the
mean roundness of the oversize samples (Fig. 4.6b) is perhaps consistent with the inferred deformation
and melt-out origin for the larger clasts. That is, these clasts are inferred to have been transported by
ice for most of the distance from their source, and fluvially for only a short distance before deposition
in the Tweed esker.

To summarize, down-esker trends in clast lithology, sphericity and roundness suggest sediment
supply to the Tweed esker was mainly from squeezing of adjacent sediment into the main conduit of
tributary conduits, melt out of sediment from conduit walls, and fluvial reworking of that sediment within
the conduit system. Fluvial transport processes within the continuous, closed conduit are suggested to
have been dominated by tractional rolling as bedload.

Paleaflow direction estimates

Paleoflow direction measurements were taken from gravel fabrics, cross beds in gravel and
sand, and cross laminac in sand at a number of localities along the length of the eskers (Fig. 4.7; Tables
4.4 and 4.5; Appendices 4 and §). Bulk gravel fabrics (azimuth and dip of clast a-b planes) were
recorded in: heterogeneous, unstratified gravel; plane-bedded gravel; massive, imbricate, clast-supported
gravel; and pseudoanticlinal macroforms in the esker ridges (Fig. 4.7; Table 4.4). The statistics for pit
TIS1 (Fig. 4.7; Table 4.4) include one sample from each side of a pseudoanticlinal macroform which
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Table 4.4. Gravel fabric statistics’.

~ Sedimentary Facies/Siructures Sample Flow Maan  Vector Significance

Number Number AZimuth  Dip Strengin (8,) Lovel’

T8 Aane-beddad gravel. nesudaaniiclinal 00 108° [T} 0.5087 90.0%
macraform’

Te Easiven side of pssudoaniicing) macraform 80 an’ a6° 0.6203 00.0%
ony

To¢ Hote ogensous, unsirained gravel ) -1 M o’ 0851%7 20.0%

o8 Hel-rogeneays. untirsiifed grave! 110 178° »’ 0.503 00.0%

L

ce He smagensous, unsiraiifed grave! ) a0’ (1A 0.6830 00.0%

(o] Helerogensous, unsiratified gravel 19 a8’ 104 0.5048 00.0%

cR Haleragansous. unsiralfied gravel % 208° n' 0.8886 00.0%

cH Mane-Dadded gravel; mastive, imbricate, 130 180° 0 0.6804 00.0%
clast-supponied gravel ————————————— - —

N64 Heleragensnus, unsiralifisd gravel, 80 e [Ty 0.7808 90.0%
massive, imbrizale, clasi-supponed gravel

N35 Helerogsnenus. unsiraiifisd gravel 0 b 0’ 0.800¢ 90.0%

N38 Heleragensous. unsiratified gravel; 100 109° 3 0.5281 00.0%

massive, imbricate, clasi-supporied gravel

' Raw dala In Appendix §.
? Significance lavel of sample baing nonrandom. according to test stalistic (8,/8,) of Wandcock and Naytor (1083).
' golh sides of pseudoanticiingl macroform included.

together produce an inferred paleoflow down the esker ridge. Data for pit T14 (Fig. 4.7) are from only
the eastern side of a pseudoanticlinal macroform. Because secondary vortices responsible for the
formation of the pseudoanticlinal macroform produced imbrication downflow, and towards the crest of
the anticline (discussed later), the sterecnet and statistics for pit T14 (Fig. 4.7; Table 4.4) are interpreted
to be the result of deposition within a constrained conduit. In most cases, flow azimuths deviate very

Table Palcﬂow to statistics from mss-bad and cross-

lamination msmcs‘.
"~ Significance Daviation of & from

R Deposfiional enviranment uample  Veclor  Kean resultant Slandard

Numbsr :Jp;mhsv mean (5) magnitude (R) Error (S,) level of ®  main ridge ax
TJ81 Laterally-fining deposit 2 154° 0.0187 4.8743° 90.0% 2

T18 Lateraily-fining deposit 35 210° 0.7168 7.0130° 90.0% 20°

16 Minor fan N 276° 0.0180 5.0078° £9.0% 78°

T2 Laterally-fining deposi « 20 0.0504 2.7085° 90.0% 1°

™ Minor fan 78 254" 0.1881 27.4508°  70.0% 25°

T19 Minor fan 14 258" 0.6028 £.8072° 0.0% a8°

ce3 Lalaraliy-fining deposit 24 e 0.8423 6.8300°  00.0% 23"
can Laterally-tining deposit 8 174 0.7162 18.8783° 95.0% 50°
ca Laterally-fining deposit 69 2i12° 0.8168 4.5793°  £20.0% \ M
[o4}] Lateraity-fining deposi 62 182° 0.9700 1.7060° 90.0% 18°
N36 Latesal baad kil -3 I 0.0504 2.5408° $0.0% 5°

NES Laterally-fining deposit 54 "’ 0.8581 4.2684°  ©0.0% §°

NS Majcr fan or fan complex 362 201° 0.8300 2.8077° 80.0% 0°-80°

1 Raw dala in Appandix §.
7 significance level determined from critical values of 7 tor Rayleigh's tes! for the presence of & preferred trend
{Curray 1956, Davis 1048)
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little from the ridge axis and are significant at the 99 % level (Table 4.4). The flow azimuth for pit N36
(Fig. 4.7; Table 4.4) appears to be at ~90° to the axis of the main ridge. These data are from a major
fan or fan complex (Fig. 4.2) towards the distal end of the esker.

Paleoflow directions inferred from palcocurrent measurements on cross beds and cross
laminations exhibit a much higher degree of deviation from the ridge axis (Fig. 4.7; Table 4.5). This is
expected given the smaller scale of the structuras, the lower flow regime inferred for their formation,
and the greater influence of local bed topography on their formative flow direction (Allen 1966),
Statistically, most are unidirectionally significant at the 95% level (Table 4.5). Data for pit T1 (Fig.
4.7) include regressive, type B, ripple-drift cross-lamination (cf. Jopling and Walker 1968) in a minor
fan. Fans are characterized by inferred paleoflow directions with aver 25° deviation from the main ridge
axis (Table 4.5). In general, paleoflow directions inferred from laterally-fining deposits within the ridge
deviate by less than 25° from the ridge axis. A possible exception is pit C30 (Fig. 4.7), where the sample
size is so small that its deviation of 59° (Table 4.5) cannot be accepted with confidence. Data for pit
N36 (Fig. 4.7) may include measurements from more than one fan. However, up to 360° variation in
paleocurrent measurements could be consistent with deposition in a single subaqueous fan (cf. Cheel
1982).

General depositional environment

The general environmental constraints on esker sedimentation must first be determined before
sedimentological interpretation of esker deposits, in terms of detailed genesis and hydrodynamic controls
on sedimentation, can be attempted. This first step is vital as many sedimentary structures within eskers
are common to both open-channel and closed-conduit systems (Saunderson 1977, 1982; Ringrase 1982).
Landform associations, esker morphology, and down-esker trends in clast characteristics and paleoflow
divection estimates, in combination, suggest a continuous, subglacial, closed-conduit depositional
cnvironment. Location of esker ridges within tunne) channels, upslope paths and low variahility in
paleoflow directions are characteristic of eskers deposited in subglacial conduits (Tahle 4.2). Ridge
continuity combined with upslope paths imply that water must have been under considerable pressure
to flow against the topographic gradient. This would have necessitated closed-conduit conditions, where
water was driven to the ice margin by excess pressure over hydrostatic pressure (cf. Shreve 1972).
Discontinuities in esker ridges have been attributed to postdepositional erosion or time-transgressive
sedimentation (e.g., De Geer 1897; Henderson 1988). For closed-conduit, steady-state conditions,
Shreve (1985) stated that equipotential contours would be closest over bump crests. This would have
resulted in high transportational capacities in the subglacial streams crossing them. Therefore,
discontinuities may have been zones of nondeposition that were synchronous with esker scdimentation
elsewhere in continuous conduits. Saunderson (1977) suggested that gaps were crosional zones that

were contemporaneous with sliding bed deposition. The notion of nondepositional zoncs within
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continuous conduits will be discussed later.
Sedimentology of the main esker ridges

The sedimentologic characteristics of 37 pits were investigated (Fig. 4.2). Each observed unit
was given a number in the form: pit number/face number-unit number (e.g., T24/1-1). Paleoflow
direction estimates from cross-bedded sand and gravel, cross-lam:nated sand (Appendix S), and
imbricate clast ab-planes (Appendix 4), were recorded together with clast a-axis orientations (Appendix
2). An architectural approach towards esker ridge sedimentology was taken (cf. Miall 198S).

Qn the scale of the esker ridge, grave! architecture may be tabular or pscudoanticlinal. Normal
faults are common towards the lateral flanks of the main ridges, but there is minimal postformational
disturbance at the ridge cores (Fig. 4.8g). This corraborates the inference of a subglacial environment
of deposition with lateral icc support (cf. McDonald and Shilts 1975) for the esker ridges. At one
location along the Tweed esker, a diapiric fold is observed at the ridge core (Fig. 4.80), and a seismic
investigation (reflection method supplemented by refraction measurements) northeast of pit T24 (Fig.
4.2) revealed diamicton, possibly till, intercalated with glaciofluvial sand and gravel (G. Gorrell personal
communication 1989). The formation of a diapiric fold would have required relatively low pressure
conditions to have been established within the conduit. ~'nder similar meltwater discharge (Q,)
conditions, large conduits would have had rclatively lower pressures than small conduits (cf.
Réthlisherger 1972). Since a pressure gradient must have existed between adjacent ice and the water
within the conduit, till creep or injection into the conduit would have occurred (cf. Hoppe 1952,
Shoemaker 1986; Shoemaker and Leung 1987; Alley 1991). Sediment may have been squeezed into
conduits during low pressure conditions in the winter (cf. Alley 1991; Gorrell and Shaw 1991) or during
transient very low pressure conditions during a rise in Qy, (cf. Rothlisberger 1972). In the latter case,
invoking Bernoulli's Principle, basal sediment and ice would have been sucked into the conduit, the
sediment forming the diapiric fold and the ice being removed by melting.

No diamicton drape was observed over the esker ridges, but this is not problematic to a
subglacial interpretation as clast lithology, sphericity and roundness trends, and diamicton, possibly till,
intercalated with ridge sand and gravel, suggest that the primary source of esker sediment was from
adjacent basal sediment. This implies that the ice was relatively clean at the time of esker formation.
These sediment supply considerations may explain the relatively narrow ridge and discontinuous nature
of the Marlbank esker (Fig. 4.2) which is located in a bedrock channel,

Within the main esker ridges, three types of macroforms, or ridge-scale scdimentary structures,
are identified: composite, pscudoanticlinal, and oblique accretion avalanche bed. The sediment: gy of

these macroforms is discussed next.
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Figure 4.8. 4. Normal faults lateral 1o an undisturbed ridge core,
Campbellford esker (pit C32; Fig. 4.2). Note alternating sand and
gravel units. b. Diapiric fold at the core of Tweed esker (pit T14; Fig,
4.2). Mctre rods for scale.
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Compasite macroforms
_ Composite macroforms (cf. Hoey 1992; ¢.g., expansion bars, Baker 1978) on the scale of the

ridge exhibit a number of different sand and gravel facies (described and interpreted below), including
climbing dunes in gravel (Fig. 4.9). These macroforms are over 10 m in height. They are interpreted
to be products of deposition in zones of flow expansion where conduits widen. This mechanism is
discussed later.

Heterageneous, unstratified gravel

Heterogeneous, unstratified gravel (Fig. 4.10) is the dominant sedimentary facies in the esker
ridges and is the primary gravel facies at their cores. Bed gcometry may be tabular or preudoanticlinal,
Lower contacts are erosional. Units are 0.5 to $.0 m thick, and may exhibit a maximum grain size of
bhoulders (generally <-10¢ diameter), cobbles or pebblcs. This facies is polymodal (Figs. 4.11a and
4.11¢), ungraded, and framewark-supported by clasts over -1¢ diameter (Fig. 4.10; ¢f. Rust and Koster
1984). Material finer than d4¢ constitutes less than 5% by weight of cach unit (Fig. 4.11; Appendix 6).

Standard deviations calculated from grain size data on some of the finer (pebble-dominated)
heterogeneous, unstratified gravels (Table 4.6), suggest that, en masse, this facies is very poorly sorted
{standard deviation >2¢; Table 4.6) (Folk and Ward 1957). This is misleading as gravel structure
includes vaguely delineated lenses of himadal clast-supported, bimodal matrix-supported, polymodal, and
unimodal/openwork gravel (Fig. 4.10). The arrangement of these lenses vertically or laterally follows
no consistent pattern. This structure is problematic when collecting representative samples for grain
sizc analysis. For example, samples T23/1-1a and T23/1-1b (Table 4.6) were taken from the same unit
in close proximity. Their grain size distributions are markedly different (Fig. 4.11b). Sample T23/1-1°¢
(Figs. 4.11a and 4.11b; Table 4.6) is an amalgamation of samples T23/1-1a and T23/1-1b.

Table 4.6. Grain-size statistics’ from
heterogencous, unstratified gravel.

Sampls  Graphic Inclushe graphic
numhar  mesn  slandsrd Gaviation

TI0/67  -AGD ¢ 280 ¢
o/t 383 ¢ 2m¢
T23/1-1a  -4.72¢ 1.76 ¢
T23/1-1d 007 ¢ 176 ¢
T23/1-1r 228 ¢ 282¢
ced/1y -242¢ 213 ¢

' aRer Folk and ward (1957) from raw dala in Appandix &

Larger clasts (boulders, cobbles and/or pebbles) often occur in imbricate clusters, within gravel
with an otherwise visually random fabric (Fig. 4.10). Although the dominant orientation of imbricate
clasts is with their a-axis transverse to flow direction (a(t)), a high proportion of clasts are oriented with
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Figure 4.10. Heterogencous, unstratified gravel facies: a. Poorly delineated lenses of
bimodal clast-supported, polymodal and openwork gravel. Visually chaotic fabric,
Campbeliford esker (pit C30; Fig. 4.2). b. Vagucly delincated lenticular organization
and cluster imbrication of larger clasts, Norwood esker (pit N36; Fig. 4.2). Metre grid
for scale.
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Figure 4.11. Heterogencous, unstratified gravel facies: @. Grain-size distributions. b.
Partitioning of facies. Grain-size data for sample T23/1-1° are an amalgamation of
samples T23/1-1a and T23/1-1b. c. Grain-size histogram demonstrating polymodal
texture (unit C43/1-1; Table 4.6; Appendix 6).
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their a-axis parallel to flow direction (a(p)) (Table 4.7). In most cases, the dominant orientation of both
cobbles and pebhles is a(t) (Table 4.7). The mean dip of the imbricate plane of clasts ranges from 14°
10 S7°, with most over 30°. The unit (unit N36/1-1; Table 4.7) cxhibiting a mean dip of 14° has 8
higher proportion of fines than the other heterogencous, unstratified gravels. Vector strength
(eigenvaluc §;) is variable (Table 4.7),

Table 4.7. Summary fabric and transport orientation data for individual gravel facies!

unit Number  Sedimeniary Facies/Siruciure Sampls Fow Mean Vector mm:am Tranapant Orientalion Dals
Number Azimuin Oip  Sirength Leve! —————lﬂ) o) Cobbies’ Pabbies’

(%)
T24/1-1 Hateragensous, unsiralified gravel 60 @' @ 08137 oo @4I% QA% ) alp)
C43/11 Hateragensous, unsiralified gravel 60 0° 67° 0650 00.0% 83.3% 41.7% aft) af
C30/71 Helerageneous, unsiralifiss gravel 60 23° 37° 04708 07.6% 47.5% 0.0% alp) am
CI2/3-5 Hateragansous, unsiratified gravel 26 08" 28° 088856 00.0% N/A  N/A N/ N/A
NG4/1-7 Helaragensous. unsirelified gravel 2§ 220° ¢2°' 08112 00.0% N/A N/A N/ N/A
N35/2-2 Heleragensous, unsiraiified gravel 30 200° 30° 08004 00.0% N/A  N/A N/A N/A
Nag/Y-Y Helerageneous. unsiralified gravel a0 e’ 14 04213 O.0% 53.3% 43.3% af) af
(1960) (with nigher % fines)
C31/8-2 Massive, imbncale, clasi-supporied. 80 188° &0 08312 Q0.0% §8.7% 40.0% aft) aft)
qravel
NE4/1-5 Massive, Imbricalo, clasi-supported, 28 15 §1' 07777 0% N/A  N/A N/A N/a
gravel
NI/ 18-t Massive, imbricale, clasi-supponed, 40 18° 42°  0.8183 60.0% 65.00 45.0% W/A /A
aravel
TJ81/1-3 Rane-tadded graval €0 184° 35 06108 €60.0% 83.9% 250% N/A N/&
Ca /101 AMane-baades oraval 60 191° 47° 05103 GO.0% 9.7 55.0% N/A /A
T481/2-3 raaudoanticling) mecraform (wagl) 80 186° £0° 0.7055 00.0% 73.3% 21.7% N/A /4
TJ481/2-1 Psoudoanticiingl macraform (egst) 60 258° 45" 0.7258 ©O.0% 81.7% 3N.7% W/A N/A
T14/1-3 Pasudoanticlinal macroform (easl) 60 an* 56° NG0B 680.0% §5.0% 350% a() af)
N8/22-1 Pasudosniicling) maecraform (oast) 30 207° a7' 05247 €0.0% 40.0% 40.0% a() ap)
NaB/22-6 masudoanticlinal macroform (west) 100 120° 39° 05780 £0.0% §2.0% 44.0% nonp aft)
#6°/1-contra  Oblique accretion gvalanche ad 80 270° 13° 04078 GD.0% 9.3% 650% N/A N/a
macroform
MB*/1-LHS Oblique accrelion avalanche bed 50 235° 44° 04565 06.0% 56.0% 41.7% N/A N/A
macroform
?g/n’l)ﬁ in-phate wave siructure, gravel 50 an* 26 07520 €9.0% N/A  N/A N/A N/a
1
NaB/ D1 tn-phase wave siructure, gravel 60 107° 256° 04088 00.0% §0.0% 40.0% N/A N/A
N16/7b-9 In-phase wave struciure. sand 30 89° 27 05737 €0.0% 30.1% 62.2% aff) alp)
NIB/17-8 In-phase wave structure, gravel 100 122° 11° 04707 ©9.0% 40.0% 38.0% a(p) af)
N38/19-6 In-phase wave siructure, gravel 60 118° 20° 05808 00.0% 62.7% 23.7% equal af)
N3B/17-10 Walaer-oscaps structure In 4 gravel 30 15° 20° 08191 93.0% an.0% 70.0% N/A N/a

in-phase wave siructure

' Raw dats In Appandicet 2 and 4.

* gignificance level of sample baing nonrandom, according 1o es! stalistic (S,/S,) of Wondcock and Naylor (1983).
' Dominant a-axis ortenigtion for cobble and pabble grain sizes.

N/A No dala available.

Deposition from fluidal flows is inferred from the presence of imbricate clast clusters with a-
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axis orientations dominantly transverse to flow direction. Large clasts were primarily transported by
tractional rolling as bedload (cf. Johansson 1963, 1965, 1976; Rust 1972). A-axis parallel clasts suggest
that transport by suspension and saltation also occurred prior to deposition (cf. Johansson 1963). High
clast dips are attributed to the high frequency of clast-to-clast contacts during deposition of this
framework-supported facies (cf. Rust 1972). This is consistent with lower clast dips recorded for more
matrix-rich members of this facies, where clast-to-clast contacts would have been less frequent (unit
N36/1-1, Table 4.7).

Sediment support mechanisms in a fluid flow with traction, saltation and suspension transport
would have included support from the bed and from fluid turbulence. The absence of grading and the
dominance of clast-to-clast contacts indicate that dispersive pressure within a highly concertrated
sediment dispersion (cf. Smith 1986; Costa 1988) or a sliding bed (Saunderson 1977, 1982) was not
important.

Deficiency of very coarse sand to granule grain sizes (-0 to -2¢ diameter) in open-channcl
fluvial sediments imparts a natural bimodality to gravel deposits (cf. Shaw and Kellerhals 1982). This
deficiency may be the result of preferential transport of this size range (cf. Russcll 1968) or, more likely,
of selective crushing and abrasion of the smallest sizes carried as bedload (Shaw and Kellerhals 1982),
Obvious deficiency in this size range is not exhibited in the frequency histograms for the heterogencous,
unstratified gravel within the eskers (Fig. 4.11). The preservation of this grain sizc range in esker and
subaqueous fan sediments may have been the result of relatively rapid rates of scdimentation in these
systems.

In flume experiments, longitudinal sediment sorting was ohserved in poorly-sorted gravel
(McBride et al. 1975; Iseya and Tkeda 1987; Whiting et al. 1988). Here, gravel travelled as sheets with
distinctive longitudinal sorting related to differential transport velocities. Large clasts had higher
velocities than smaller ones, where shear velocities were well abave critical values for all grain sizes
present (cf. Meland and Norrman 1969; Shaw 1969). Gravel sorting with a congested, openwork zone,
a smooth, matrix-rich zone and a transitional, half matrix-filled zone resulted (Iseya and Tkeda 1987).
This sequence was produced in flume experiments under steady Nlow discharge but involving nonuniform
and unsteady bedload transport. If the rate of sediment deposition was relatively rapid, such longitudinal
sorting may have been preserved in the sedimentary rccord. In vertical section, such a mechanism may
have produced a vaguely lenticular organization in the resulting gravel facies. In addition, the structure
may have been complicated by pulses in flow velocity during a dcpositional event. This is perhaps
corroborated by the transport data for unit C30/7-1 (Table 4.7), where cobbles have dominant a(p)
orientations and pebbles have dominant a(t) orientations. This suggests that cobbles were primarily

transported in suspension, while pebbles were transported as traction bedload. Clearly, if flow discharge
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was steady this would not be sensible. The apparent anomaly may be accounted for by unsteady flow
ar, alternatively, by reoricntation of clasts about obstacles as they came to rest (Johansson 1963, 1976).

An alternative to the relatively regular sorting produced by the above mechanism is reported
in the literature on cluster bedforms (cf. Brayshaw of al. 1983; Brayshaw 1984, 1985). Here, obstacle
clasts act as the focus for entrapment of clasts which hecome tightly packed and imbricate on the stoss
side of obstacles. Finer material ‘hides’ in the wake of obstacle clasts (downflow separation bubble on
their lee side; Brayshaw et al. 1983). Such cluster bedforms have been reported to vary in length from
0.1 to 1.2 m, and be twice as wide as they are long (Brayshaw 1984). Clast clusters are generally offset
from one another downflow, less frequent towards channel walls, more frequent on bars, and are
reported to vary in frequency downflow from zero to over 4 clusters per m® (Hassan and Reid 1990).
Such clusters tend towards an equilibrium spacing for the prevailing flow conditions and are perhaps
a gravel-bed analog for the ripple and dune bedforms of sand-bed strecams (Hassan and Reid 1980).
Clusters are believed to be deposited during the waning stages of floods (Brayshaw 1984). Their break-
up can produce short-term pulses in bedload transport (Brayshaw 198S), as they tend to delay incipient
motion and limit the availability of bed material for transport (Brayshaw 1984), Preservation of this
hedform in vertical section, where sedimentation rates were rapid, may also have been responsible for
producing the vaguely lenticular organization of the heterogeneous, unstratiicd gravel facies.
Longitudinal sediment sorting, and sorting attributed to the development of cluster bedforms, are the
most probable mechanisms responsible for the formation of the heterogeneous, unstratified gravel facies.

The coarsc grain size of heterogeneous, unstratified gravel suggests relatively powerful flows.
Entrainment velocities (L) on the order of 2.1 to 14.5 ms! are estimated for the largest clasts in this
facies (-10¢ diameter; of. Williams 1983). These velocities are comparahle to those reported for the
drainage of ice-dammed lakes (cf. Elfstrom 1987, Lord and Kehew 1987). Assuming closed-conduit

width ~ 200 m, estimated from the maximum width of Norwood esker) for a conduit with the geometry
of a segment defined by the space between the arc of a circle and its chord (Hooke et al. 1990), and the
continuity equation Q,, = U X A discharge (Qy) is calculated at 1.3 % 10° m¥s, if U = 145 ms?,
during the events responsible for depositing the coarsest members of this facies. The polymodal,
framework-dominant character of the facies suggests that although all grain sizes were available in
transport, most fines were transported away from the sites of heterogeneous, unstratified gravel
deposition. Banerjee and McDonald (1975) reported an esker ridge gravel with a disrupted framework,
which may be similar to the heterogeneous, unstratified gravel facies described here.

Massive, imbricate, clast-supponed gravel

This facies is texturally and structurally gradational with the heterogeneous, unstratified gravel
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facies. It is dominated by boulders (<-104 diameter; Fig. 4.120) and cobbles or cobbles, with a matrix
of small pebbles, granules and sand, and is relatively bimodal and clast-supported (Fig. 4.120). Unit
thicknesses are generally less than 2 m. Imbrication is pervasive rather than clustered (Fig. 4.124).
There is a mixture of a(t) and a(p) clast imbrication, with a(t) being dominant (Table 4.7). Mean dips
arc high (>40°; Table 4.7) and imbrication is strong (Table 4.7). Units arc gencrally ungraded,
although one exhibits inverse grading (unit C31/6-2, Table 4.7).

This facies is similar to the heterogeneous, unstratified gravel facics, and is also interpreted as
the product of deposition from fluidal flows. However, there is less matrix, stronger and more pervasive
imbrication, and a morc massive structurc than for the heterogencous, unstratified gravel. These
differences suggest that transport was primarily by traction, and that deposition was perhaps more
gradual for massive, imbricate, clast-supported gravel than for heterogencous, unstratified gravel.
Traction transport is consistent with the obscrvation that both cabble and pebble a-axis oricntations are
transverse to flow direction. Some transport by suspension and saltation is recorded by a(p) clasts.
Dispersive pressure within a suspension may account for the inverse grading observed in unit C31/6-2
(Table 4.7). Alternatively, and more probably, this coarsening-upwards sequence may represent the
rising limb of a flood hydrograph. Entrainment velocities of 2.1 to 14.5 ms™ are estimated for clasts of
=104 diameter (Williams 1983).

Imbricate, polymadal gravel

Visually, this facies is structurally and texturally gradational with the previous two facies (Figs.
4.10, 4.120 and 4.12b). In general, bed geometry is tabular in latcral, upflow portions of the ridge, while
it is more lenticular in downflow locations, and has a pronounced undulatory surface (in-phase wave
structure) in proximity to the major downflow fans (pit N36; Fig. 4.2). Unit thicknesses ravely cxceed
1.5 m, except in the major fans. The facies may be ungraded or weakly inverse-to-normally graded (Fig.
4.12b). An increased proportion of sand often cffects a matrix-supported character, although the facics
is texturally polymodal (Fig. 4.12b). Maximum clast size does not usually exceed -6.5¢ diameter.

This facies is inferred to have been rapidly deposited from a highly concentrated dispersion (cf.
Smith 1986; Costa 1988). Entrainment velocities of 0.6 to 4.4 ms"! are estimated for clasts of -6.5¢
diameter (Williams 1983). Further observations and interpretations are presented in the scetion on in-
phase wave structures.

Plane-bedded gravel

This is the least frequently observed facies in the main esker ridges. Qbscrved unit thicknesses
vary from 1.5 10 4 m. Planc beds have tabular geometry and arc variously polymodal to graded (Fig.
4.12%). Stratification is less obvious (less well developed, Walker 1975; Smith 1990) in the coarser unils.
This facies is dominated by small boulders (<-8.2¢ diameter) with cobbles and pehbles, cobbles with
pebbles (Fig. 4.12), or pebbles with granules. Pebbles, granules and sand fill the void spaces (Fig.
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4.1%). Clast imbrication is a mixture of a(t) and a(p) (Table 4.7), with mid-range vector sirengths
(Table 4.7), and mean dips comparable to those of heterogeneous, unstratified and massive, imbricate,
clast-supported gravels (Table 4.7).

Stratification within this facies is indicative of deposition from tiaction transport in fluidal flows.
Entrainment velocities of 1.1 to 8.0 ms™ are estimated for clasts of -8.2¢ diameter (Williams 1983).
Plane bedding may be attributed to the downflow migration of bed waves which formed by interaction
between eddies in the flow and the bed (Allen 1984a), or to the cffects of the burst/sweep process on
local rates and modes of sediment transport in a turbulent flow (cf. Cheel and Middleton 198A).
Transport in a turbulent suspension prior to deposition is inferred for unit C31/10-1 (Table 4.7), where
a(p) orientations are dominant.

Crass-bedded gravel

Trough and tabular cross-bedded gravel (Figs. 4.13a and 4.13b) is observed in all of the main
esker ridges, and more frequently with distance down esker. Individual foreset beds are generally <50
cm thick, cross-bed sets are generally <2.5 m thick, and cosets are generally <3 m thick. Foresets dip
at approximately 26° to 30° downflow. Cross-bedded gravel is dominiated by cobbles and pebbles (Fig.
4.133), with small boulders ( <-8.2¢ diameter) at the base of some rhythmically-graded foreset beds (Fig.
4.13b). A typical rhythmically-graded bed starts with bimadal, clast-supported houlders, cobbles or
pebbles with a sandy matrix which often exhibits convolute laminations (part A; Figs. 4.13 and 4.14).
Part A usually accounts for S0 to 60% of the bed thickness, and passes up-sequence into relatively
openwork cobbles or pebbles (part B; Figs. 4.13¢ and 4.14), then into openwork granules (part C; Fig.
4.1%). Occasionally foreset beds are polymodal with poorly defined cross bedding. However, larger
clasts often occur in imbricate clusters towards the base of such foreset beds. Similar rhythmically-
graded gravel sequences, but in vaguely delineated lenticular packages, are observed within single gravel
units on the scale of the esker ridges. Such units are up to 10 m thick and continue laterally aver the
width of the esker, while rhythmic packages are 0.5 to 1.0 m thick and 1.0 to 20 m wide. Some
packages have downflow-inclined lower contacts (Shulmeister 1989).

The cross-bedded gravels are products of bedform migration (cf. McDanald and Vincent 1972).
Traction was the dominant transport mechanism. Longitudinal sediment sorting during transport of
heterogeneous gravels, and lee-side deposition of suspended load in return flow beneath a separation
eddy, contributed to the characteristic foreset grading (Shaw and Gorrell 1991). Shaw and Gorrell
(1991) described a basal matrix-supported gravel and reported a concomitant fining of clasts and 8
coarsening, or decrease in the volume of matrix, up-sequence in cach foreset bed within large
subglacially formed dunes. Such gradual up-sequence changes are not observed within the foreset beds

in south-central Ontario eskers; rather, a basal clast-supported gravel passes up-sequence into openwork
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gravel. Overall, the cross-bedded gravel facies (in addition to heterogeneous, unstratified and massive,
imbricate, clast-supported gravel facics) in south-central Ontario eskers is relatively matrix-poor, The
constrained nature of flow within conduits may be responsible for the lack of fines, as fincs remained
in suspension and were transported downflow. The occasional occurrence of a polymodal gravel foreset
hed may indicate that the heterogeneous gravel mixture feeding the foreset had only poorly developed
longitudina) sort-ng. In addition, continuous deposition from bedload and suspended load may have
produced the polymodal texture (Shaw and Gorrell 1991).

Continuous upsiope flow paths for the eskers of south-central Ontario suggest closed-conduit
conditions during esker formation. Flow depths of S to 25 m at the time of dune formation are
estimated from dune heights of 2.5 m (McDonald and Vincent 1972). Entrainment velocities are
cstimated to have ranged from 1.1 to 80 ms’), for clasts of -8.2¢ diameter (Williams 1983).

Traditionally, bimodal grave has been interpreted as a sliding bed facics, associated with high
Q, cvents in eskers (e.g, Saunderson 1977, 1982; Ringrose 1982; Lindstrdm 198S; Shulmeister 1989),
or as the product of a change in flow power, such that there was initial deposition of gravel and later
deposition of sand in open channels (e.g., Baker 1973; Smith 1974). Openwork gravel has been
interpreted as a winnowed (e.g., Lundqvist 1979) or waning-flood (c.g., Shulmeister 1989) deposit.
However, rhythmically-graded, vaguely-lenticular gravel packages with downflow-inclined lower contacts,
within units on the scale of an esker, m-y be more appropriately attributed to deposition in the lee of
a bedform (Anketell and Rust 1990: Shaw and Gorrell 1991), a negative step (¢f. Carling and Glaister
1987), or a macroform, and related to longitudinal sediment sorting during transport of heterogeasous
gravel to the brink of the form (Shaw and Gorrell 1991). Alternatively, rhythmic grading within these
downflow-inclined packages may have been a product of the migration of smaller gravel bedforms,
themselves possessing hythmically-graded foreset beds, over the brink of a lavger bedform or
macroform (Anketell and Rust 1930).

Similar grading in tabular beds arranged in sets on the scale of an esker, and observed in
sections cut perpendicular to flow direction (Fig. 4.13d), may also be interpreted as cross beds related
to bedform migration or macroform progradation. However, without observation of downflow-inclined
lower contacts between beds, it is equally possible that such units could be graded, plane-bedded gravels
(¢f. Cheel and Middleton 1986; Smith 1990).

Pseudoanticlinal macroforms

Pseudoanticlinal macroforms (or coarse grave) anticlinal macroforms, Garbutt 1930) are
composed of low-angled, arched or anticlinal bedding in gravel up to -10¢ diameter, on the scale of the
main esker ridges (Fig. 4.15). They are generally observed where a ridge is narrow and geometrically
uniform. Facies within this macroform include heterogeneous, unstratified gravel (Fig. 4.15) and
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massive, imbricate, clast-supported gravel. Occasionally, sand units, which may be continuous or
discontinuous, alternate with gravel facics to form this macroform. Paleoflow azimuths inferred from
gravel fabrics (Appendix 4), are downflow and convergent on the crest of the anticline (Fig. 4.15; Table
4.7). Clast orientations arc dominantly a(t) (Table 4.7).

Powerful flows were required to move the boulders and cobbles which make up this macroform.
Entrainment velocities of 2.1 to 14.5 ms™ are estimated for clasts of -106 diameter (Williams 1983). The
formation of a primary pscudoanticlinal macroform with crest-convergent fabrics is inferred to have been
the product of secondary currents nr vartices. Secondary currents have been reported for flow in closed
conduits (Rouse 1961). Here, circulation was sct up in the plane of a cross section and superimposed
on primary longitudinal flow; mean motion formed a spiral or vortex moving downflow. Whereas double
helicoidal vortices can form in long, straight, deep, narrow, open-channel flow (Matthes 1947), closed-
conduit conditions have been inferred during the formation of the main esker ridges from continuous,
upslope crest long profiles (Fig. 4.3). Pseudoanticlinal macroforms are observed where the esker ridges
are fairly narrow and geometrically uniform, and not where they pinch and swell, laterally and vertically.
By inference, narrow, subglacial, closed conduits of uniform geometry may have been a prerequisite for
the maintenance of strong secondary vortices (Shreve 1972, 1985; Garbutt 1990).

Dominance of a(t) clast orientations is consistent with abservations from hath heterogeneous,
unstratified gravel facies, and massive, imbricate, clast-supported gravel facics which form the bulk of
this macroform. Tractive forces generated by fluidal secondary flows as they converged on the crest of
the anticline are inferred to be responsible for this orientation.

Oblique accretion avalanche bed macroforms

Oblique aceretion avalanche bed (QAAR) macroforms exhibit high-angled inclined surfaces
(~30°), or avalanche beds, dominated by pebbles (<-66 diameter; Fig. 4.16). They were only ohscrved
in the Marlbank esker. Morphologically these macroforms occur at zones of slight evpansion along an

Al pit M6 (~6 m vertical exposure; Fig. 4.2), the angle of inclination of the beds decreases
upward (32° to 14° dip towards ~280° orientation) and reactivation surfaces are observed. Fabrics
from different locations within the structure exhibited both weak a(t) and a(p) imbrication, downflow
and oblique to the esker ridge crest (Table 4.7). Facies within this structure include polymodal gravelly
sand (Fig. 4.17), openwork cobbles and openwork pebbles. Immediately lateral to the gravel avalanche
beds and at a lower clevation, the sedimentary sequence (~2 m thickness) is composed of fining-upward
sets (0.25 to 0.30 m thick) of massive, cross-laminated, parallel-laminated and penecontemporaneously-
deformed coarse or medium sand to silt or clay.

At pit M42 (~8 m vertical exposure; Fig. 4.2), steeply inclined avalanche beds (~30°) are
observed directly on bedrock (Fig, 4.16). Each bed is 0.5 to 1.5 m thick and composed of graded
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Figure 4.17. Grain-size histogram for polymadal gravelly sand within
an oblique accretion avalanche bed macroform, Marlbank esker (pit
M6°*; Fig. 4.2), unit M6°/1-A. Raw data in Appendix 6.

pebbles and granules (Fig. 4.16h) with a maximum grain size of -S.6¢ diameter. The grading in each
bed is relatively uniform, making differentiation of the top and bottom difficult (Fig. 4.16h). Three
gravel structures are ohserved within most avalanche beds: polymodal, matrix-rich pebbly sand;
polymodal, framework-supported pebbly sand; and openwork pebbles (Fig. 4.16b). I this sequenee is
cosrectly ordered, the proportion of matrix decreases up-sequence in each avalanche bed. The ab-plancs
of the larger clasts tend to parallel the avalanche beds. Scour-and-fill structures truncate these beds on
the lateral flank of the ridge (Fig. 4.16g). Fills have a maximum grain size of small boulders (<-8.2¢
diameter),

Although structures similar 1o OAAB macroforms have been interpreted as esker deltas (cf.
Banerjee and McDonald 1975; Thomas 1984), some of their characteristics distinguish them from
previously described esker deltas.  First, no obvious topset/foreset/bottomset relationships (cf.
Clemmensen and Houmark-Niclsen 1981) are observed, and fines lateral to the avalanche beds at pit
M6° (Fig. 4.2) may be later glaciolacustrine deposits associated with Glacial Lake Irogquois (cf. Miryncch
1962). The avalanche beds at pit M42 (Figs. 4.2 and 4.16) lie directly on bedrock; no bottomsets exist.
Sceond, OAAB macroforms do not punctuate segments of the Marlbank esker, but rather occur at zones
of morphologic expansion within a continuous ridge. Third, lateral scour-and-fill structures truncate the
carlier avalanche beds and run parallel to the esker axis (Fig. 4.164).

Flow separation and expansion of a secondary current vortex, from the main conduit into a

lateral cavity, is inferred for the formation of OAAB macroforms. Avalanche beds are interpreted as
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prograding avalanche fronts into a subglacial cavity connected to the main conduit. Similar large
avalanche beds have been reported within flood-related expansion bars (Baker 1973). Sliding and rolling
of clasts down the avalanche surfaces may have contributed to weak a(t) and a(p) clast orientations
parallel to the inclined beds observed at pit M6° (Fig. 4.2; of. Johansson 1976). Fluctuation of discharge
over time may have accounted for the pscudo-inverse grading of avalanche beds at pit M42 (Figs. 4.2
and 4.16). Alternatively, the grading may be attributed to the delivery of longitudinally sorted sediment
1o the brink of the macroform as described previously for gravel cross beds (Shaw and Gorrell 1991).

Lack of bottomset beds at pit M42 (Figs. 4.2 and 4.16) is interpreted to be the result of a
relatively rapid rate of cavity opening or exposure, and rapid sedimentation and progradation in a
subglacial environment. Fine sediment would have been carried off downflow within a continuous
conduit. The lateral scours may have been eroded during higher flow velocitics caused either by a
decrease in conduit cross-sectional arca during sedimentation, or by a reduction in the sediment load
carried by the flow. The larger clast size in scour fills may be attributed to a higher flow velocity during
a later event, or to & change in the clast size available to the flow.

Reduction in the angle of inclination of foreset beds towards the ridge crest at pit M6° (Fig.
4.2), suggests aggradation and indicates that there may have been a process link between
pseudoanticlinal and OAAR macroforms; that is, both may have required the operation of secondary
vortices for their formation.

Verically altemating sand and gravel units

A secondary signal of the hydrodynamic conditions within a subglacial conduit may be inferred
from vertically alternating sand and gravel units (Figs. 4.8, 4.9, 4.122 and 4.18) within the macroforms.
Gravel units may be members of any of the facies previously discussed. Although sand units are
predominantly cross laminated, they also may be plane bedded, cross hedded, parallel laminated/draped,
or massive. The contacts between gravel and sand units are often very sharp (Fig. 4.18). Occasionally,
truncation of a sand unit (Fig. 4.124) highlights the probability of amalgamated grave! units (events)
which may not be obvious from vertical sections of heterogencous, unstratified gravel, or massive,
imbricate, clast-supported gravel. Between one and seven couplets are observed at most cxposures in
the esker ridges.

Couplets similar to those described above are common to many eskers (e.g., J ewtuchowicz 1945;
Lobanav 1967; Allen 1971; Shaw 1972; Banerjee and McDonald 1975; Ringrose 1982). They have been
attributed to changes in depositional conditions on seasonal or annual time scales, suggesting a
supraglacial to subglacial connection in the glacial hydrologic system (cf. Banerjee and McDonald 1975;
Ringrose 1982). However, couplets may equally represent episodic flood deposition caused by lake (cf.
Whalley 1971; Nye 1976; Haeberli 1983) or subglacial cavity drainage (cf. Iken et al. 1983; Kamb et al.
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Figure 4.18. Vertically alternating sand and gravel units with sharp contacts (couplets),
Norwood esker (pit N36; Fig. 4.2). Metre rod for scale.
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198S; Walder 1986; Kamb 1987). Whai is certain, is thai the sequences may involve: (i) a temporal or
spatial change in sediment supply (cf. Shaw 1972); (ii) a spatial change in flow conditions, that is, the
headward growth of the main conduits and capture of smaller conduits and cavities (ef. Willis 1990); or
(i) a temporal change in flow competence. The latter may be directly related to seasonal melting,
producing a direct connection between the supraglacial and subglacial meltwater subsysiems or,
indirectly related by the influence of scasonal meltwater on subglacial water pressure, cffecting periodic
capture of subglacial, water-filled cavities. In this sense, possibilities (/i) and (iii) may be related.
Altcrnatively, temporal change may be episodic (jdkulhlaups), related to the drainage of large
supraglacial lakes or subglacial water bodies.

While the migration of large bedforms and progradation of macroforms within a conduit may
explain some vertically alternating sand and gravel sequences (e.g. related to flow separation zones in
the lee of these forms), the pervasive occurrence of these couplets argues for a flow-dynamic control.
Peaked or flood-type (jokulhlaup) hydrographs (Fig. 4.194) may be invoked to cxplain both rhythmicity
and the sharp contacts between sand and gravel units. Most deposition occurs on the falling limb of 8
flood hydrograph. Whalley (1971) reported a 93% reduction in meltwater discharge (Q,) over a 10
minute period associated with a jokulhlaup shutoff. Assuming a conduit of uniform arca, such a
reduction in Q,, would effect a concomitant reduction in mean fow velocity (), and consequently shear
velocity (Us) (Fig. 4.19b). A 93% reduction in U from 11.25 ms 10 0.75 ms™! would result in a
reduction in Us from 78 cms™ 10 S cms™? (Fig. 4.190). At U.~75 cms™, all clasts smaller than medium
pebbles (<30 mm diameter) would have been in suspension, large pebbles to small houlders (30 to 600
mm diameter) would have been transported as bedload, and medium to large boulders (>600 mm
diameter) would have been stationary (Fig. 4.19b). Within minutes U, may have fallen to ~§ cms,
such that material finer than medium sand (<0.4 mm diameter) was in suspension, medium to very
coarse sand (0.4 to 2 mm diameter) was transported as hedload, and all gravel clasts (>2 mm diameter)
were stationary (Fig. 4.190). Therefore, on the falling limb of a flood discharge within a subglacial
conduit, a rapid reduction in U, may have been responsible for the sharp contact between the sand and
gravel units. Consequently, a sand and gravel couplet may be interpreted as the product of a single
flood event.

Caution should be exercised when interpreting all apparent couplets as the product of a
seasonally-induced flood (cf. Banerjee and McDaonald 1975) as gravel units may have been amalgamated.
In addition, it is possible that either: more than one flood event may have occurred in any one sason,
if the occurrence was controlled by the capture of conduits, water-filled cavities or large subglacial water
bodies due to changes in subglacial water pressure; or, no flood of appreciable magnitude may have

occurred in a particular season. This emphasises the notion that esker ridge scdiments are a very coarse
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Figure 4.19. a. Schematic jokulhlaup hydrographs. 1. Sudden meltwater release associated with the
drainage of a large water body. 2. Progressive enlargement of the catchment area of a main conduit
associated with capture of minor conduits and cavities. Both show a vapid reduction in meltwater
discharge on the falling limb (modified from Haeberli 1983). b. Critical shear velocities (U.) for traction
and suspension transport. Data for critical suspension criterion (U*/w > 1.0, where w = settling
velocity) and flow regime from Mamak (1964, cited in Graf and Acarogly 1956). Data for critical
traction eriterion (Shiclds’ criterion) from Blatt et a/. (1980) and Walker (1975), and for diameter (d)
> 100 mm U, caleulated from U = 0.46d°% (Williams 1983) and 15U, = U (Walker 1975), assuming
Us=s U
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record of sediment and meltwater discharge fuctuations within a conduit, and possibly only record the
most powerful events within that conduit (Gorrell and Shaw 1991).
Discussion: esker ridge macroforms

Subglacial conduits are unlikely to have uniform geometry; they may bend cf. Hagen et al.
1983) and/or pinch and swell, laterally and vertically (cf. Walder and Hallet 1979; Hall ¢ and Anderson
1980). Studies on slow-flawing contemporary glacicrs have suggested that with an increase in meltwater
discharge, the drainage system evalves from a linked-cavity network into an integrated conduit system
(cf. Willis ¢ a/. 1990). Some of the bulges in pre-esker conduits may have been cavity remnants (Hooke
1989, fig. 4). Alternatively, with increascd meltwater discharge, conduits may have enlarged by melting
or localized floatation (Gorrell and Shaw 1991) to capture adjacent water-filled cavities with which they
coexisted (Tken and Bindshadler 1986; Walder 1986; Fowler 1987). In this manner, the location and
spacing of expansion zones may have changed over time within conduits.

Esker macroforms should not be viewed as normal fluvial bedforms (e.g., large dunes or
mesoforms, ¢f. Hoey 1992) migrating down a conduit of uniform geometry and responding solely to fow
power (variation in the fluid-dynamic regime of the boundary layer, Hoey 1992). Rather, they are
envisaged as being initially spatially controlled by the precxisting geometry of the conduit. Deposition
and augmentation of composite and QAAB macroforms are inferred to have occurred in zones of
conduit expansion and concomitant flow expansion; the style of the macroform having been controlled
by local conduit geometry downflow from the point of expansion. Macroforms are believed to scale to
flow width (cf. Hoey 1992). Later, as the macroform developed, feedback hetween macroform and
conduit geometries may have ensued. On occasion, progradation of macroforms may have temporarily
blacked constricted portions of conduits and acted as possible internal (autogenic) controls on sediment
availability and flow resistance (cf. Ashmore 1991). More constricted zones of the conduits would have
experienced relatively higher flow velocities than expanded zones. Pseudoanticlinal macroforms are
inferred to be products of relatively constricted, geometrically uniform conduit segments. Very
constricted conduit segments may have experienced erosion, or simply transportation, along their length
during high discharges. Some minimal deposition may have occurred along these segments during lower
meltwater discharges. Consequently, conditions along a continuous conduit are inferred to have changed
downflow from erosional to transportational to depositional, contralled by conduit geometry.

Although exposure was not extensive cnough to reveal the spatial dimensions of the
macroforms, vertical exposures suggest they attain heights of at least 10 m; crest line undulations (Fig.
4.3) are on the order of 20 m maximum relief. Longitudinally, the macroforms are inferred to conform
to the wavelength of crest line undulations (110 5 km; Fig. 4.3). However, the construction of the long
profiles (Fig. 4.3) was constrained by the contour interval of the topographic maps (10 m on 1:50 600
NTS sheets), so it is possible that shorter wavelengths may be differcntiated on larger-scale maps.
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The presence of macroforms within eskers may not be restricted to the examples from south-
central Ontario reported here. Hebrand and Amark (1989, p. 77) inferred for some Swedish eskers that
*deposition took place only in restricted parts of the conduit at one and the same time". They proposed
a large and orderly reduction in meltwater competence at the ice margin, with this sequence repeated
time-transgressively in an up-glacier direction as the ice margin retreated. Spatial constraints on erosion,
transportation and deposition within a continuous conduit, imposed by conduit geometry, may provide
an alternative explanation. Hebrand and Amark (1989, p. 73-74, fig. 9D) also noted undisturbed,
undulating bedding in longitudinal scction, which can be related to csker morphology. In addition,
Saunderson (1977) alluded to the presence of macroforms in the Guelph esker, Ontario, when he
speculated that cross beds may have been deposited in the lee of a core of sliding-bed deposits.
Bedforms related to flow expansion in a conduit have been investigated cxperimentally by Johansson
(1976). He describes simple delta-like forms with backsets, topscts, foresets and bottomsets. Large
backset beds were not observed in the esker ridges of this study, but they have been observed in the
Peterborough esker (Banerjee and McDonald 1975) and in expansion zones in the Harricana
glaciofluvial complex, Québec (Brennand 1991a, 1991b).

Observations

In major and minor fans, massive, plane-bedded, cross-bedded, cross-laminated (vipple-drift
cross-lamination types A, B, C and §, Jopling and Walker 1968) and draped sand, silt and clay are
observed in proximal-to-distal and upward-fining sequences. Cross-laminated and massive sand and silt
dominate these sequences. Fining-upward rhythms decrease in thickness upward from metres to
to upper rhythmites, some of which may be related to later sedimentation in Glacial Lake Troquois (cf.
Mirynech 1962). However, thin clay drapes (1 to 2 mm thick) are also observed in some fining-upward
rhythms within fans. Towards the top of some minor fan depasits, fine sand and silt units exhibit ball-
and-pillow structures (Fig. 4.20a). Microfaults, convolute laminations, flame structures, drag structures,
and rip-ups are common throughout the fan deposits. Sedimentary architecture is tabular, gently
inclined (Fig. 4.20b) or undulatory.

Similar sequences to those described above are observed in beads and laterally-fining deposits.
Beads tend to exhibit more rapid downflow fining, and normal and thrust faulting (pit N35; Fig. 4.2; ¢f.
Ranerjee and McPonzld 1975; Gorrell and Shaw 1991). Minor ridges, distributary from the main esker
ridge to the beads, are composed of sand and gravel couplets which have been faulted and overfolded
(pit N35; Fig. 4.2). Laterally-fining deposits display more pervasive normal faulting than minor fans.
All of these observations have been made by previous authors (e.g. Banerjee and McDonald 197§5;
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Diemer 1988; Henderson 1988; Gorrell and Shaw 1991). Consequently, further description is limited
to a new obscrvation which has significance for the interpretation of these deposits as depositional
components of continuous subglacial conduits.

Hummacky or in-phase wave structures

Hummocky or in-phase wave structures are observed: (1) at zones of morphologic expansion
along the main esker ridges; (2) near the base of some minor fans and laterally-fining deposits; and (3)
toward the downflow ends of the main csker ridges in major fans (Fig. 4.21). These structures are
composed of diffusely-graded sand or granules (Fig. 4.21a) or imbricate, polymodal gravel (Fig. 4.21b),
exhibit undulatory surfaces between beds (Fig. 4.21), and are ofien draped by fine sand and silt (Fig.
4.21). In some cases, @ single in-phase wave structure is ohserved; in others, in-phasc wave structures
are stacked and offset, cffecting an overall repetitive lenticular geometry in vertical section (Fig. 4.21).
These structures have similar morphologies in sections perpendicular to one another, conscquently, they
are inferred to be three-dimensional forms.

Sandy in-phase wave structures are S to 20 m in wavel-ngth and 0.5 to 2.5 m in height (Fig.
4.21g). Internally, scdiments are well sorted, and may be massive or diffusely graded. Diffusely-graded
sand exhibits diffuse or wispy laminae (Fig. 4.21a). In places these laminae are concordant with the
upper surface, in others they are truncated by that surface. That is, in-phase wave surfaces may be
crosional or depositional. Pebbles and cobbles are dispersed, or 'suspended’, within the diffuscly-graded
deposit (Fig. 4.21a), often with their a-axes parallel to flow (Table 4.7); vector strength is weak (Table
47). Clasts are commonly concentrated along surfaccs internal to the hummock (Fig.21a).
Oceasionally, scours (up to 0.5 m in width) truneate an in-phase wave surface and ave filled with bimodal
cobbles or pebbles and sand (Fig. 4.21a). Fine sand and silt rafts, or soft-sediment clasts, are also
observed within the hummaocks. In-phase wave structures are separated by fine sand and silt drapes (0.1
to 0.6 m thick; Fig. 4.21a), which may be cross laminated, para.lel laminated, or massive, and exhibit
mizrofaulting, flames and other penecontemporancous =formation structures.

Gravel in-phase wave structures are up to 12 m in wavelength and 1 m in height (Fig. 4.21b).
Truncation of these structures has produced an elongate, low-angled, lenticular architecture in vertical
section (Fig. 4.21b). Grav:l in-phase wave structures are bounded above and below by sandy in-phase
wave structures at pit N36 (Fig. 4.2), and are composed of imbricate, polymodal pebble and cobble
gravel (Fig. 4.12b). In places low-angled beds are observed to dip upflow or downflow within the
hummeocks. Some hummocks exhibit inverse-to-normal or normal grading, others have clast
concentrations along bedding surfaces within the hummock. Occasionally, larger clasts form weakly
imbricate, a(t) clusters (Table 4.7). Soft sediment clasts and discrete openwork pebble pods (possibly
representing frozen rafts of openwork pebbles) are observed within the hummocks. Again, gravel in-
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phase wave structures are draped by coarse to fine sand and silt in fining-upward rhythms (Fig. 4.210),
with cross lamination, parallel lamination, massive beds and penecontemporancous deformation
structures. In one case, clay (1 mm thick) drapes a fining-upward rhythm. Draped rhythms are often
truncated and exhibit load structures associated with the formation of subsequent gravel in-phase wave
structures (Fig. 4.21b). In another case, 8 water-escape structure in gravel (Fig. 4.21b) disrupts the
averlying sandy drape; clasts within it are aligned parallel to the direction of water escape, with mean
dips equivalent to the cngle of drape disruption (Table 4.7).

The three-dimensional, lenticular geometry of these structures resembles that of smaller in-
phase wave structures (oftcn termed antidunes) reported for apen channels (¢.g, Middleton 196S; Shaw
and Kellerhals 1977; Rust and Gibling 1990), coasts (¢.g. Allen 1984h; Barwis and Hayes 198S) and
turbidity currents (e.g., Skipper 1971; Hand 1974; Prave and Duke 1990), and larger in-phase wave
structures reported for voleaniclastic sediments (¢.g., Picrson and Scott 1985; Boudon and Lajoic 1989;
Charland and Lajoic 1989; Fisher 1990).

With increasing flow velocity, hedforms in open-conduit flow develop from ripples to dunes, to
plane beds, to in-phase waves (cf. Ashley 1990; Cheel 1990). It has been suggested that in-phase waves
would not form under closed-conduit conditions, since surface waves are suppresscd by the conduit roof
(e.g. Banerjcc and Mcdonald 197S; Saunderson 1977, 1982; Ringrose 1982). However, an interfacial
in-phase wave may form at any density interface (cf. Hand 1974). In addition, in closed-conduit flume
cxperiments, McDonald and Vincent (1972) reported undulations on the bed similar to the hummocky
surfaces described here. They hesitantly suggested that these may have heen related to standing waves.

Necessary conditions for the formation of in-phase wave structures may oseur in subgiacial
cxpanded reach within a subglacial conduit (including connected lateral cavitics) or into standing water
in an ice-marginal or grounding-line position (Gorrell and Shaw 1991). During flow evpansion,
supercritical denser inflow (Fry>1, where Fry is the densimeiric Froude number) may become
suberitical (Frg<1). Near the transition, in-phase waves at the density interface and on the bed are
probable. These conditions may have produced in-phase wave structures (cf. Chee 1980) in the south.
central Ontario eskers.

Hummocky surfaces may be concordant with internal laminae (drape laminae, Cheel 1930), or
truncate backset or foreset cross-laminac. In thesc cases, the complete lenticular deposit may be
explained as the product of upper-flow-regime, in-phase wave deposition (and migration). For such
structures to be preserved in the sediment record would have required net sediment deposition (cf.
Skipper 1971). Diffusely-graded sediments, penecontemporancous deformation structures (¢f. Aariv
1971b), dewatering structures (f. Lowe 1975) and preservation of soft-sediment rafts, within in-phase
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wave structures, attest to high sedimentation rates. In other cases, masive sand or gravel with little
internal lamination or bedding is topped by a hummocky surface. While it may be possible that
sedimentation rates were so rapid during in-phase wave formation that internal laminac or beds were
not prescrved, it is also possible that massive sediments were first deposited, and later evoded by in-
phase waves.

The sediments within in-phase wave structures are inferred to have been deposited from
hyperconcentrated flood flows (e.g., McCutcheon and Bradley 1984; Smith 1986; Costa 1988). Such
flows are non-Newtonian and have sediment concentrations between 40 and 80% by weight (20 and 47%
by volume) (cf. Smith 1986; Costa 1988). In-phase wave structures have previously been reported in
hyperconcentrated flood-flow deposits (¢.g., Picrson and Scott 1988). Weak stratification and
imbrication, framework-supported, poorly-sorted gravel, and normal grading are characteristic of
hyperconcentrated flood-flow deposits (cf. Smith 1986). Similarly, the presence of hoth weak a(p) and
a(t) imbrication has been reported and attributed to grain-by-grain deposition from traction and
suspension (cf. Smith 1986). The anomalous ohservation of a(p) cobbles and a(t) pehbles within one
gravel hummock (unit N36/17-8, Table 4.7) suggests that flow may have been unstcady during the
deposition of this facies. Weak inverse grading towards the base of some hummacks may be explained
by the sediment support mechanisms within hyperconcentrated flood flows; primary sediment support
it from fuid turbulence, with secondary support from dispersive pressure, buoyancy and hinderced
settling (cf. Smith 1986).

sand and silt drapes over single in-phase wave traius or vertically stacked in-phase wave
structures in sand or gravel are inferred to be the result of waniug flow cvents, some of which may have
been associated with the sand and gravel couplets, or flaod deposits, in the main usker ridges. In
general, conduits eniarge by melting to accommodate increased meltwater discharge (Qy) (cf.
Réthlisberger 1972; Shreve 1972). However, during a flood event, conduits may have been unable to
accommodate the rapidly increasing Q. High water pressures, particularly at bends, would have
resulted, locally exceeding the high ice overburden pressures along the margins of subglacial conduits
and connecting the main conduits to adjacent water-filled cavities, with or without minor connecting
conduits. As meltwater with a high sediment concentration expanded into a lateral cavity, it may have
also undergone transition from supercritical to suberitical flow. This is inferred to have created the
hydraulic jump (Fry = 1) necessary to form in-phase wave trains. Gorrell and Shaw (1991) have inferred
similar denser wall jets with hydraulic jumps to explain the morphology and sedimentary characteristics
of subaqueous (subglacial) fan and bead deposits. Indeed, they showed diffusely-graded sand with in-
phase wave surfaces filling a scour (Gorrell and Shaw 1991, fig. 17.A.). Jensen (1988, fig. 3a) also
showed in-phase wave structures within scours in a Danish esker.

Approximations for flow velocity (U) and depth (h) arc made from mecasurcments of the
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wavelength (L) of in-phasc waves and cstimates of the density of hyperconcentrated inflow (p;) and
ambient fluid (p,), using cquations from Allen (1984b, p. 407, equations 10.29 and 10.30) (Table 4.8).
This method provides similar results to the equations of Hand et al. (1972) and Hand (1974). In-phase
wave surfaces have wavelengths (L) of § to 20 m. Costa (1988) suggested a bulk density (p;) range of
1330 10 1800 kgm"? for hyperconcentrated flood flows. The density of the ambient fluid (p,) is assumed
to be ~1000 kgm'®. Flow velocity estimates (U, Table 4.8) fall within the range (0.6 to 44 ms;
Williams 1983) cstimated from the maximum clast size (-6.5¢ diameter) in gravel in-phase wave
structures.

Tahle 48. Estimates of flow depth and velocity
for in-phase wave structures.

£y v 1330 kgm™? 8, v 1800 kgm™?

L (m) nem)  W(m") hnm  Uim')
20 182 210 204 208
] 0.45 1.08 0.1 140

Interpretations/discussion

Major fan complexes are inferred to have been deposited at a subglacial grounding line (cf.
Gorrell and Shaw 1991), whereas a subglacial conduit/cavity environment is inferred for minor fans,
heads and laterally-fining deposits; all lack the pervasive deformation characteristic of sediments which
have been let down from supraglacial or englacial positions (cf. Charlesworth 1957). Where fans and
heads punctuate esker segments, they have been traditionally interpreted as products of ice-marginal,
time-transgressive sedimentation (cf. Banerjec and McDonald 1975). In south-central Ontario, the main
esker ridges were deposited in continuous, closed conduits, and minor fans and beads do not puactuate
depositional esker segments. Downstream continuation of distributary ridges and beads as contributory
ridges to the main esker, and smooth continuation of minor fans upflow and downflow with the esker
ridges, argue for synchronous subglacial deposition of the main esker ridges, beads and fans. Removal

beads and laterally-fining deposits (cf. McDonald and Shilts 1975).

Rapid fining of sediment in the minor fans and beads is attributed to a veduction in flow
competence during fow expansion, or differential transport of coarse and fine sediment caused by rapid
aggradation (¢f. Gorrell and Shaw 1991). Tt is suggested that as meltwater discharge declined on the
falling limb of a flood hydrograph, the normal high-pressure zones at the conduit margins were
reestablished. These zones would have acted as the controlling valves (cf. Willis e¢ al. 1930) which
sealed water-filled cavities and minor conduits (Gorrell and Shaw 1991). Overfolding and faulting in
distributary ridges at pit N3§ (Fig. 4.2) may be explained by deformation as ice locally reattached to the
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bed, causing cavitics and minor conduits to be pinched off from the main csker ridge at the cessation
of a high Q,, event. Cessation of flow in cavities would have produced standing-water bodics which may
have resulted in deposition of thin clay drapes in minor fans. The fact that cavities and minor conduits
remained water-filled, provided a zone of weakness such that the same flow path was reutilized during
succceding high Q,, events (Gorrell and Shaw 1991). This repetition is inferred to have produced
repeated fining-upward sequences in beads and minor fans. A similar Q,, controlled grounding-line
environment may account for the presence of, and rhythmicity within, sand and silt drapes over sand and
gravel in-phase wave structures in major downflow fans (pit N36; Figs. 4.2 and 4.21).

Whereas the valve or conduit-avulsion mechanism (primarily changes in meltwater discharge
over time) may account for mast of the pulsations observed in the sedimentary record of fans and beads
(Gorrell and Shaw 1991), some may be attributed to a second mechanism. It has been suggested that
within-conduit macroforms may have temporarily stored sediment, providing a3 spatial control on
sediment availability. If macroforms indeed acted as ten:porary sediment storage features, some of the
rhythmic sedimentary sequences in the minor, lateral and major, downflow fans, may be related to
internally generated pulses (autopulses, Ashmare 1991) in the bedload transportation rate (c.g., Ashmore
1988, 1991; Gomez et al. 1989; Hoey and Sutherland 1991, Young and Davies 1991; Hoey 1992).

Whereas laterally-fining deposits may simply represent deposition during the waning stages of
conduit operation, in reality, similar sedimentary sequences in minor fans and laterally-fining deposits
make distinction between them difficult. Tn this paper, the distinction has been made primarily on
morphologic grounds. Minor fans and beads are both intimately associated with the main ridge. 1t is
likely that they represent a morphologic and sedimentologic continuum related to the tunnel avuision
mechanism proposed.

Sedimentology of anabranched reaches of the main esker ridges and hummacky, estended zones
Observations

Few exposures arc available in thcse morphologic elements. A section exposed in the Marlbank
esker (pit M10, Fig. 4.2) is the only example of sediments within an anabranched reach in this study.
Sand and gravel couplets are intensely faulted (normal and reverse). Pcbbles and cobbles exhibit
heterogeneous, unstratified, massive and openwork structures. Sand units are primarily massive or
diffusely graded and range texturally from coarse to fine sand.

Observations from pits NS3 and NS2 (Fig. 4.2) provide some insight into the characteristics and
context of sediments within hummocky, extended zones. Faulied and folded, sand and gravel couplets
occur adjacent to the esker ridge (pit NS2, Fig. 4.2). Facics include heterogeneous, unstratified and
cross-bedded gravel, and cross-laminated and massive sand and silt. Further from the ridge, sand and
gravel couplets are still observed, but sand units are thicker (pit NS3, Fig. 4.2).
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Interpretations
Multiple-crested eskers and esker nets have long been reported in the literature (e.g, Crosby

1902; Price 1966, 1969; Shaw ef al. 1989). Three main theorics have heen advanced for their formation.
First, it has been suggested that such eskers are the product of glaciofluvial depasition in supraglacial
channels (c.g., Croshy 1902; Price 1966). It has been proposed that topographic inversion caused by
diffcrential ice melting resulied in scdiments capping an ice ridge. With time these deposits are inferred
1o have slid down the ice ridge flanks to form double-crested eskers. Repetition of this process is
helieved to result in multiple-crested eskers (e.g., Crosby 1902; Price 1966). This suggestion is difficult
to rationalize for the eskers of south-central Qntario, as most other observations favour sedimentation
in continuous subglacial closed conduits. Second, development of kettle-holes, due to ice-block
disintcgration within a ridge, may have also resulted in a multiple-crested appearance (c.g., Howarth
1971). The intricate paticrn of anabranched reaches (Fig. 4.2) argues against such a stochastic control
in this study. Third, under steady-state, closed-conduit conditions and along gently ascending esker
paths, Shreve (1988a) suggested that a relatively low rate of conduit roof melting during ridge
aggradation may have caused flow to be concentrated at low points lateral to the main ridge. Pseudo-
scparation of the flow into two parallel channels, subscquent deposition in these channels and repetition
of this process, may have produced multiple-crested eskers. Hooke (1984) suggested a similar
mechanism for subglacial open-channel flow. In Pleistocene eskers, the flow separation mechanism has
the advantage of exploiting subglacial sediment sources, rather than requiring large volumes of
supraglacial or englacial sediment. Whereas this process may be appropriate for anabranched reaches
in this study where subglacial, closed-conduit, ascending conditions have been inferred, the mechanism
falls short of explaining the complex anabranched pattern.

An alicrnate mechanism, consistent with subglacial, continuous, closed-conduit conditions
inferred for the main esker ridges, is presented here. Hummocky, extended deposits and anabranched
reaches are inferred to be further responses to rapid changes in meltwater discharge (Q,,) and water
pressure within a conduit. Shaw ef al. (1989) suggested that anabranched eskers may indicate subglacial
floods. If melt rates within a conduit were inadequate to accommodate a rapid increase in Q,, high-
pressure zones at the conduit margins may have been locally breached and a broad zone of minor
conduits established. Close proximity of these conduits may have aided further breaches between them,
producing comples interconnections. Multiple conduits would have effectively increased the cross-
scctional area and reduced the flow velocity. A concomitant decrease in flow competence would have
resulted in rapid deposition. Some minor conduits may have become choked with sediment, while others
may have opened to accommodate diverted meltwater. With a decrease in Q,, during the waning stages
of a high-discharge event, the normal pressure field at the margins of the main conduit would have
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reestablished and this conduit would have regained Cominance (cf. Rathlisherger 1972).

In some cases, the increased cross-sectional arca created by a multiple-conduit system may have
been inadequate. With a very rapid increase in Qy, larger breaches in the marginal high-pressure scal
to the main conduit may have ensued. Here, localized floatation or hydraulic lifting over a broad zone
cither side of the main conduit may have occurred. This plane of scparation may have heen at a frozen
bed. In addition, the associated high Q,, and conduit rupture may have contributed ice hlocks to the
flow. Meltwater flow within this broadc- zone may have approximated a narrow sheet. Flow expansion
would have resulted in loss of competence and enhanced sedimentation. As Q, declined, the main
conduit would have been rapidly reestablished (cf. Nye 1976). Aliernatively, a transitional multiple,
perhaps anabranched, conduit system may have formed due to thermodynamic feedhacks within o
nonuniform sheet (Walder 1982).

In both cases, ice is inferred to have settled back down onto the bed adjacent to the main
conduit and may have experienced minor forward motion. This recoupling may account for the shearing
and folding deformation observed within the deposits. Subsequent melting of buried ice blocks (or
frozen ground) and removal of lateral ice support on ice-sheet disintegration explains the intense faulting
and hummocky topography of the extended zones. The presence of sand and gravel couplets necessitate
repetition of this process at the same location. The reasons for the locati:n and repetition of channcl
avulsion responsible for the anabranched reaches of the main eskers and the extended, hummocky zones
are enigmatic at present. While the mechanism described here is not directly cquivalent to that
proposed for anastomoscd subaerial rivers (<f. Smith and Putnam 1980; Smith 1983), hoth invoke
channel avulsion.

Discussion: implications for esker genesis and meltwater regime
Subglacial, closed-conduit flow and macroforms

By concentrating on the morphologic and sedimentologic characteristics of the main esker
ridges, it has been possible to infer the mode of esker genesis. Synchronous erosion, transportation and
depasition by pulsed meltwater discharges in up-sloping, subglacial, closed conduits has been inferred.
The depositional products of these processes are the large bedforms, macroforms, and sand and gravel
couplets. By extension, minor fans, beads with minor ridges, anabranched reaches of the main esker
ridges, and hummocky, extended zones have been interpreted primarily as consequences of suhglacial
deposition in cavities or minor conduits connected to the main conduit, in response to elevated
subglacial water pressures and flood discharges through the main conduit. Sediment supply for esker
formation was primarily from squeezing in of adjacent sediment, cither during low meltwater discharges
in the winter (Shaw and Gorrell 1991), or during a high Q,, event with high melt rates and low local
pressures.

It is, perhaps, interesting to speculate on the cffects of the progradation of macroforms and the
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migration of large bedforms to conduit margins which feed into standing-water bodies. It is likely that
the arrival of macroforms and bedforms at the cnd of a conduit would have produced a high-magnitude,
cpisodic scdiment delivery to the margin. Flow expansion into a standing-water body would have
resulted in a reduction in flow power and would have favoured the prescrvation of macroforms and
hedforms at the margin. Jet inertia may have caused these forms to be transported a short distance
away from the end of the conduit. Stacking of such macroforms and bedforms at a stable conduit
margin may have contributed to gronnding-line or ice-marginal subaqueous fan sequences. South-central
Ontario eskers appear to feed into the Oak Ridges glaciofluvial complex (cf. Barnctt of al. 1991),
Earlier interpretations of scdimentary packages (Duckworth 1979) within the complex include reference
10 small deltas (~3 m in height); these look (Duckworth 1979, fig. 7) remarkably similar to large gravel
hedforms.  Interpretations presented here suggest that in cases where forescts are observed within,
lateral to, or downflow from large subglacial eskers, former interpretations of these foresets as deltas
(c.g., Shaw 1972) may need to be reconsidered.

Subglacial, closed-conduit conditions are primarily inferred here from continuous upslope paths
and lack of postdepositional disturbance, particularly at the centre of the main esker ridges. No obvious
sliding-bed facies was observed, despite the common use of the presence of this facies as the main
criterion for inferring closed-conduit conditions (e.g. Saunderson 1977, 1982; Ringrose 1982; Lindstrom
1988; Henderson 1988). This apparent omission requires further comment.

The sliding-bed facies

The sliding-bed facies has been described as a poorly-sorted, massive, matrix-supported sand
and gravel (Saunderson 1977, 1982; Ringrose 1982). It has been autributed to flows with shear stresses
between those required for plane beds and heterogeneous suspensions in pipes; the result being an en
bloc moving bed, during full-conduit flow (cf. Newilt et al. 1955; Saunderson 1977, 1982). Proposed
conditions necessary for sliding include excess hydrostatic pressure from proximal to distal ends of the
conduit, and scepage flow through the gravel due to surface waves being suppressed by the conduit roof
(Saunderson 1977, 1982). The buoyant effect of sand on gravel and dispersive pressure ina
heterogenous (poorly sorted) sediment are invoked as sediment support mechanisms (Saunderson 1977).
The sliding-bed facics, then, has been associated with high-discharge events, probably of flood
magnitude, in closed conduits (Saunderson 1977, 1982).

Unfortunately, similar massive, matrix-supported, poorly-sorted facies have been reported in
open-channel deposits (cf. Ringrose 1982), in proximal outwash deposits (e.g., Boulton and Eyles 1979),
and in hyperconcentrated flood-flow deposits (e.g., Lord and Kehew 1987) - a problem of equifinality.
Saunderson (1977, 1982) suggested that the sliding-bed facies may replace in-phase wave structures in
closed-conduit flows. Clearly, in-phase wave structures can occur wheve interfacial in-phase waves are
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established in closed-conduit/cavity eavironments. Similar gravels to those described as sliding beds,
and with in-phase wave surfaces, are described here and explained by deposition from hyperconcentrated
dispersions, the surfaces resulting from interfacial in-phase waves. Further problems cxist in the
description of the sliding-bed facics as matrix-supported. First, by definition, this infers a bimodal grain
size. In reality, photographs of this facies display polymodal sediments (Sounderson 1977, fig. 4
Saunderson 1982, fig. 6). This problem of scmantics has had fusther implications, namely that bimodal,
matrix-supported gravels have been, perhaps incorrectly, attributed to the sliding-bed mechanism (e.g.,
Lindstrdm 1985). It is necessary to question how this facies becomes bimodal, when all sediment sizes
were probably available in transport (cf. Saunderson 1977). As discussed previously, himodality would
appear to necessitate conditions of flow scparation over bedforms or macraforms, and longitudinal
sediment sorting during transport. Further, with dispersive pressure as the primary sediment support
mechanism, inverse grading may be expected in a sliding-bed facies. Presumably, as sand shears past
gravel clasts in a sliding bed (Saunderson 1977) a(p) clast orientations should result.  This type of
information has not been recorded for so-called sliding-bed deposits.

The heterogeneous, unstratified gravel facies (Fig. 4.10) present in the main esker ridges in
south-central Ontario is a close visual equivalent to Saunderson's (1977, 1982) sliding-hed facics.
Predominant a(t) clast orientations (Table 4.7) and its charaeteristic structure arc cuplained by
deposition from fluidal Nows, where sediment support was provided by fuid turbulence and the bed.

Engineering literature indicates that sliding heds may form in closcd conduits. This has heen
demonsirated experimentally for slurry flow through narrow pipes (e.g. Newitt et al. 1955). ts abscnce
in the esker ridges of south-central Ontario indicates that the necessary conditions for its formation were
not attained. That is, water was not forced into the bed upflow and/or a pressure head of sufficient
magnitude necessary to drive the coarse bed was not realized.

Conduit maintenance between seasons/events

Stacked sand and gravel couplets suggest that multiple flood cvents are recorded in the main
esker ridges. In addition, the ridges are relatively undeformed. If each sand and gravel couplet
represents an annual flood, and more than one couplet is observed without deformation, the conduits
must have remained open between events. Further, esker deposits are often transitional to lacustrine
rhythmites (cf. Hebrand and Amark 1989). This suggests a strong seasonal control on meliwater supply
to the conduits and a supraglacial to subglacial connection in the meltwater system. In contemporary
glaciers, conduits appear to close down in the winter; the system redevelops in the following spring (cf.
Willis et al. 1990). Conduit closure would have resulted in deformation of csker sediments. Intense
deformation was not observed; several explanations are possible. First, if conduits fed into a standing-

water body, as appears to have been the case for those draining the Laurentide Ice Sheet, they may have
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remained open when the meliwater supply was shut down in the winter, at least to the height of the
piczometric surface formed by the water body (cf. Powell 1990), Second, closure rate by plastic
deformation of ice may have been insufficient to cause the conduit walls to impinge upon esker gravels.
Third, the inferred nonuniform geometry of the conduits may have been the key. Constricted segments
of the conduit may have pinched off as pressure within the conduits fell, thercby irapping water within
cxpanded segments and creating linearly arranged water-filled cavitics. Reestablishment of conduit flow
between cavitics in the next melt scason may have been facilitated by the location of these repeatedly
accupied conduits in topographically low tunnel channcls (Brennand and Shaw submitted).

The explanations above assume that the couplets approximate to single scasonal events. A
divergent hypathesis is that eskers were deposited in a single year, the couplets representing multiple
fload events within a single melt season. However, the complexity and number of finer grained rhythmic
sequences in adjacent fans and beads, and downflow fans and glaciolacustrine rhythmites argue against
this. In this paper, multiple discharge events have been preferred as explanation of morphologic and
sedimentologic observations. Esker ridges are coarse records of the most powerful pulses, whereas fans
and beads record flow events in finer detail; they are primarily depositional reservoirs.
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CHAPTER §

Goomorphology, sedimentology, stratigraphic context, and landform associations
of the Harricana glaciofiuvial complex, Abitibi region, Quéhec:
implications for genesis, meltwater regime and ice-sheot dynamics.'

Introduction

The Harricana-Lake McConnell glaciofluvial complex is a linear accumulation of stratified sand
and gravel which may extend semi-continuously from a chain of islands in James Bay (Low 1888; Wilson
1938; Hardy 1976, 1977) to the vicinity of Lake Simcoe, southern Ontario (Veillette 1986; Figs. 8.1 and
§.2). It traverses the northward sloping Lake Barlow-Qjibway clay belt, and the fluted Cochrane terrain
(Fig. $.2; Allard 1974; G. Tremblay 1974; Hardy 1976; Chauvin 1977; Veillette 1986).  Adjacent
glacigenic landforms include eskers, moraines (Fig. 5.1), streamlined forms in glacigenic sediment and
bedrock, s-forms, and striae (Fig. 5.2; Veillette 1986). Between Val d'0r (~48°N) and Jatitude SO°N,
the complex has been called the Abitibi or Matagami esker (Allard 1974; Hardy 1976). The comples
is presently interpreted as an interlobate moraine formed at the ice front during active retreat of the
Hudson and New Quebec ice masses during deglaciation (¢f. Hardy 1976; Veillette 1986). It has heen
suggested that the northern portion of the feature, the Harricana glaciofluvial complex, was deposited
time-transgressively between retreating Hudson and New Quebec ice masses, ~11.0 - ~8.5 ka BP (the
latter date marking the start of the proposed Cochrane events) (Hardy 1976; Veillette 1989).

During a brief field excursion led by Jean Veillette (Geological Survey of Canada) in the Fali
of 1988 to the Abitibi-Timiskaming region of Québec, we were impressed by the similarity of
sedimentary facies, facies architecture and facies associations in the Harricana comples, to those
observed in the eskers of south-central Ontario. For geomorphic and scdimentologic reasons, these
eskers were inferred to have been deposited synchronously in subglacial conduits (Brennand in press).
This research on the Harricana complex grew out of these abservations, and is an attempt to clucidate
the genesis, hydrologic significance and implications for icc-sheet dynamics of this extensive glaciofluvial
deposit. Although the complex has been called the Harricana-Lake McConnell intcrlobate moraine,
observations and interpretations presented here bring into question the inteslobate nature of this
landforra. Consequently, a less genetic-laden name, the Harricana glaciofluvial complex, or Harricana

complex, is proposed for the northern portion of this system.

A version of this paper will be submitted for publication as:

Brennand, T.A., and Shaw, J. Geomorphology, sedimentology, and landform associations of the
Harricana glaciofluvial complex, Abitibi region, Québec: implications for genesis, meltwalter
regime and ice-sheet dynamics. Canadian Journal of Earth Sciences.
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Interiobhate moraines

So-called interlobate moraines have been identified in Europe (cf. Aario 1977; Punkari 1980),
as well as North America where the Burntwood-Etawney, Knife, and Leaf Rapids complexes in
Manitoba (Klassen 1983, 1986; Dredge of a/. 1986; Kaszychi and Dil.abio 1986; Shilts ef o/, 1987; Dredge
and Cowan 1989; Dredge and Nixon 1992), the Harricana-Lake McConnell complex in Ontario and
Québec (cf. Veillette 1986), and the Qak Ridges complex in Ontario (cf. Duckworth 1979) are regionally
significant examples. They arc described as broad, semi-continuous ridges and indefinitely-shaped
mounds composed mainly of stratified sand and gravel, rising up to 80 m abave the surrounding terrain
(Punkari 1980). Esker ridges, kettle holes, kames and pitted outwash plains may be associated with
these complexes (Zoltai 1968). Striae are commonly observed to converge on the axes of complexes
(Punkari 1980; Veillette 1986).

Large, semi-continuous, linearly-arranged glaciofluvial deposits have been inferred to be
interlobate moraines primarily on the basis of the characteristics of adjacent indicators of ice-flow
direction, landforms and deposits: converging striae, oricntation of adjacent end moraines (genesis
assumed), esker networks and streamlined bedforms (assumed to be a product of direct glacial action),
and analysis of adjacent till geochemistry and pebble lithology (¢.g., Allard 1974; Hardy 1976; Chauvin
1977; Kaszycki and Dilabio 1986; Veillette 1986). Three hypotheses as to the regional significance of
interlobate moraines have been proposed: (i) they were formed along a line of separation where two
coalescent ice masses split during deglaciation (Dyke er al. 1982; Shilts et al. 1987); (ii) they developed
between ice lobes within a major ice mass (¢.g., Hayes lobe, Manitaba, has been reported to have been
hounded by the Limestone and Sachigo interlobate moraines (Dredge and Cowan 1989)) which may
have been stagnant (Aario 1977; Punkari 1980); (iii) they were deposited time-transgressively at sutures
within a single ice mass during deglaciation, the sutures resulting from ice-marginal configuration and
dynamics during retreat and not inherited from ice mass convergence (Veillette 1986, 1980). The lobes
they are said to delimit have been pivotal in the development of continent-scale ice-sheet models, and
their deglacial chronology and pattern (e.g., Dyke and Prest 1987). However, to comprehend the genesis
and significance of these fearures requires detailed sedimentologic and morphologic observation and
inference from the features themselves, but in the context of constraining obhservations on surrounding
landforms and sedimentary/stratigraphic sequences. Only then will assertions of genesis and regional
significance be appropriate. Yet, little research has been reported on a genetic interpretation of these
features based, first, on their inherent sedimentology and morphology and, second, on their associations
with adjacent landforms and deposits. Allard's (1974) geomorphic analysis of the Harricana glaciofluvial
complex and Duckworth's (1979) investigation of the sediments within the Oak Ridges complex are the
only examples of this type of study in North America. Indeed, even where good exposures have been
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available basic sedimentologic data, such as palcoflow direction estimates, have not been reported (ef.
Klassen 1986).

This paper prescnts results of a detailed morphologic and sedimentologic study of 250 km of
the Harricana glaciofiuvial complex, between latitudes 48°N and SO°N, in the Abitibi region of Québec.
Genetic inferences are viewed in terms of the current understanding of adjacent stratigraphy and
landform associations. Implications for ice-sheet hydrology and dynamics are then proposed. But first,
an overview of previous research on the Harricana glaciofluvial complex is presented.

Background research on the Harricana glacioftuvial comples

An interlobate origin for the Harricana glaciofluvial complex was first suggested by Wilson
(1938). He proposed that the complex marked a zone of separation of two icc masses that he named
Labradorean and Western. He considered the north-south oriented island chain in James Bay, deseribed
by Low (1888) as being composed of unstratified boulders, sand, and clay and originally interpreted as
an end moraine deposited from Labradorean ice, as a northern extension of the Harricana glaciofluvial
complex (Figs. 5.1 and 5.2). Wilson traced this feature as far south as 48°N, and noted converging striae
in the vicinity of the Harricana complex. L. P. Tremblay (1950), mapping bedrack geology in the
Fiedmont area of Québec, also reported converging striae and eskers on either side of a larger north-
south trending esker (the Harricana complex). He attributed these landform associations to glacial
movement during retreat, and proposed a reentrant in the retreating ice front coinciding with the
location of the Harricana complex. Hardy (1976) proposed the name "Harricana Moraine" for the
complex then believed to extend for ~630 km from the islands in James Bay to a few kilometres south
of Val d'Or, Québec. He also favoured an interlobate origin, based on the orientation of adjacent striae,
end moraines (genesis assumed), streamlined bedforms and cskers, and the ridge dimensions,
composition and kettle density (Hardy 1976). Similar reasoning was also proposed by Allard (1974),
G. Tremblay (1974) and Chauvin (1977). Veillette (1983, 1986, 1988, 1989, 1990) cxended the
glaciofluvial complex to the south, connecting it with the Lake McConncll complex in the vicinity of
North Bay, Ontario (Figs. 5.1 and 5.2; Boissonneau 1968). He also suggested that the complex, although
discontinuous, may be connected to a major spillway system between Lake Nipissing and Lake Simeoe,
Ontario (Figs. 5.1 and 5.2; Chapman and Putnam 1984). If these proposed extensions are, indeed, parnt
of a single glaciofluvial system with a common origin, the Harricana-Lake McConnell complex cutends
for almost 1000 km! The interlobate hypothesis was furthered by meticulous analysis of the distribution
of adjacent cross-cutting striae (Fig. 5.2), grooves (s-forms?), crag-and-tail features, dispersion of
indicator lithologies in tills, and orientations of eskers and moraines (Fig. 5.1; Veilleite 19834, 1983,
1986, 1988, 1989, 1990, Veillette et al. 1989). Radiocarbon dates from basal postglacial organic material
in smal! lakes and ponds were used to support the idea of a reentrant in the ice front at the Harricana-
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Lake McConnell complex (Veillette 1983a, 1988, 1990; Richard ef al. 1989). A reentrant corresponding
to the Lake McConnell complex had carlier been proposed by Harrison (1972) on the basis of
converging striac in the North Bay-Mattawa region.

Part of the Harricana glaciofluvial complex has been referred to as the Matagami or Abitibi
esker (Allard 1974; G. Tremblay 1974; Chauvin 1977). Hardy (1976) and Veillette (1983, 1986, 1990)
also noted its csker-like characteristics. Indeed, in his thesis Veillette (1990) was moved to describe the
Harricana complex, south of latitude 48°N, as "un énorme complexe d'eskers comprenant une grande
varié1é de dépots uvioglaciaires” (p. 72), and as "un méga-csker en position interlobaire” (p. 86). Allard
(1974) classificd segments of the Harricana complex and adjacent cskers between latitudes 48°N and
S0°N into 6 morpho-genetic types based on factor analysis: sand plain, De Geer, retrogressive,
strandmark, short scgments and structurally controlled (Table S.1; Allard 1974). North of Lake Obalski
(latitude 48°4S'N, Fig. §.3), De Geer and strandmark morpho-genclic segments were reported to
alternate. This part of the complex was interpreted as a number of time-transgressive subglacial esker
scgments, with superimposed subaqueous fans and punctuating deltas (Table 5.1; Allard 1974). East
and south of Lake Ohalski the complex was classified into sand plain, retrogressive and structurally-
controlled segments. These segments were suggested to represent a transition from subglacial to
supraglacial sedimentation, with some topographic control on deposit location (Table §.1). Allard
suggesied that they were indicative of quasi-continyous, yet non-periadic sedimentation. Eskers to the
cast of the Harricana complex were mostly classified as De Geer type with some retrogressive and sand-
plain segments (Allard 1974).

Table 8.1, Morpho-genetic classification of the Harricana glaciofluvial complex between latitudes
SO°N and 48°N, after Allard (1974).
Location Morpho-Qenetic  Dsscriplion Interpretation
classiication
North of Lake Obalski Do Goor Boaded Froglacial deitas formed during retraat
to fafifudo S0°N stranamark Linear segments with rounded Subgiacial oskers wih supsAmpotsd

Structurally
controlied
East of Lake Obalsk Sand plain
South of Lake Obalski Structuralty
fo latitude 48°N controlied
Relrogressive

crests, flanking kettles and some
fianking aprons of glaciofiuvial
sedimant

Dianase dike just nonh of Lake
Obalsid

Wide segments with low cresis

Mount Video and surrounding
bedrock knobs within dissected
ADitibl Uplands

Continuous nidge with high cres!
and glaciolacustrine wave-
reworked sides

subaqueaus fans deposited tima-
transgressivaly during ice retreat

Structural contral on complex lacalion

Represents transition batwean
subgiacial and supragiacial/subasria)
sadimentation

Topagraphic contre! on compiax
location

Ropresents iransition batwaen
subglacial and supragiacial/subsens
sedimentation
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While Allard's (1974) classification is based or geomorphic observation, he also presented the
most detailed sedimentologic description of the Harricana complex to date. He described stratified and
rhythmically bedded sand and gravel, large arched structures in gravel (pscudoanticlinal macroforms
(Brennand in press)), and cut-and-fill structures near the surface of the complex. Hardy (1976) stated
that the Harricana complex overlies bedrock and underlies Cochrane deposits north of latitude SO°N.
Vincent ¢t al. (1987) described Cochrane | till overlying stratified scdiments as far south as pit Q20
(latitude 49°27'N) in the present study (Fig. S.3). Further south, Chauvin (1977) suggested that
glaciofluvial depaosits may overlic glacigenic sediments.

In the context of this previous research the question as to whether the Harricana glaciofluvial
complex was synchronously or time-transgressively deposited is central to both a detailed genetic
interpretation of the complex itself and to its implications for ice-sheet dynamics. Consequently,
expected characteristics of a linear glaciofluvial complex deposited in segments time-transgressively in
a reentrant into the ice front, and synchronously in a subglacial conduit are first summarized (Table 5.2).

Maorphology, clast characteristics and paleofiow direction estimates

Down-complex trends in morphology, clast characteristics and paleoflow direction estimates are
considered and general environmental constraints on sedimentation are proposed. The detailed genesis
of the complex is then inferred from its sedimentology.

Morphology

The crest line of the Harricana glaciofluvia! complex between the coast of James Bay and
Iatitude 48°N, constructed from contours and spot heights on 1:250 000 scale NTS sheets, rises from
north to south (Fig. 5.4). Even at this small scale, the crest line may be described as broadly undulatory.
At a larger scale (1: S0 000), most long profile undulations depicted on Figure 5.4 possess their own
smaller-amplitude undulations.

Between latitudes 48°N and SO°N the Harricana complex may be split into 14 depositional
segments based on air photograph interpretation (Figs. 5.3 and S.¢; Table 5.3). These segments are not
identical to those classified by Allard (1974). North of latitude 49°N (segments 1-7, Fig. 5.3) the ridge
is mainly relatively high with an undulatory crest line and variable width (Table 5.3). It rises up to 62
m above the surrounding Cochrane terrain and Lake Qjibway clay plain, although this height is generally
less than 40 m. Narrow parts of the ridge have rounded crests and side slopes approximating 15° to
20°, locally up to 30° (Allard 1974). Wide sections have broader, flatter crests and side slopes
approximating 3° to 10°. Lake-filled depressions (‘kettles'?), up to 2 km long a~d often elongated
parallel to the complex, are numerous along its central axis and flanks. Segment lengths range from 1.83
to $6.60 km, with intervening "gap” lengths ranging from approximately 0.50 to 4.47 km. "Gaps® are
usually mantled by glaciolacustrine sand, silt and clay, with some organic material (Chauvia 1977). Some
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Table $3. Ected characteristics' of linear synchronous and time-transgressive glaciofluvial deﬁiu.

Synchronous deposiion in o subglacial condull

Yime-lrgnagressive depnsition in o resnirem inte
he o front

WMorpholagy Relalively iinaar accumuistion of sadiment which may Discrele daposiions) segments punciuaied by dellss
inciuge "gans’ resuling from posideposiiona) or 1ans; typically bearded moarphoiogic expression
orosion or nondeposiion in 8 conlinuous condull Downsiope o level paih

Deposiiional sagments not punciuaied by dalias of
fans aAhough isteral 1ane may cocur

Rraadening of the daposi towards s downfiow end

Upsiope, level or downsiope pa'h

Down-cnmpley tLiinalagy: Trends depend upon Ihe tedimant source. and may be compiicated by 8 miviure of isteral and

trende in loca) addition of sadiment 1o (he system

clost Reundness: Thers should he N0 Gross clash mUNANess trends

SRTSCIOnslios  paiativaly AMMOW O (UPROW): LONQ Transpon  down Ihe length of the complsx. Rainer. each

distances and flows (particulany in @ closed  segmen Shauld show Upfiow 2anes with pooy
condull) prduoe Ngh sediment transpont reles and  rounding. and 1he proporion of roundet claste shauld
low sedimentalion rales. such INal 8 mixture of weli-  Increase down-segment. Liniess Ihe segments are
roundad (NG transport distance) and poody-raunded vety long of Ihere are numeraus phates of fuvial
(very anguiar io submundad; local and Ialerally rewondng in & shor vegment (beth of which are
derived) clasts are favoured uniikely). @ time-transgressive complex is uniikely 1o
Aroad candut (downfiow): Undar Thinner ice ihe rale  exhibit wall-rounded clasts. In addition, 8 reantrant
of conduil ciosure ‘would decrease and the melting enviranment is by definition sunserial, again

rale would agjust accordingly by decreasing fow suggeting ieas vigoraus flows and favouring poorsr
veincily as the condull Bacame wider. Also, near & clast raundness.

grounding line changes In subgiacial waler pressure

cause loca) opsning and clasure of cavities agjacent

10 conduits. Roin circumstances favour lower fiow

velacilies, higher sagimentation rales and poorer clast

rounding (8 dominance of subrounded clasie).

Spharicity: Trends depand upon Ihe transportational processes ang dynamics

Palentiow direstion  Low varabiiity in paleofiow direction estimates, High variability in pataofiow diractian estimates whare

ostimsies alinough varability should increase &1 laleral fans segmanis terminate in fans or dallas

Sedimentalegy Minimal postiormatianal disturbance, especially In the  Assuming @ relativaly sialic ize margin during

ceniral tection of tha compley, Aithough diaping
intrusion may exist

Coara gravel macroforme along the lengih of the
comples

sand may ailamate with grave! facias In vertical
section al any lacalion along the complas

Sana and i dopnsils Increase in thicknass and
frequency downfiow, snd padicularty In proximity to
the ice margin of grounding line, whare
characterislic sagimantoiagical assaciations related
1o decelerating fiow on eniry infa 8 standing-waler
Rady may be obsenved.

depasition wiinin a reanirant, ihe contact hafwesn
qravel (proximal) and sand (mare distal) unite should
12 Interfingereq in vertical section.

The dista) ends of each ssgment should exhind
chareclensiic sedimeniaiagical aaenciations raiglen
1o deceloraling fiaw on eniry Injo & standing-waler
nogy. The nalure of the asseziglions will difer as &
functien of: height of waler input, talinity of wels?
pody. and sedimant cancentration of 1ha input.

' qanved from Ranerjea and McOanald (1975), Gomell and Shaw (161), and Rrennand (In press).

are presently occupied by rivers or lakes (Table 5.3).

In the south (segments 8-14, Fig. 5.3), the complex is generally wider (up to 3.5 km) although

its width is variable; some sections are wide (>2 km), low (<10 m abave the surrounding Lake Qjibway
clay plain) spreads (G. Tremblay 1974), while others form high (>50 m abave the surrounding terrain),
steep-sided ridges (side slopes up to 17°) (Table 5.3). South of latitude 48°N, its width increases locally
to 10 km (Veillette 1986, 1990). Segment are 160 to 39.15 km long, with intervening "gap” lengths of
0.18 to 3.19 km. Gaps are mantled by glaciolacustrine sediments and organics, cxposc bedrock, or are
occupied by rivers (Table 5.3). Depressions (*kettles'?) along the central axis of the complex in the
south are smaller and less numerous than in the north. Shorelines and spits along the flanks of the

complex are more prevalent in the south where sediment was reworked by waves during the Angliers
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and Early Kinojévis phases of Glacial Lake Ojibway (Fig. S.4; Vincent and Hardy 1979),

From the above details the Harricana complex is seen to be a relatively continuous body of
glaciofluvial sediment. "Gap” lengths along the complex nowhere exceed 4.5 km, and most are mantled
by younger sediments or traversed by streams. Gaps in lincar glaciofluvial deposits may result from
discontinuous, time-transgressive sedimentation (cf. De Geer 1897), postdepositional erosion (e.g.,
stream incision), or zones of nondeposition, related to conduit geometry along a synchronously forming
deposit (Brennand in press). However, it is by no means certain that all gaps represent sediment
discontinuities in this complex. Indeed, both Allard (1974) and Hardy (1976) suggested that some
glaciofluvial deposits may be buricd by Glacial Lake Ojibway or Tyrrell Sca sediments; locally,
glaciolacustrine rhythmites are up to 30 m thick ncar the Cochranc limit, and Tyrrell Sca sediments are
approximately 22 m thick southeast of James Bay (Hardy 1982). Where the complex appears to be
dissected by streams and rivers, two explanations are possible: modern drainage may simply be wtilizing
preexisting gaps or low points; or supraglacial strcams may have croded the complex as the ice surface
was lowered (B. Rains personal communication 1992).

Down-complex trends in in situ clast charactenistics

Clast lithology, roundncss, sphericity and shape were recorded from gravel facies exposed in
gravel pits along the Harricana glaciofluvial complex. Sample size ranged from 30 10 294 in site clasts
per pit; clasts were only taken from gravel facies in fresh vertical exposures. Clast size ranged from
pebbles to small boulders (-4.04¢ to -8.79¢), with cabbles (~6.75¢) being the most common. Distance
from the datum (start of geologic transect, 51°15'N 79°00'W) was mcasured planimeirically al yng the
axis of the complex for cach sample (pit) location.

Clast roundness was dctermined visually in the ficld (Powers 1953).  For statistical
manipulation, thc geometric mean of the visual roundness class (Powcers 1953) exhibited by cach clast
was assigned as its roundness value. Maximum projection sphericity (W) was calculated from clast axial
lengths (Sneed and Folk 1958). Raw data are presented in Appendix 7, and the results of the analyses
are presented in Tables 5.4-5.7 and Figures 5.5-5.8. To increase confidence in our interpretations,
discussion is mostly limited to the characteristics of the most abundant lithologic classes: granitoid and
metabasaltic (Table 5.4; Figs. 5.5 and 5.6). Very few metasedimentary clasts were recorded (Table 5.4);
presumably these relatively soft lithologies are poorly preserved (1.J. Veillette personal communication
1993). To provide a context for the interpretation of down-complex trends in clast characteristics the
regional bedrock geology is first described.

Beirock geology of the study area

The Harricana glaciofluvial complex traverses the Abitibi greenstone belt of the Precambrian
(Neoarchean) Superior Province (MERQ-OGS 1983). This belt consists of regionally deformed and
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Bedrock Geology:
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Figure 5.8, Proportion of clast lithologies from in situ samples recordec. in the
Harricana glaciofluvial complex presented as pie graphs (see Table 5.4 for percentage
values and 95% confidence limit sampling errors) and superimposed over adjacent
Abitibi sub-province (Superior province) bedrock geology (modified from MERQ-
OGS 1983). Stars are location of gabbroic bedrock discussed in the text.
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metamorphosed volcanic and sedimentary rocks (e.g., basalts, gabbros, andesites, gneisses). Granitoid
intrustons occur as discrete batholiths (Fig. 5.5). Numerous younger Precambrian diabase dikes transect
the region. Precambrian (Neoarchean) granitoid and metasedimentary (éneisscs. wackes, siltstones)
rocks of the Opatica subprovince occur north of the Abitibi Subprovince. Paleozoic (Silurian) rocks
(carbonates, sandstones, shales and conglomerates) occur in the James Bay Lowland, further north,
Pitted greywackes, or "Omars”, from the Omarolluk Formation outcrop on the Belcher Islands,
southeastern Hudson Bay (cf. Prest and Nielsen 1987; Prest 1990).

Clast lithology v

Mectabasaltic and granitoid clasts dominate gravel lithologies in the Harricana complex (Figs.
5.5 and 5.6; Table 5.4). QOther than at pit Q21 where metabasalt is the local bedrock, granitoid clasts
dominate clast counts in the northern part of the complex, while metabasaltic clasts dominate the
complex south of pit Q11 (Figs. 5.5 and 5.6; Table 5.4). The preponderance of granitoid clasts in the
north and of metabasaltic clasts in the south follows trends in the regional bedrock geology in the
vicinity of the complex (Fig. 5.5). It may also reflect long transport distances and vigorous flows in the
north, and shorter transport distances and less vigorous flows in the south; metabasaltic clasts would
have undergone greater attrition than granitoid clasts in vigorous flows over long transport distances.

Interpretation of clast counts recorded in individual pits with respect to local bedrock geology
is more difficult. Explanation must relate to the source of Hairicana glaciofluvial sediment. Sediment
deposited within a subglacial conduit system or a reentrant may be derived by: erosion of bedrock or
sediment by flowing water; meltout from debris-rich ice in the channel walls (and roofs of conduits);
squeczing-in of adjacent deformable substrate (Shoemaker 1986; Shoemaker and Leung 1987; Alley
1992); flushing of stored sediment from adjacent cavities; or fluvial reworking of sediment within a
conduit or reentrant (cf. Brennand in press). If sediment was derived from erosion of bedrock upflow
and reworking of that sediment by fluvial processes alone, then peaks in a particular lithology may be
expected in the vicinity of and just downflow from its local bedrock source. Most relatively high
granitoid clast counts occur where the complex overlies granitoid bedrock, or just downflow (south) of
a granitoid bedrock source (Figs. 5.5 and 5.6). However, some small peaks occur in locations where
granitoid bedrock does not underlie, nor is immediately upflow from the sample location (Fig. 5.6). This
obser -ation may be explained by the derivation of granitoid clasts from adjacent bedrock, surrounding
debris-rich ice, or adjacent or underlying glacigenic sediment. In this regard, if gabbroic clasts present
in some northern pits originated directly from a local bedrock source, lateral transport of sediment to
the Harricana complex must have occurred; gabbroic bedrock is present adjacent to, but not below, the
complex in the north (pits Q23 to Q26; stars, Fig. 5.5). During an investigation of boulder transport in
the James Bay Lowlands, Bouchard and Salonen (1989) recorded a boulder lithology count from the
surface of the Harricana complex, approximately 1 km south of pit Q23 (Fig. 5.5). Using the transport
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distance distribution method, they suggested that a high chi-squarc value for the sample indicated a wide
range of dispersal directions. This corroborates the inference of lateral transport of sediment into the
Harricana complex proposed here.

The downflow transport distance of a particular lithology from its bedrock source depends on
the duration and vigour of the transporting flow and the rate of sedimentation or burial. Sediment cover
or noncrosional flows may explain observations such as relatively low counts of metabasaltic clasts
despite a local metabasaltic bedrock (c.g., pits Q17 to Q19, Figs. §.5 and S.6; Table 5.4).

The presence of pitted greywackes from the Omarolluk Formation ("Omars”, cf. Prest and
Nielsen 1987; Prest 1990) in southcastern Hudson Bay, in some northern pits (pits Q24 and Q2S; Fig.
5.6h; Table 5.4) deserves comment. Omars have not been observed within the Matheson or New
Quebec tills which lie adjacent to the Harricana complex for most of its length (Veillette 1990).
However, Hardy (1976) suggested that the complex extended to the chain of islands in James Bay,
approximately 250 km south of the Belcher Islands. Glacial transport followed by glaciofluvial transport
of "Omars” from the Belcher Islands may account for their presence in the northern part of the
Harricana complex.

The complicated spatial distribution of bedrack lithologics in the Abitibi region and uncertainty
as to whether the source material was bedrock or glacigenic sediment limit the potential for
interpretation of lithologic frequency data alone to assist in differentiation between time-transgressive
and synchronous sedimentation of the Harricana complex. However, knowledge of lithologic variation
from pit to pit is a necessary precursor to roundness and sphericity investigations (cf. Snced and Folk
1958). In addition, clast lithology counts suggest lateral transport of sediment into the Harricana
co>mplex and provide some insight into possible scdiment sources.

Clast roundness

Grand mean roundness values for all clasts, irrespective of lithology, range from subrounded
to well rounded (Fig. 5.7b; Tables 5.5 and 5.6; Powers 1953). This is consistent with fluvial transport
processes (Sneed and Folk 1958). Granitoid clasts are well rounded to rounded north of pit Q17, and
rounded to subrounded south of pit Q12 (Fig. 5.7a; Table 5.5). Although mcan roundness in
metabasaltic clasts is generally lower than that of granitoid clasts, similar trends also occur; in general,
metabasaltic clasts have mean roundness values >0.6 in the north and <0.6 in the south (Fig. 5.7¢;
Table 5.5). For both lithologies, the change in mean roundness classification occurs between pits Q17
and Q12 (Fig. 5.3). Similar trends are observed in the full data set, disregarding clast lithology (Fig.
$.7c; Table 5.6). The break in roundness classification coincides with a gross change in the width of the
complex (Fig. 5.3; Table 5.3).

The morphology of the northern part of the Harricana complex suggests a relatively narrow
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conduit.  Vigorous transport and relatively long distances of transport, in association with low
sedimentation rates, promoted greater rounding. The high roundness values for the northern part
suggest relatively high velocities which also give rise to the inferred transport characteristics. The
rclatively narrow and uniform width of 13c northern part of the complex indicates that, despite
increasing discharge downflow, the closure rate resulting from ice thickness was sufficiently high to
maintain a narrow conduit and sufficiently uniform that there was no appreciable increase in width over
a long distance. Note that a downstream increase in discharge and decrease in ice thickness should
result in an increase in conduit width.

By contrast, the southern part of the complex is often wider than the northern part. As there
is no recason why discharge should have dramatically increased, it is probable that ice thickness was
decreasing.  This is to be expected as the margin of an ice sheet is approached. Thus, the widening to
the south perhaps indicates that the closure rate decreased and the melting rate was adjusted accordingly
by decreasing velocity as the conduit became wider. In addition, sedimentologic evidence (presered
later) suggests that the ice sheet was probably closc to floatation near to a grounding line. In such an
cnvironment changes in subglacial water pressure cause local opening and closure of cavities adjacent
to conduits (Gorrell and Shaw 1991). Both arguments favour southward increases in sedimentation and
decreases in transport distance and vigour. The decreased roundness in the southern portion of the
complex is explained by this combination of circumstances producing a less efficient system.

Thus, the characteristics of the complex in the north are best explained by deposition under
thick ice with a relatively low surface gradient. In the south, the morphology and clast roundness
suggest deposition under thinner ice in proximity to a grounding line. This makes most sense if the
northern and southern parts were formed synchronously beneath an ice sheet; their characteristics are
related simply to their distance from the grounding line. In an alternative recessional model, a conduit
with the characteristics of the southern part should progressively develop northwards and the northern
and southern parts of the complex would have similar characteristics. This is clearly not the case and
we reject the recessional model in favour of a continuous and synchronous conduit with nonuniform
downflow geometry.

Clast sphenicity and shape

Previous research has suggested that clast sphericity is primarily governed by lithology and grain
size (Sneed and Folk 1958). The mean maximum projection sphericity (V,,, Sneed and Folk 1958) of
clasts at a particular pit, and the grand mean ¥, of clasts grouped by lithology remain relatively constant
down-complex ( ~0.6), irrespective of lithology (Figs. 5.8 and 5.8b; Table 5.7). The affect of grain size
at 0.5¢ intervals on the sphericity of both granitoid and metabasaltic clasts was investigated. Such trends

as larger clasts having lower Vp (cf. Sneed and Folk 1958) and down-complex changes were explored
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and none was obvious. Qur data suggest that grain size, in the cobble range, did not govern Yy
However, these tests are not rigorous because sample numbers were small and confidence limits large;
consequently, this analysis is not presented.

Relatively constant mean VP dowr-complex, irrcspective of lithology and possibly grain size,
may indicate that all clasts have not travelled far (Sneed and Folk 1958). This conclusion may be
consistent with a segmental, time-transgressive origin for the Harricana complex. But, Sneed and Folk
(1958) demonstrated that, irrespective of lithology, clasts which are close to their source showed similar
shape. Plotting all clast shape data on a simple Zingg diagram (Fig. £ 8; Zingg 1935) illustrates a wide
divergence of form: spheroids, discs, rods and blades are represented. In a continuous conduit a
relatively constant \?P suggests that ‘terminal’ sphericity was achieved rapidly for any particular lithology
with respect 1o a particular transport process or set of processcs. Once this was achicved the clasts did
not become more spheroidal. Changes in transport pracesses for individual clasts (tractional rolling,
saltation and suspension) as indicated by gravel fabrics and transport oricntation data (presented later)
may complicate downflow sphericity trends. That is, if a clast was only rolled downflow it may he
expected to become increasingly prolate. However, this tendency would be disrupted if flow conditions
resulted in periadic saltation or suspension transport.

Generally, this investigation suggests that sphericity is less informative than roundness with
respect to differentiating deposition in time-transgressive segments and synchronously down-complex.
Clast sphericity and shape are related more to transportational processes and dynamics than to gross
depositional environment.

Paleoflow direction estimates

Paleoflow direction measurements were recorded from gravel fabrics (clast ab-plancs; Appendix
8) and cross-bedded and cross-laminated sand (Appendix 9) along the length of the Harricana complex
(Figs. 5.9 and 5.10; Tables 5.8 and 5.9). Mcan palcoflow directions, or flow azimuths, were determined
from bulk measurements on gravel clasts or sand structures; they do not necessanly represent
measurements from a single unit within a pit. The number of measurcments at one pit range from 3)
to 170 for gravel fabrics and from S to 110 for cross beds and cross laminations in sand (Tables 5.8 and
5.9). Statistically all flow azimuths are unidirectionally significant at the 999 level (Tables 5.8 and 5.9).

Gravel fabrics

Fabrics were measured in a variety of gravel facics: plane bedded; imbricate, polymodal;
bimodal, massive, clast-supported (in large-scale, downflow-dipping, rhythmically-graded, tabular beds);
and heterogeneous, unstratificd (Table 5.8), many of which were camponents of composite macroforms
(Brennand in press). Fabrics were also measurcd in oblique accretion avalanche bed macroforms (pits

Q3 and Q4; Fig. 5.9), in the downflow accretion avalanche beds of what may be a composite macroform
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Figure 8.9. Palcoflow direction estimates from gravel fabric measurements. Fabrics
displaycd as cqual area lower hemisphere plots. Statistics presented in Table 5.8.
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Figure 8.10. Paleoflow direction estimates from cross-bed and cross-lamination
measurements in sand. Statistice presented in Table 59.
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Tahle $.8. Gravel fabric statistics.

2] Sedimentary Facies/Structures Sampis Flow Mean Vector Significance

'] Number AZimuth Dip  Strength (S,)  Leve!

Q1 Rane-bedded gravel 120 183° “4° 05870 90.0%

Q26  Imbricate, polymodal ine gravel ) 10° 18' 07782 00.0%

Q3 Altlemating oblique accration avalanche bed macroform (fippe 120 23 “o’ 0.6477 00.0%
clag’y’ from bolh sast and wee! sels)

G4 Qnlique accretion avaianche bad macroform; east side of complex 42 @71°) 28° - 07404 00.0%
('paralier clasis®} 0n°

Q6 Bimodal. massive, clast-supporied grave! from large-scale. 80 250° 87° 0.6465 99.0%
downflow-dipping. mythmically-graded beds (ipped’ clasts)

Q8 East side of psaudnanticlinal macraform 80 278° 8°  0.700 90.0%

QA Hateragensous, unsiratified gravel 80 118° 37° 06307 99.0%

Q11 imbncate, polymadal, matrix-fieh gravel 60 us’ 41 0B85 0.0%

Q12 targe cross-hadded gravel or south-dipping avalanche beds of 97 8°) 31° 048158 90.0%
macroform (‘parallel’ clasis’) 188°

Q16 Heterogeneaus, unsiratified grave! 60 240° a8* 05673 99.0%

Q17 Bimodgal. massive, clast-supported gravel from farge-scale, 60 163° B° 05318 90.0%
downflow-dipping, rythmically-graded bads (Tippea’ clasts)

Q18 Heterageneous. unstratified gravet 149 161° 41° 05178 99.0%

Q21 Imbricate grave! Iag 683 181° 37° 05863 99.0%

Q23  Uptiow-inclined. plane-hpdded gravel 160 144° 39°  0.5848 99.0%

Q25 Bimndal, massive, clast-suppored gravel from oxposure-scale, 0 126° 59°  0.4870 99.0%
downflow-dipping. mythmically-graded bads (fippad’ ciasts)

Q26 Helerogencous, unsiratified gravel. imbricate, polymadal. matrix- 170 187° 42° 0.7001 £9.0%

rich coarse grave!

' Significance lavel of sample baing non-random. according o fest statistic (S,/8,) of Wandcock and Naylor (1903).

! Clast ab-planes dip upfiow 'vith respsct o the fiald eslimated avalanche face

' Clast ap-planes dip downfiow and are approximalely paraliel 1o the field estimaled svalanche fgce. Ficw azimuth
(no brackels) assumed to ba 18010 azimuth if imbrication inforred (brackets).

(pit Q12; Fig. 5.9), and in a pseudoanticlinal macroform (pit Q8; Fig. 5.9). Paleoflow estimates are
unidirectional with a component towards the south (Table $.8; Fig. 5.9). However, unless macroform
type is known for gravel fabric measurements, flow azimuths can be misleading. Paleoflows from gravel
fabric measurements in pseudoanticlinal macroforms were downflow and converge on the crest of the
complex (cf. Brennand in press). Thus, the disparity between the orientation of the complex axis and
the flow azimuth for pit Q8 occurs because the fabric was measured on clasts to the east of the axis of
a pscudoanticlinal macroform (Table 5.8; Fig. 5.9). Conversely, paleoflow estimates (flow azimuths)
from oblique accretion avalanche bed macroforms are downflow and diverge from the axis of the
complex (Brennand in press), and those from downflow accretion avalanche beds are downflow and
parallel to the axis of the complex (Table 5.8; Fig. $.9).

Mcasurement and interpretation of gravel fabric from oblique or downflow aceretion avalanche
beds is complicated. For the most part these avalanche beds are like large gravel cross beds (Fig. 5.11).
lt was tempting to estimate flow direction simply from the maximum dip direction of the avalanche face.

However, the large size of the macroform, in excess of 10 m in vertical exposure within a single form,
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Table 8.9. Palcoflow direction statistics derived from
cross-bed and cross-lamination measurements.

[ Sampie  Vector  Mean Resutan! Standard ximate deviation

Number Number  Mean  Magniude (R)'  Emor (8,) of § from the axis of
{n L] the complex

Q "0 w7 00138 2700 "

Q2A s 170 00070 3.3038° 7

28 18 219°  0.0508 3.4586° «°

o 5 187°  0.0067 a.0888° 7

Q4 15 180°  0.9017 2.0088° 19°

Q6 5 a1 oore? 5.1504° 0

Qs 5 263 0.0 7.3100° “»

ar u 176° 0.0422 6.7404° %

Q12 10 222°  0.49878 a5’ 2

Q16 65 191" 0.8068 4.5703° an°

Q17 110 168° 0.9200 2.0789° 1°

Q20 3 204° 09561 2.0455° "0

021 45 200°  0.8579 4.6831° 10°

' Al samples show a preferred trond at o = 0.01. Significance level (a) determined
from critica) values of fi for Rayleigh's tes! for the presence of & preforrad trand
{Curray 1986; Davis 1988).

renders such estimates difficult and uncertain,  Consequently, field estimates of the plane of the
avalanche face were recorded, and clast fabric was measured independently. The results of this
procedure are presented for large gravel cross beds and downflow accretion avalanche heds (Fig. 5.11).
Lower hemisphere stereonets display two discrete clast populations: clasts approximately parallel to the
estimated plane of the avalanche face, hoth in dip and azimuth, and clasts which are ‘flipped’ and dip
upflow at a high angle relative to the avalanche face (Fig. 5.11; cf. Rust 1984). ‘Parallel’ clasts slid down
the avalanche face, whereas ‘flipped’ clasts may record imbricate clusters, or clasts which were
reoriented (flipped up) by return eddies or secondary vortices in the lee of the avalanche face (cf. Shaw
and Gorrell 1991). Gravel fabrics from *flipped’ clasts were measured from hoth east and west sides
of an alternating oblique accretion avalanche bed macroform at pit Q3. By combining these two
opposing data sets, a complex-parallel flow azimuth results (Fig. 5.9; Table 5.8).

At first glance paleoflow direction estimates from gravel fabrics appear to fall into two groups.
North of pit Q17 flow directions closely follow the axis of the complex, and deposition within an ice-
walled channel is favoured. At pits Q23 and Q18 (Fig. 5.9), imbricate gravel fabrics were measured in
composite macroforms (Brennand in press). South of pit Q17 flow directions diverge more from the
axis of the complex. Here, deposition within a less confined, broad conduit or reentrant may be
inferred.  However, the apparent paleoflow divergence in pits Q8 and Q4 is related 1o the processes

responsible for the formation of particular gravel macroforms. It is possible that apparent paleoflow



179

divergence at other southern pits may also be related to large three-dimensional gravel macroforms,
however, exposure was not extensive enough to identify such forms at these pits. Gravel fabric at pis
Q2B was measured in an in-phase wave structure, later attributed to deposition in a grounding-line
environment.

If gravel structure is accounted for in terms of bedforms and macroforms (discussed later;
Brennand, in press), paleoflow estimates from gravel fabrics arc unidirectional towards the south and
favour deposition in an ice-walled channel, either a subglacial conduit (cf. Brennand, in press) or tightly
constrained rcentrant (cf. Cheel 1982).

Cross-bedded and cross-laminated sand

Mean paleoflow directio estimates from cross-bedded and cross-laminated sand are again
strongly unidirectional; estimates are gencrally within 30° of the orientation of the axis of the complex
(Table 5.9; Fig. 5.10). At pit Q16 (Fig. 5.10), palcoflow dircction measurements in cross-laminated sand
were from regressive ripples in the lee of a dune. Palcoflow dircction cstimates suggest a relatively
constrained depositional environment and unidircctional formative flow along the length of the comples.
Mcasurements at pits Q2B, Q4 and Q16 (Fig. 5.10; Table 5.9) were made in subagucons fans or
grounding-line deposits (discussed later).

Inferences from clast lithology counts suggest lateral transport of sediment into the Harricana
complex, delivered by tributary conduits or transported in ice or by local deformation of adjacent
sediment into the Harricana or tributary conduits. Relatively constant clast sphericity, irrespective of
lithology and possibly grain size, suggests continual changes in the mode of transportation of clasts
within the complex. Clast lithology and sphericity are not readily interpreted in terms of gross
depositional environment along the complex.

Segmental trends in morphology, clast roundness and palcoflow dircction estimates (¢f. Table
5.2) were not detected in the portion of the Harricana glaciofluvial complex studied. Rather, the
complex is shown to be a relatively continuous body of upsloping glaciofluviai sediment which increases
in width downflow towards an ice margin or grounding line. Although gaps in the complex may he
attributed to time-transgressive sedimentation, nondcposition within a continuous conduit or post-
depositional erosion are preferred explanations: a down-complex decrease in clast mean roundness and
low variability in paleoflow direction estimates favour synchronous deposition in a subglacial conduit.
As the Harricana complex follows an upslope path (Fig. 5.4), meltwater within the "Harricana conduit®
must have been under hydrostatic pressure; this necessitates subglacial, closed-conduit conditions (Shreve
1972), and reinforces the suggestion that gaps in the complex may he related to nondepositional zones
within a continuous system (or post-depositional erosion) rather than time-transgressive sedimentation.

However, some superimposed subaqueous fans and some grounding-line sedimentary assemblages are
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identificd in the south and are discussed later.

Having proposed general environmental conditions for the deposition of the Harricana complex,
it is now appropriate to describe and interpret its detailed sedimentology. The aim here is to better
understand the detailed processes and subenvironments within such enormous conduits. Establishing
the broad environment first is essential becausc many bedforms and their associated structures are
common to both open channels and closed conduits (Table §.10).

Sedimentology of the Harricana glaciofluvial complex

The scale of the complex makes an architectural approach to its sedimentology appropriate
(cf. Miall 198S; Brennand in press). To simplify description and interpretation of macroforms and
scdimentary environments in general, individual gravel facies and sandy in-phase wave structures are first
bricfly described and interpreted. These facies and structures were investigated at 31 sites (Fig. 5.3).
Each site was an area of cxtensive exposure in gravel quarries. Each observed unit was given a number
in the form: pit number/face number-unit number, for example, Q2B/1-9. Paleoflow direction estimates
from cross-bedded and cross-laminated sand, and imbricate clast ab-planes were recorded together with
clast a-axis orientations (Tables 5.9 and 5.11; Appendices 7, 8 and 9). In the portion of the Harricana
complex studied, cobbles and boulders dominate, and little post-depositional disturbance of the
scdiments was observed. Sand and silt beds are thicker and more frequent in the south. Sedimentary
structures in sund and silt units include plane beds, cross beds, cross laminations, paralle! laminations,
in-phase wave stratification and massive beds. In some vertical exposures gravel and sand facies
aliernate. Composite, pseudoanticlinal and oblique accretion avalanche bed macroforms are identified
(Brennand in press). Occasionally, sediments fine laterally towards the flanks of the Harricana comples.
Heterogeneous, unstratified gravel

Heterogencous, unstratified gravel (Figs. 5.12g and 5.12b) is the most common individual facies
within the Harricana complex. It is texturally polymodal, with grain sizes ranging from boulders to fine
sand and silt; the dominant grain sizes being cobbles and boulders (-7¢ to -9¢). Units are 1to S m
thick and lower contacts are crosional. Bed geometry may be tabular or pseudoanticlinal. This facies
is mostly framework-supported (cf. Rust and Koster 1984) and ungraded (Figs. 5.02¢ and S.12b).
Vaguely delincated lenses of polymodal, bimodal clast-supported, bimodal matrix-supported, and
openwork gravel may all be observed within the same unit (Fig. 5.124; Brennand in press). The
arrangement of these lenses follows no consistent vertical or lateral pattern. Imbricate clusters of larger
clasts are common within gravels with an otherwise visually random fabric (Fig. S.12b). Although
imbricate cabbles are generally oriented with their a-axis transverse to flow direction (a(t)), a large
number of a-axis parallel (a(p)) clasts, particularly pebbles, are also present (Table 5.11). Mean dip
angles of the imbricate plane of clasts are generally high (36°to 44°, Table 5.11).
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Figure 8§.12. Individual facies within the Harricana complex. a. Heterogeneous, unstratified gravel
exhibiting vagucly lenticular, textural organization (unit Q21/1-1aRHS). Grid is 1 m®. b. Heterogeneous,
unstratified gravel with imbricate clast clusters (unit Q23/1-3). c. Imbricate, polymodal, matrix-rich
coarse gravel with clasts occurring preferentially along poorly defined convex-up bedding surfaces (unit
Q26/1-1LHS; Table 5.11). 4. Imbricate, polymodal fine gravel with diffusely-graded laminae (unit
Q2B/2-1; Table 5.11). e. Grading in cross-bedded gravel (unit Q23/1-1; Table 5.11). f. Bimodal, clast-
supported gravel with contorted laminae in sand (unit Q5/3-1) at the base of large-scale, downflow-
inclined, tabular beds. Ten centimetre intervals on scalc.
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Deposition from fluidal flows is inferred from imbricate clast clusters. Cobbles were primarily
transported by tractional rolling as bedload, whereas pebbles were primarily transported by saltation and
suspension (Johansson 1963, 1968, 1976; Rust 1972). Sediment support would have been mainly by the
bed and fluid turbulence. High clast dips are attributed to the high frequency of clast-to-clast contacts
during deposition of this framework-supported facies (Rust 1972).

The vaguely lenticular organization in heterogeneous, unstratificd gravel may result from
preservation of longitudinal sediment sorting during transport (Iseya and lkeda 1987). Longitudinal
sorting results from larger clasts having higher transport velocitics than smaller ones where shear
velo ities are well above critical values for all grain sizes present (cf. Mceland and Norrman 1969).
Flume experiments have produced gravel sorting with an openwork zone, a matrix-rich zone and a half
matrix-filled zone under steady flow discharge, but involving nonuniform and unsteady bedload transport
(Iseya and Tkeda 1987). Such longitudinal sorting may be preserved in the sedimentary record if the rate
of sedimentation was relatively rapid, as is expected for the waning stages of a jokulhlaup. In addition,
some imbricate gravel clusters may record the preservation of cluster bedforms, formed during the
waning stages of floods (cf. Brayshaw 1984).

The coarse grain size indicates relatively powerful flows, with entrainment velocities on the
order of 1.5 to 10.3 ms™! estimated for some of the largest clasts in this facies (-9¢ diameter; Williams
1983). Such velocities are comparable to those reported for flood flows (jokulhlaups) resulting from the
drainage of ice-dammed lakes (cf. Elfstrom 1987).

Plane-bedded gravel

Plane-bedded gravel is composed of polymodal cobble and pebble gravel with granules and
sand. Units (cosets) are 2 to 6 m thick, and individual beds are 0.1 to 0.5 m thick. Bed gcometry is
tabular and beds may be inclined upflow (Fig. 5.13). In places this facics is sorted into openwork,
matrix-supported, clast-supported and polymodal lenses along bedding planes (Fig. 5.13). Larger clasts
are often arranged into imbricate clusters with mainly a(t) and dips comparable to those exhibited by
the heterogeneous, unstratified gravel facies (Table 5.11). Some pebbles were ariented with their a-axes
parallel to flow direction (Table 5.11).

Stratification and imbrication within thesc facies is indicative of deposition from traction
transport in fluidal lows. Some smaller clasts may have been transported in turbulent suspension or
saltation. Plane beds may be attributed to the downflow migration of bed waves which formed by
interaction between eddies in the flow and the bed (cf. Allen 1984), or to the cffects of the burst/sweep
process on local rates and modes of sediment transport in a turbulent flow (cf. Cheel and Middlcton
1986). Upflow-inclined, plane-bedded gravel (Fig. 5.13" is interpreted as a product of deposition in
diffuse gravel sheets (cf. SAA. Smith 1920) with well preserved longitudinal scdiment sorting (cf. Iscya
and lkeda 1987).
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Imbricate, polymodal gravel and sandy in-phase wave structures

Imbricate, polymodal gravel may be composed of matrix-rich pebbles to coarse sand with
cobbles or boulders (Fig. §.1%), or coarse sand and granules with imbricate pebbles (Fig. S.14).
Exposed units are 2 to 4 m thick. Bed geometry may be tabular or Ienticular. Fincr units often exhibit
pronounced wavy surfaces, diffusely-graded laminae which may be concordant with or truncated by the
upper surface, small scour-and-fill structures, and silty rip-up clasts or tabular rafts of unconsolidated
sediment (pit Q20, Fig. 5.14). In the coarser units, clasts tend to be concentrated along poorly defined
bedding surfaces (Fig. 5.12c) forming imbricate clusters with a-axcs oriented both paralle! and transverse
to flow, and with high clast mean dips (units Q11/1-1 and Q26/1-1LHS, Table 5.11). Some scts exhibit
normal or inverse-to-normal grading.

This facies is inferred to have been deposited from a heterogencous, highly coneentrated
dispersion (cf. G.A. Smith 1986). Weak stratification, imbrication, poor sorting, and normal grading are
characteristic of hyperconcentrated flood-flow deposits (G.A. Smith 1986).  Both a(p) and a(t)
imbrication have been reported in such deposits and attributed to grain-by-grain deposition from traction
and suspension (G.A. Smith 1986). Sediment support may have been from fluid turbulence, dispersive
pressure, buoyancy and hindered settling (cf. G.A. Smith 1986). In fincr units, diffuscly-graded liminac
are suggestive of rapid scdimentation from suspension.

The lenticular geometry of some members of this facies resembles that of smaller in-phase
wave structures reported in open-channels (cf. Shaw and Kcllerhals 1977) and turbidity currents (cf.
Skipper 1971), and larger in-phase wave structures reported in volcaniclastic deposits (cf. Fisher 19K)).
In the latter case, in-phase wave structurcs have been identified in hyperconcentrated flood-flow depasits
(e.g., Pierson and Scott 1985). Where imbricate, polymodal gravel exhibits a lenticular geometry. it is
inferred to record in-phase wave structures deposited from hyperconcentrated flood flows (Brennand
in press).

The characteristics of this facies at pit Q20 are particularly intriguing. Matrix-rich gravel (~2
m thick) is truncated by ~8 m of tabular cross-bedded medium-coarse sand with pehbles concentrated
near the base and with occasional reactivation surfaces (Fig. 5.14). The contact between these two units
is sharp with broad convex-up and concave-up segments (Fig. 5.14). Within the matrix-rich gravel facics
clasts are concentrated along low-angled, upflow-dipping beds or backset beds (Fig. 5.14; ¢f. Bancerjee
and McDonald 1975). In addition, large tabular rafts of contorted medium-fine sand lic along these
backset beds (Fig. 5.14). At pit Q20, the matrix-rich gravcl (with large rafts of unconsolidated sediment)
is inferred to have been deposited from a hyperconcentrated flood flow as a large antidunc, the rafts
coming to rest on the upflow side, or backset beds, of this bedform. These unconsolidated sediment

rafts may have been frozen during transport (cf. Shaw 1972; Allen 1982), or have been transported for
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a short distance only in an unfrozen state. In this latter case, blocks of unconsolidated sediment may
have been eroded by turbulent flow upflow, but turbulence may have been dampened by high sediment
concentration downflow. Thus, rafts may have been buoyed up by the flow, not abraded by it (Postma
et al. 1988),

Sandy in-phase wave structures are composed of well-sorted and diffusely-graded coarse to
medium sand (Fig. §.15). Bed geometry is lenticular.  Within sets, low-angled swaley laminations
marked by diffuse grading and concentrations of small pebbles or granules may be concordant with, or
truncated by, the upper swaley surface of the set (Fig. 5.15). Pehbles and silty rip-up clasts are
dispersed or *suspended’ within the diffusely-graded sand. Most sets are draped by medium-fine sand,
fine sand and silt, which may be massive, parallel laminated or cross laminated, and exhibit microfaults,
fNlame structurcs and other penecontemporancous deformation structures (Fig. 5.15). Qccasionally both
the drape and the swaley-laminated, diffuscly-graded sand below are truncated by small scour-and-fill
structures (Fig. 5.15).

Sandy in-phase wave structurcs were observed at pits Q16 and Q21, in locations where the
complex increases in width (Table 5.3; Fig. 5.3). The most latcrally extensive example of this facies was
observed at pit Q2B (Fig. 5.15), in deposits flanking interconnected esker ridges and beads, and where
the complex is particularly wide (Table 5.3; Fig. 5.3). Here, in-phase wave structures in diffuscly-graded
medium and coarse sand are stacked and offset, effecting an overall repetitive lenticular geometry in
vertical section (Fig. 5.15). Some in-phasc wave surfaces are erosional; that is they truncate internal
laminae. Others are depositional or concordant with internal laminac (Fig. 5.15). Wave amplitudes
range from 0.8 to 1.5 x:, end wavelengths (L) range from 14 10 22 m. Approximations for flow velocity
(U) and depth (iv =-c calculated from mecasurements of L and estimates of the density of a
hyperconcentrated intlow (p,) (Costa 1988) and an ambient fluid (p,), using cquations from Allen (1984,
p. 07: U? = gh(p; - p3)/p; and L = 2xh (p; + p,)/p)), where g is the acceleration due to gravity
(Table 5.12).

Table 8.12. Estimates of flow depth and velacity
for sandy in-phasc wave structures.

o, = 1330 kgm? P, = 1800 kgm *

L (m) h(m) U (ms') h(m U(ms')
2 2.00 2.2 2.25 3.13
14 1.27 1.76 143 2.0

», range of hyperconcentraled fiand flow from Casta (1368)
£, assumed 1o be 1000 kgm ' (clear waler)

In-phase wave structures are inferred to have been deposited from hyperconcentrated flood
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flows under powerful upper-flow-regime conditions (cf. Cheel 1990). Diffuscly-graded sediments,
penecontemporaneous deformation structures, and the preservation of soft-scdiment rafts within in-phase
wave structures, indicate high rates of deposition from suspension. In some cases, diffusely-graded or
massive sand and gravel may have been first deposited then croded by in-phase waves.  Such
relationships suggest a delicate balance between erosion and deposition, that is between meltwater and
sediment discharge. Savd and silt ‘drapes’ over in-phase wave structures at pits Q2B (Fig. S.15) and
Q20 (Fig. 5.14) are inferred to be the result of waning-flow events, some of which may be assoeiated
with vertically alternating sand and gravel deposits observed clsewhere within the body of the complex
(discussed later).

In-phase waves develop at density interfaces between fluids when flow undergoes a transition
from supercritical (Fry> 1, where Fry is the densimetric Froude number) to suberitical (Fry<1). Near
the transition an in-phase wave may be cstablished at the density interface. In a glacial environment
such conditions may occur in a subglacial conduit, where meltwater with high sediment concentriation
flows from a constricted to an expanded reach (Brennand in press), or in an icc-marginal or grounding-
line position where meltwater with a high sediment concentration flows into standing water (Gorrell and
Shaw 1991). In the northern portion of the Harricana complex, an undulatory crest line in the vicinity
of pit Q26 (Fig. 5.3; Table 5.3), and latcral expansion of the complex at pit Q20 (Fig. 5.3) favour
formation in a subglacial conduit. In contrast, the presence of a number of interconnected esker ridges
within the laterally extensive complex, the identification of a nearby bead with a contributory and a
distributary ridge, and the lateral position of the facics with respeet to the esker ridges at pit Q28
(Table 5.3; Fig. 5.3) favour deposition in a grounding-line environment (Gorrell and Shaw 1991).
Cross-bedded gravel

Both trough and tabular cross-bedded gravel are observed within the Harricana complex.
Tabular cross-beds are generally observed as single sets which arc 3 to § m thick, whercas individual
foreset beds are 0.4 to 1.0 m thick (Figs. 5.12¢ and 5.13). Trough cross-beds may occur as single sets,
but more often occur as fining-upward cosets. At pit Q1 (Fig. 5.3), trough cross-bedded sets range from
0.2 to 0.3 m thick, with a coset thickness of 6 m.

Texturally, these facies are dominated by boulders and cobbles, or cobbles and pebbles.
Tabular foreset beds usually exhibit rhythmic grading. A typically rhythmically-graded bed starts with
bimodal boulder/cabble or cobble gravel with a small pebble-granule-sand matrix which often exhibits
convolute laminations (Fig. 5.12¢ and 5.12f). This passes up-sequence to cobble-pebble then pebble
gravel which may be openwork or include a small amount of fine matrix (Figs. 5.12 and 5.13).
Occasionally matrix-rich polymodal beds replace the rhythmically-graded triplet. Clast oricntation data
(unit Q23/1-1, Table 5.11) suggests that ‘parallel’ clasts became emplaced by sliding down the foresct,
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whereas a(t) ‘flipped’ clasts rolled down the foresct and lodged as imbricate clusters, and a(p) ‘fipped’
clasts hecame reariented by return eddies in the lee of the foreset (cf. Shaw and Gorrell 1991). Similar
rhythmic grading is observed in some trough cross-beds, and in large (up to 2 m thick) downflow-
dipping, tabular beds on the scale of the exposure. In the latter, clasts are mainly a(p) with high upflow
dips (*flipped’) (units Q6/1-2, Q17/1-TRHS, Q25/1-1b, Table S.11).

Cross-bedded gravel is a product of bedform migration (cf. McDonald and Vincent 1972) with
traction having been the dominant transport mechanism. Longitudinal sediment sorting during transport
of heterogeneous gravel, and lee-side deposition of suspended load in the return flow beneath a
separation eddy are inferred to have produced the foreset grading (Shaw and Gorrell 1991). At pit Q23,
such longitudinal sorting is preserved along the stoss slope of a large gravel dune (Fig. 5.13). Given the
prabability of a closed-conduit during the formation of the Harricana complex, flow depths in excess of
10 m are estimated from a dune height of S m (McDonald and Vincent 1972). Large-scale rhythmically-
graded, downflow-dipping, tabular heds may be attributed to macroform progradation.

Composite macraoforms

Composite macroforms are architecturally complex and composed of numerous gravel facies.
These macroforms have obvious stoss and lee sides. Stoss slopes dip upflow at approximately §°-10°,
whereas lee slopes may dip downflow at approximately the angle of rest of the constituting sediment.
Downflow and lateral fining, and vertically alternating sand and gravel are observed within some
composite macroforms.  These macroforms can only be identified with certainty in places where
exposure is excellent: pits Q23 and Q18 (Fig. 5.3). A compasite macroform may also exist at pit Q12
(Fig. 5.3).

Pit Q23 is located in a relatively narrow portion of the Harricana complex, with a high crest
and relatively steep slopes (segment 2, Table 5.3; Fig. §.3). Vertical exposures are up to 12 m high, and
one exposure extends for over 100 m cutting a portion of a composite macroform along its flow-parallel
axis (Fig. 5.13). A 5 m thick set of cross-bedded gravel (unit Q23/1-1, Table 5.11) with rhythmically-
graded foreset beds, is overlain unconformably by plane-bedded gravel, inclined upflow at approximately
5° and exhibiting subtle convex-up surfaces between beds (Fig. 5.13). Diffuse gravel sheets are inferred
for the upflow-inclined, plane-bedded gravel facies. Longitudinal sediment sorting, resulting from
differential bedload transport is preserved in the gravel sheets (Fig. 5.13) and suggests that deposition
rates were rapid. Clast orientations (unit Q23/1-2, Table 5.11) suggest that smaller pebbles may have
bheen transported in suspension or saltation, while larger pebbles and cobbles were transported by
tractional rolling as bedload. Downflow and lateral to the diffuse gravel sheets finer gravel cross beds
are exposed. Sediment remobilization down the northeast flank of the macroform, as a debris flow with
a pronounced flow nose is visible at the base of these cross beds (Fig. 5.13). Lateral to the core of the

macroform, heterogeneous, unstratified, well-rounded gravel is normally faulted. Heterogeneous,
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unstratified gravel displays a similar proportion of a(1) and a(p) clasts with high dips (vnit QJ3/2-1,
Table S.11), suggesting deposition from traction, suspension or saltation depending, on grain size.
Towards the northeastern flank of the macroform, massive gravel interfingers with massive, cross-bedded
and planc-bedded medium-fine sand.  Numerous normal faults are observed. Interfingering suggests
periodic gravel remobilization down the flank of the macroform.  In the lowest Manking position,
sandy, matrix-supported diamicton with sandy shear planes and folds is interpreted as a debris flow
diamicton (Fig. 5.16). This diamicton and the lateral normal faults arc inferred to have formed towards
the end of the construction of the Harricana complex, when supporting lateral ice (conduit walls) or
buried ice melted (cf. McDonald and Shilts 1975).

Figure 8.16. Shear plancs and folds within debris-flow diamicton along the flank of
the Harricana complex at pit Q23 (Fig. 5.3). Ten centimetre intervals on scale.

Pit Q18 is located in a short clongated segment (part of segment 4, Figo 5.3) west of Lac
Paradis. Approximately 100 m of flow-parallel exposure with a maximum vertical thickness of 9 m
is exposed (Fig. 5.17). Beds dip gently upflow and are interpreted as climbing scts on the stoss side of
a macroform. Plane-bedded gravel, heterogencous, unstratificd gravel and tabular cross-bedded gravel
alternate with cross-bedded and cross-laminated sand. The lowermost sand has been folded and sheared
in a downflow direction, and is truncated by possible in-phasc wave structurces, including backset beds
in gravel (Fig. 5.17). High shear stress excried by the upper-flow-regime conditions responsible for

formation of in-phasc wave structurcs in an expanding conduit may cxplain downflow shearing and
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truncation of the underlying sand. Downflow fining in the upper part of the scction is attributed to flow
expansion in a conduit which locally increased in height downflow. In vertical section, sheared sand and
in-phase wave structures are observed below downflow-fining cross beds. This relationship may indicate
upflow enlargement of an expanded portion of a subglacial conduit over time, and/or during subscquent
events as sediment was deposited in that expanded portion, a form of paragenesis.  Faulting and
deformation of sand and gravel facies at the upflow end of the exposure (Fig. 5.17) suggest meltout of
locally buried ice at this location (cf. McDonald and Shilts 1975). Scdimentary architecture and facies
relationships at pit Q18 are inferred to record a large portion of a composite macroform, consistent with
formation in an cxpanded portion of a subglacial conduit (Brennand in press), the size of which
increased in an upflow direction over time and/or during successive cvents. The gravel backset beds
in the lower part of the section also suggests flow cxpansion in a conduit (Johansson 1976).

Pit Q12 occurs in segment 10 (Fig. 5.3) and is dug into the second of two streamlined mounds
within this segment of the Harricana complex (Table 5.3). Each mound is approximately S km long.
A 10 m vertical exposure of downflow accreting avalanche beds or large cross beds is observed (Fig.
5.18q). Bedding planes are convex-up in transverse section, and downflow dipping in long profile (Fig.
5.18g). Some beds are truncated; truncation may record reactivation surfaces (ef. Shaw and Gorrell
1991). From this architecture and geomorphic expression, these downflow accreting avalanche beds are
inferred to be part of a longitudinal (Rust 1984) or cxpansion (Baker 1978) macroform. Individual heds
are 0.1 to 2.0 m thick. Beds of polymadal, framework-supported gravel, and granules with dispersed
pebbles and cobbles alternate (Fig. 5.180) and may be attributed to longitudinal sediment sorting prior
to sediment delivery to the avalanche face (Iscya and lkeda 1987). Some predominantly granule beds
exhibit inverse grading characteristic of grain flows with dispersive pressure. Mcasurement of gravel
fabric from avalanche beds reveals two clast populations: *parallel” and *flipped’ (Table 5.17; Fig. 5.18h;
Rust 1984). Clast orientations (units Q12/1-1aLHS, Q12/1-1aRHS, Q12/1-1bLHS, Tuble S.11) suggest
that *parallel’ clasts slid down the avalanche face, while ‘flipped’ clasts rolled down the face and lodged
as imbricate clusters, or became reoriented by return cddies in the lee of the avalanche face (cf. Shaw
and Gorrell 1991). These avalanche beds, or large dune foresets, truncate underlying trough cross-
bedded coarse sand and are truncated by littorally reworked sand and gravel in gently inclined sheets.
As pit Q12 is located towards the distal end of the streamlined mound, we suggest that the exposed
sediments are lee-side deposits of a composite longitudinal or cxpansion macroform which may also
exhibit alternating sand and gravcl units.

Oblique accretion avalanche bed (OAAB) macroforms
OAAB macroforms exhibit steeply inclined avalanche beds which have accreted downflow and

obiiquely to the axis of the complex (Brennand in press). The best example of this type of macroform



Figure 5.18. 4. Downflow acereting avalanche bed macroform at pit Q12 (Fig. 5.3).
Section is ~ 10 m high. Flow out of face. b. Close-up of avalanche beds at pit Q12
showing ‘parallel” and *flipped” clasts.

196



w7

is observed at pit Q3 (Figs. 5.3 and §.19), and extends through pit Q2A (Fig. $.3). At pit Q3, the long
axis of the Harricana complex is oriented north-south (Fig. 5.3). Three sets of avalanche beds cruncate
one another. One OAAB set dips at ~30° towards the southwest (set A), and is truncated by a similar
set dipping towards the southeast (set B), which is in turn truncated by a set dipping towards the
southwest (set C; Fig. $.19). Individual avalanche beds, ranging in thickness from 0.5 1o 1.0 m, are
composed of polymodal gravel with ‘flipped’ (imbricate) clast clusters (Fig. 5.20a) or rhythmically-
graded g:avel (Fig. 5.20b). Rhythmically-graded gravel beds fine up-sequence from relatively bimodal,
clast-supported cobbles and pebbles in a matrix of medium-coarse sand, to openwork pebbles, to
openwork granules (Fig. 5.20b).

Gravel fabric measurements from *flipped’ clasts in QAAB sets are downflow and away from
the crest of the macroform (units Q4/3-4LHS and Q3/2-4RHS, Table 5.11). Clast orientations with
respect to flow direction are both a(p) and a(t), with a(t) orientations the most common (units Q4/3-
4LHS and Q3/2-4RHS, Table 5.11). Consequently, clast emplacement by rolling down the avalanche
slope is inferred to dominate over reorientation by a second helicoidal vortex or return flow eddy along
the avalanche slope.

The formation of this macroform is attributed to the operation of two major helicoidal vortices
within a conduit. Initial dominance of one vortex over anather may be associated with hends in the
conduit, the shape of the conduit, and the shape and roughness of the bed. When a helicoidal vortex
was dominant along the western side of the complex, sediment was transported obliquely up the western
side of the growing macroform. As scdiment avalanched over the castern side, southeast dipping
avalanche beds were formed (set B). Unless melting of the conduit walls kept pace with deposition of
the southeast dipping avalanche beds, the cross-sectional arca of the conduit would have heen reduced
along the castern side due to sedimentation, and possibly incrcased along the western side duc to
crosion. The eastern vortex would have become smaller and rotated faster and have had more crosive
power. The upper, southwest-dipping avalanche beds (set C) arc inferred to have been formed at that
time. The boulder lag truncating the southeast dipping avalanche beds may also be a product of this
event. Longitudinal sediment sorting during transport up the "stoss” side of the macroform may explain
the rhythmic grading observed in some avalanche beds. In addition, the position of the conduit may
have shifted or the conduit may have cnlarged during this process due to differcntial melting of the
conduit walls. The alternating OAAB macroform is draped by 6 m of plane-bedded and cross-bedded
granules and coarse sand with dispersed pebbles (Fig. 5.19). The sequence is truncated in the cast by
gently inclined sheets of gravel and sand which may he attributed to littoral reworking during occupation
of the area by Glacial Lake Qjibway.

Similar macroforms are observed at pits Q4 and Q21 (Fig. 5.3). In both cases, only a single
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Figure 8.20. Closc-ups of scdimentary style within alternating oblique aceretion
avalanche bed macroform at pit Q3 (Fig. 5.3). a. Clast clusters along beds. b. Rhythmic
grading of finer gravel. Grid is 1 m?.
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AAB set was observed and paleoflow direction estimates from gravel fabrics were away from the crest
of the Harricana complex (down the avalanche face) and obliquely downflow (units Q4/3-3 and Q21/5-
1, Table 5.11; Fig. 5.3). Clasts were either ‘flipped’ or *parallel’ to the plane of the avalanche face
(units Q4/3-3 and Q21/5-1, Table §.11). Clast orientations suggest that ‘parallel’ clasts became
cmplaced hath by slipping and rolling down the avalanche face, while ‘flipped’ clasts mostly rolled down
the face, some coming to rest as imbricate clusters.

Flow separation and expansion of a secondary current vortex, from a narrow conduit into an
expanded zone of that conduit or a lateral cavity, is suggested for the formation of single OAAB sets
(cf. Brennand in press). At pit Q4 (Fig. 5.3), this macroform underlies inclined plane-bedded and low-
angle cross-bedded coarse to medium sand, with occasional in-phasc wave structures and diffusely-
graded scour-and-fill structures. Parallel-laminated, cross-laminated and massive fine sand, silt and clay
overlie these sediments. The overall sedimentary association south of Val d'Qr, with gravel cores (esker
ridges), lateral fining, and in-phase wave structures, and the complexity of geomorphic expression
(scgment 14, Table 5.3), suggest that sedimentary associations at pit Q4 define a subaqueous fan built
obliquely from an esker ridge. A grounding-line environment is inferred from these associations (cf,
Giorrell and Shaw 1991) and is discussed later.

Pseudoanticlinal macroforms

Pseudoanticlinal macroforms are broad, low-angled, arched structures on the scale of the
complex (Fig. 5.21; Brennand in press). With the available exposures only one of these macroforms was
identified with certainty, at pit Q8 (Figs. 5.3 and 5.21). However, sediments at pit Q19 (Fig. §.3) may
also form one limb of a pseudoanticlinal macroform. In both of these locations the complex is narrow
(Table 5.3; Fig. 5.3). At pit Q8 (Fig. 5.3), the macroform is composed of heterogeneous, unstratified
cobble and pebble gravel (Fig. 5.21). Paleoflow direction estimated from imbricated clast clusters is
downflow and convergent on the crest of the macroform/Harricana complex (unit Q8/1-1LHS, Table
5.11; Fig. 5.3). Deposition from tractional rolling, suspension and saltation are inferred from clast
orientation with respect to paleoflow direction estimates (unit Q8/1-1LHS, Table 5.11).

The formation of a pseudoanticlinal macroform with crest-convergent fabric is inferred to be
the product of secondary currents or vortices in a narrow, geometrically-uniform conduit (cf. Rouse
1961; Brennand in press). Unlike OAAB macroforms, the paired helicoidal vortices responsible for the
formation of pscudoanticlinal macroforms are inferred to have been of similar power.

Vertically altemating sand and gravel facies

Vertically alternating sand and gravel facies are common along the length of the Harricana
complex (Figs. 5.14, 5.17 and 5.22). The sand unit is commonly truncated by the averlying gravel facies
and appears discontinuous. Generally, a pit contains only two to three couplets, however, couplets are
numerous at pits Q1o and Q7 (Fig. 5.3) where sedimentary assemblages resemble those of subaqueous
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Figure §.22. Vertically alternating sand and gravel facies at pit Q21 (Fig. 5.3). Scale is 1 m.

funs. These sedimentary assemblages arce discussed later.

Vertically alternating sand and gravel facics may result from: (i) temporal or spatial change in
sediment supply, related to the formation of large bedforms and macroforms within a conduit; (i)
spatial change in low conditions, such as the headward growth and capture of conduits and cavitics; or
iy temporal change in flow competerce (¢ Brennand in press). The latter may relate to scasonal
melting and a supraglacial to subglacial conneetion in the meltwater system, or to the episodic drainage
ol supraglacial or subglacial water bodics. At pit Q20 (Figs. 5.3 and 5.14), 2 m of matrix-rich gravel with
backset beds and an in-phase wave surface is overlain by ~8 m of cross-bedded medium-coarse sand.
This complete sequence was probabiy deposited during a single meltwater discharge event, possibly
rehited to a jokulhlaup. Conversely, Allard (1974) auributed vertically alternating sand and gravel to
annual meltwater discharge cyveles.

Sedimentary macroforins and environments: discussion

Eskers of south-central Ontario contain macroforms similar to those described here (Brennand
i press). Geomosphic and sedimentologic reasoning suggests that these macroforms record the effects
of spatially and temporally differentiated erosion, transportation and deposition in a nonuniform conduit
(Brennand in press). Trends in clast roundness, paleoflow direction estimates, and the relative
continuity and downflow broadening of the Harricana complex along an upslope path favour a

svivhronous subplacial closed-conduit origin (ef. Table 5.2) for the portion of the complex studicd.
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Consequently, macroforms in the Harricana complex are also interpreted as sedimentary responses to
a nonuniform subglacial conduit. A subglacial conduit not only bends but also pinches and swells,
laterally and vertically (cf. Walder and Hallet 1979). Some of these bulges in the pre-complex conduit
may have been cavity remnants (cf. Hooke 1989, fig. 4). Alternatively, with increased meltwater
discharge, the conduit may have enlarged by melting or localized floatation (cf. Gorrell and Shaw 1991)
to capture adjacent water-filled cavities with which it coexisted (¢f. Tken and Bindshadler 1986). In this
manner, the location and spacing of expansion zones may have changed over time within the conduit
(Brennand in press). High velocity meltwater flow inferred from gravel facies and macroforms may have
carried ice blocks, the burial and subsequent meltout of which may sccount for the numerous kettle
holes abserved within the complex.

We infer that the style of macroform at a particular location was controlled by local conduit
geometry. Thus, composite and OAAB macroforms were deposited in conduit expansions. Qver time,
or during successive meltwater discharge cvents, the geometry of an expansion 2zone would have changed
as a result of sedimentation. The effects of an accreting macroform may have increased conduit
sinuosity, or have extended the expansion zone upflow. By contrast, pscudoanticlinal macroforms appear
to have developed where the conduit was relatively narrow and geometrically uniform (Brennand in
press). By extension, where the conduit was very narrow, deposition may only have occurred at periods
of low flow. Indeed, nondeposition or even crosion along narrow segments may have created some of
the "gaps” in the Harricana complex (Fig. 5.3; Table 5.3). In addition, the operation of paired helicoidal
vortices within the "Harricana conduit” may have scourcd the iandsurface alongside the Harricana
complex; clongate lakes are now observed to parallel the northern portion of the complex.

Subaqueous fan and grounding-line sedimentary assemhluges

Subaqueous fan or grounding-line scdimentary asscmblages were exposed at three locations
along the Harricana complex. South of Val d'Or, sedimentary associations and their geomorphic
expression suggest a grounding-line environment with beads, fans and esker ridges (Fig. 5.3; Table 5.3).
An esker ridge, composed of an alternating OAAB macroform laterally draped by plane-bedded and
cross-bedded coarse sand and granules is exposed in pits Q2A (Fig. 5.3) and Q3 (Figs. 5.3 and 5.19).
An OAAB macroform, overlain by subaqueous fan sediments, is inferred for pit Q4 (Fig. S.3).
Downflow-inclined subaqueous fan sediments exhibit scoured surfaces filled by diffusely-graded or
massive medium sand with dispersed pebbles, and planc-bedded, cross-bedded and diffuscly-graded sand
with some in-phase wave surfaces. Glaciolacustrine parallel-laminated, cross-laminated and massive fine
sand, silt and clay overlic these deposits. Thick sequences of cross-laminated sand were not observed
(Gorrell and Shaw 1991) but may exist downflow from pit Q4 (Fig. 5.3). An cxtensive sequence of in-
phase wave structures in both granules and medium sand have been described at pit Q2B (Figs. 5.3 and

5.15). These are related to the effects of denser wall jets with hydraulic jumps (cf. Gorrell and Shaw
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1991; Brennand in press). Erosional and depositional in-phase wave surfaces, and fine sand and silt
drapes over in-phase wave trains, imply rapid changes in meltwater and sediment discharge and a
delicate balance between them. These observations and interpretations, taken together with the complexs
geomarphology of segment 14 (Table 5.3), suggest a grounding-line depositional environment where
subglacial water pressure was delicately poised close to the floatation point of the ice sheet (Gorrell and
Shaw 1991) composed of cold icc except near the bed and near the surface in summer.

Fining-upward gravel to coarse sand units, 0.1 to 1.0 m thick, and vertically alternating gravel
and medium sand are exposed at pit Q7 (Fig. 5.3). Gravel is plane bedded, cross bedded or massive.
Coarse sand is generally plane bedded or massive and has numerous pebbles dispersed within it.
Mcdium sand is plane bedded, cross bedded and cross laminated. All units arc gently inclined
downflow. In pit QC (Fig. 5.3), downflow from pit Q7 (Fig. §.3), 3 m of plane-bedded and cross-bedded
medium and coarse sand are cxposed. Together, both of these pits occur within a geomorphically
expressed lobe superimposed over the Harricana complex (Table S.3). Sediments at pits Q7 and QC
arc therefore interpreted as subaqueous-fan sediments, likely deposited in a grounding-line or ice-
marginal environment during ice retreat.

At pit Q16 (Fig. §.3), S m of heterogencous, unstratified gravel is exposed near the surface at
the crest of the Harricana complex. Below tiis, a small exposure shows two heterogeneous, unstratified
gravel units scparated by cross-bedded medium-coarse sand. In a flanking position, six rhythmically
alternating units of polymodal clast-suj:arted gravel and plane-bedded, crass-laminated or diffusely-
graded coarse to fine sand are observed (face Q16/4). In a more flanking position, and downflow from
face Q16/4, 2 m of plane-bedded, cross-bedded and diffusely-graded medium to coarse sand are
exposed. Paleoflow direction estimates from gravel fabrics, cross beds and cross laminations are oblique
to the axis of the Harricana complex (Figs. 5.9 and 5.10). A lateral, low-angled, subaqueous-fan
cnvironment is inferred for most of the sediments exposed at pit Q16. Such a fan may have formed in
an ice-marginal or grounding-line position, or in a subglacial cavity (Gorrell and Shaw 1991; Brennand
in press). As the sediments form the upper package in flanking locations, while heterogeneous,
unstratified gravel is exposed ncar the surface at the crest of the complex, it is likely that this
subaqueous fan was superimposed over earlier, coarser Harricana complex deposits, however, the actual
depositional environment (grounding line, ice margin or subglacial cavity) cannot be determined.

Discussion: stratigraphic context, landform associations
and implications for ice-sheet hydrology and dynamics

Morphology, sedimentology, clast characteristics and paleoflow direction estimates from the
Harricana complex, between latitudes 48°N and SO°N, favour an origin by synchronous deposition of
a subglacial esker in a continuous, closed conduit (Table 5.2). Some subaqueous fans rest on, or lie

lateral to, these primary deposits. Such fans may have been deposited in subglacial cavities during esker
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formation, or superimposed over esker deposits (cf. Wilson 1938) at a grounding:-line or icc-marginal
position during ice retreat or downwasting. If most of the sediments within the Harricana complex are
indecd eskerine and approximately synchronous, this new interpretation must be rationalized with event-
sequences determined from adjacent stratigraphy and landforms,

Stratigraphic context

Stratigraphic correlation for Abitibi-Timiskaming and surrounding arcas has been attempted
(cf. Veillette 1986, 1989; Thorleifson et al. 1992). Regional correlations as proposed in the literature,
together with reported ice-flow directions and evidence used to infer those directions are presented in
Table 5.13. Few natural exposures of till older than Matheson till exist in this region (cf. McClenaghan
1989); most older stratigraphic sequences have been constructed from analysis of rotosonic drill cores
and cross-cutting striae (e.g., Veillette 1986; McClenaghan et al. 1987, 1988, 1992; S.L. Smith 1992). Two
ice-free intervals have been reported: the Missinaibi formation, and the Abitibi River sediments and Qwl
Creck Beds (Table 5.13). Depending on the chronologic technique used, Wisconsinan glacial inception
(0 stage S) may have commenced after deposition of the Missinaibi Formation with an ice centre in
central Québec, or after deposition of the Abitibi River sediments and Qw! Creck Beds with an ice
centre in northern Québec (Table 5.13; Wyatt 1989; Thorleifson et al. 1992). The Adam, Matheson and
New Quebec tills have been attributed to southwest flow of Labrador sector ice, related to a northern
Québec ice centre (Thorleifson er al. 1992, 1993), and based primarily on till composition, fabrie, and
striae data (Table 5.13). This inferred southwest flow would have crossed the arca now occupied by the
Harricana complex (Veillette 1986).

Changes in till composition, cross-cutting striae, bedrock erosion marks, and esker and end
moraine (genesis assumed) distribution have been interpreted as indicating a shift in ice-flow dircction
to the south-southeast at the time of deposition of the upper parts of the Mathcson and Sandy tills
(Table 5.13). Although some intermediate striac between southwest and south-southcast are reported,
cross-cutting southwest and south-southeast striac are more common, and no differential weathering
between surfaces exhibiting these striae is described (Veillette 1986, 1989, 1990). It has heen proposed
that the earlier southwesterly flow relates to ice advance from northern Québec, whereas later south-
southeast flow relates to conditions during ice retreat (Veilletie 1986, 1989). Veillette (1994)) suggested
that this latter flow was relatively short-lived.

To the east of the Harricana complex, streamlined landforms, striae and till composition have
been inferred to record southwesterly ice flow (New Quebec till, Table 5.13). Southwesterly oricntations
may record coincident ice advance and retreat directions, or reflect incomplete ficld data (Veillette
1986). Some cross-cutting striae record ice flow deflected to the south within a 65 km band cast of the
Harricana complex (Fig. 5.2; Hardy 1976). This deflection was attributed to interaction of the proposed
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Hudson and New Quebec ice masscs (Hardy 1976),

The change in ice flow direction recorded in the upper part of the Matheson till has been
attributed to the break-up of the Labrador sector of the Laurentide Icc Sheet into New Quebec and
Hudson ice masses during deglaciation (Hardy 1976; Veillette 1986, 1989), with time-iransgressive
deposition of the Harricana complex at this time (Table §.13). Veillette (1990) attributed break-up of
the Labrador scctor to rapid ice flow initiated by a deforming substrate in the Great Lakes region at
the ice margin. He suggested that downdraw in this zone of rapid ice flow would have lowered the ice-
sheet profile, caused a reentrant to form at the ice-sheet margin, which extended to the northeast, and
concentrated sedimentation in the Harricana-Lake McConnell complex (Veillette 1986, 1990). He also
thought that a calving bay into Glacial Lake Algonquin and Post-Algonquin, combined with the inferred
corridor of rapid ice flow, controlled development of the carly deglacial reentrant axis in the North Bay
region (Veillette 1986, 1990). This deglacial corridor has becn corroborated by radiocarbon dates on
basal postglacial organics from small lakes and ponds (Veillette 1988; Richard et al. 1989). Hickock and
Dreimanis (1992) argued recently for widespread deformation of till in the Great Lakes region.
Converscly, Clayton et al. (1989) reported a lack of widespread pervasive deformation of sediment along
the southern margin of the Laurentide Ice Sheet. In addition, others (e.g., Shaw and Sharpe 1987) have
suggested that rapid ice flow may have been initiated by meltwater flood events, which do not necessarily
exclude subsequent subglacial deformation (cf. Hickock and Dreimanis 1992).

Some authors have proposed that the Kipling and Cochrane tills are equivalent, based on core
stratigraphy, till composition and ice-flow indicators (Skinner 1973; Veillette 1989; S.L. Smith 1992);
others state that the Kipling till is correlated with the regionally extensive Severn and Sky Pilot tills of
Ontario and Manitoba deposited during southwesterly ice flow, and therefore cannot be correlated with
the Cochrane till (Thorleifson 1989; Thorleifson et al. 1993), The Cochrane till may record deposition
from a series of surges (Hardy 1976; Veillette 1989). Although Cochrane till has been reported to drape
the Harricana complex in the north (cf. Hardy 1976; Vincent et al. 1987), this till was not identified in
exposure during the present field study. Consequently, our research cannot help elucidate the origin
of the Cochrane till or the timing of the Cochrane event.

The most pertinent stratigraphic information, with respect to the genesis of the Harricana
complex, is the change in flow direction associated with the Matheson till (Table 5.13). In most cases
it would appear that this change in flow direction was relatively abrupt; cross-cutting southwest and
south-southeast oriented striae are observed and the geochemistry and lithologic composition of the
upper and lower parts of the till are quite distinct (cf. Veillette er a/. 1989; McClenaghan et al. 1992).
In a continuously grounded, wet-based ice mass, it is hard to explain such an abrupt change in flow
direction. We propose that decoupling of the ice sheet from its bed during a meltwater-flood event,
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accompanied by a concomitant change in regional ice-surface profiles, may more appropriately explain
the abrupt change in ice-flow direction at the regional scale. This is discussed later.
Landform associations

Regional landform associations of the Harricana complex include: the Abitibi Uplands, cskers,
moraines, streamlined landforms, and bedrock crosional forms (striac, grooves or s-forms, rat-tails and
crag-and-tail features) (some of which are shown on Figs. S.1 and §.2; cf. Allard 1974; Hardy 197;
Veillette 1986, 1989, 199Q),

Most of the Harricana complex is located in a dissected portion of the Abitibi Uplands. Tts
path appears to be diverted as it moves up against the margin of the dissected zone south of Val d'Or
(Figs. 5.1 and 5.2). This change in orientation of the complex, from south-southeast to southwest, was
attributed to time-transgressive formation of the Harricana-Lake McConnell complex; the portion south
of Val d'Or related to carlier southwesterly ice flow, and that to the north associated with later
southeasterly ice flow (Veillette 1986). However, it may also be argued that the bend in the path of the
Harricana-Lake McConnell complex was simply a result of topographic control on local hydraulic
gradients.

A number of well preserved fluting ficlds, or fields of streamlined forms, are observed at the
landsurface adjacent to the Harricana complex (cf. Prest ef a/. 1968). Traditionally, such ficlds have
been interpreted as products of direct glacial action (cf. Menzics 1979). With this assumption, Hardy
(1976) proposed time-transgressive formation of streamlined terrain within 100 km of the ice margin,
in front of and behind the Sakami Moraine (Fig. 5.1). Currently, the possibility of fluting formation by
subglacial meliwater sheet-flood events is being discussed (cf. Shaw er a/. 1989; Shaw in press). There
is general agreement, however, that these ficlds were produced in a subglacial environment (cf. Menzies
1989). Moreover, the excellent preservation of these subglacial bedforms implics that they represent
the last major geomorphic activity of the continental ice sheet (Shaw in press). By cxtension this
suggests that, "the bulk of erosion and transport of debris and deposition of till by continental ice sheets
preceded or accompanied formation of these landforms” (Shaw in press). In support, meltout till is only
locally identified in the region (Bouchard 1989) and may even have been formed prior to fluting,
suggesting that the ice sheet may have been relatively debris poor after formation of the streamlined
forms and during formation of the Harricana complex. The formation of strcamlined forms by
subglacial floods (cf. Shaw ef a/. 1989) remains a possibility.

The Harricana complex is generally aligned obliquely to adjacent ficlds of strcamlined forms
(cf. Prest e al. 1968). Excluding the enigmatic Cochrane events, the complex is belicved to have been
deposited after the formation of the streamlined forms (cf. Veillette 1986). These inferred temporal and
spatial relationships of eskers and streamlined forms have been reported clsewhere (cf. Wright 1973;
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Shaw 1983). Such relationships in south-central Ontario and southern and castern Victoria Island
indicate that eskers are not related to cvents which produced streamlined forms but, rather, are
influenced by the ice-sheet and topographic geometry resulting from the events that formed these
fcatures (Brennand and Sharpe in press; Brennand and Shaw, submitted).

To the cast of the Harricana complex, relatively short tributary eskers converge on the comples
in the north (Figs. S.1 and §.3). Short eskers appear to diverge from the complex over the castern
Abitibi Upland in the south (Fig. §.1). Between Matagami and the Sakami Moraine eskers are absent
(Hardy 1976). To the west of the complex an integrated esker network, including the Harricana
complex, converges on the dissected portion of the Abitibi Upland (Fig. S.1). The sedimentary
architecture of one of these eskers, the Lac Berry csker, includes clements similar to the
pseudoanticlinal and altcrnating OAAB macroforms reported in the Harricana complex (Rondot 1982,
figs. 11 and 12). Wherc eskers cross the Upland they appear to be shorter and mare discontinuous.
Invaking subglacial, steady-state, closed conduits as precursors to esker formation, Shreve (1972, 198S)
concluded that subglacial eskers may be discontinuous along upslope paths.

Very lew ice-marginal deposits are observed throughout the Abitibi-Timiskaming region and
north to the central James Bay Lowlands (Thorleifson ef /. 1993). Exceptions include: the Laverlochdre
and Roulier moraines southwest of Val d'Or (cf. Veillette 1986); discontinuous morainic deposits wes
of Lake Timiskaming (Boissonneau 1948); a moraine oriented east-northeast to the west of the
Harricana complex at latitude S0°27'N (Hardy 1976); and some discontinuous moraines between
Matagami and the Sakami Moraine (Hardy 1976; Vincent 1989) (Fig. §.1). Most of these moraines are
compaosed of glaciofluvial sediments (cf. Boissonneau 1968; Vincent 1989; Veillette 1990). Retreat of
an active Hudson ice mass to the northwest, and of an active New Quebec ice mass to the northeast
have been proposed as the deglacial model for this region (Hardy 1976; Veillette 1986, 1989, 1990).
Retreat of a debris-poor ice sheet by calving into the deep water of Glacial Lake Barlow-Qjibway may
cxplain the sparsity of ice-marginal deposits (Ha:dy 1976). Alternately, lack of ice-marginal deposits
may be interpreted as evidence of regional ice stagnation or perhaps stagnation-zone retreat (cf. Koteff
and Pessl 1981) following the last flute-forming event south of the proposed Cochrane limit (Fig. $.2;
Veillette et al. 1991). West of the Harricana complex, the integrated esker system may be inferred to
drain a stagnant ice sheet. Between the Harricana complex and the Sakami Moraine, more numerous
morainic deposits may favour a more active retreat. It is possible that this ice mass may have drained
via cavities and bedrock channels; very few eskers are mapped (Vincent 1989).

The latest striae appear to converge on the Harricana complex at both regional (as far west
as Timmins, Ontario, S.L. Smith 1992; Table 5.8) and local scales (Veillette 1986). Some striae are
parallel to the Harricana complex (Vincent 1989) and converge on other large eskers such as the
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Roulier and Moffett eskers (Veillette 1986). Convergence of striac on eskers may be explained by local
indraw of ice caused by melting at conduit walls (cf. Shreve 1972, 198S; Shilts ef al. 1987). This process
does not reflect activity in the ice sheet as a whole. Indraw of ice also explains lateral transport of
sediment to the Harricana complex. In addition, thermal and fluvial erosion in marginal areas of thinner
ice would have eventually resulted in the development of a reentrant at the downflow end of a large
conduit,

Regional convergence of striac on the Harricana complex is perhaps more interesting. While
Veillette (1986, 1989, 1990) argues that these striae were formed perpendicular to the retreating Hudson
ice margin, we find little evidence to corroborate active ice-marginal retreat in this region. Rather, we
suggest that following a subglacial meltwater-flood event through the breach in the Abitibi Uplands (Kor
et ql. 1991) striac may have been produced during a period of readjustment of ice-sheet profiles within
a coherent ice mass. Southeast of Val d'Or, striac appear to diverge at the margin of the breach in the
Abitibi Upland (Fig. §.2); a similar divergence to that shown by the eskers (Fig. S.1). This divergenee
may be attributed to topographic funnclling and reorientation of equipotential contours in the ice sheet
as it flowed over the Abitibi Upland.

Bedrock crosion marks, or s-forms (Kor ef al. 1991), and rat-tails have been reported to parallel
striae and flutings in the region (Veillette 1983, 1986, 1989, 1990). Kor e al. (1991) invoke a
meltwater-flood event to explain similar s-forms along the shore of Georgian Bay. They suggest that
this meltwater may have originated in the James Bay/Hudson Bay arca and passed through the hreach
in the Abitibi Uplands before continuing to Georgian Bay. Indeed, such a flood may have enhanced
or created the breach in the Abitibi Uplands (Kor et al. 1991). The Harricana complex is located along
the path of that proposed subglacial fload. If this complex was formed after changes in the ice-sheet
geometry created by such a flood, then, unless the flood fanned out or bifurcated in the vicinity of North
Bay, it is possible that the Lake McConnell glaciofluvial complex is temporally unrclated to the
Harricana complex.

Implications for ice-sheet hvdrolagy and dynamics

The consequences of a subglacial meltwater flood along a James Bay-Abitibi Upland breach-
Georgian Bay path would have been dramatic (cf. Shoemaker 19927). Flood discharges for meltwater
sheets less than 150 km wide and over 10 m deep may have been of the order 10%-107 m! (Shocmaker
1992b). The ice surface along the path of such a flood would have been lowered (perhaps aided by
surging), resulting in a broad depression or a number of irregular hasins along this axis (Shoemaker
1992g). Recoupling of the ice to its bed may have been accompanied by some forward motion of the
ice along the flood path. Striac parallel to the Harricana complex (Vincent 1989) may have been

produced at this time.
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After recoupling the ice-surface gradient would have been increascd at the margins of the flood
path; the ice surface would have sloped with components towards the ice margin and towards the flood
path. Ice flow would have been established in the coherent ice mass obliquely towards the depression
axis (the present location of the Harricana glaciofluvial complex). Such convergent ice flow may have
produced convergent striae. In addition, changes in the ice-surface profile would have resulted in new
hydraulic gradicnts, and subglacial meltwater would have been driven towards an area of low potential
corresponding to the depression in the ice surface, likely collecting in a large subglacial conduit. These
processes would have occurred on both sides of the linear depression in the ice surface, creating flow
paths traditionally ascribed to the New Quebec and Hudson ice masses (cf. Hardy 1976). In addition,
any supraglacial meltwater would have also tended to accumulate in the supraglacial depression
(Shoemaker 1992g), perhaps in a string of basins. Periodic discharge of this supraglacial meltwater, or
ponded subglacial meltwater, through the subglacial drainage system may ecxplain the vertically
alternating gravel and sand units at some locations along the Harricana glaciofluvial complex. However,
the body of the comples is primarily composed of coarse gravel macroforms, suggesting very powerful
flows which would have melted conduit walls. Depending on the rate of melt and the rate of ice indraw
1o the conduit, it is probable that the formation of some striae and the Harricana glaciofluvial complex,
and/or a conduit precursor, may have been contemporaneous. If cond iit wall melting (very large
condnit) was rapid, local icc flow towards the conduit would be maintained. At this time, stajmant ice
to the west of the complex appears to have been drained by an integrated esker system (Hardy 1976),
while more active ice to the cast may have been drained by a cavity-bedrock tunnel system.

As deglaciation progressed, the Harricana complex followed a zone of relatively thin ice. The
large conduit would have been the focus for rapid melting, resulting in a lobate appearance io the
deglacial ice-sheet margin. This gecometry is corroborated by radiocarbon data, and possibly the location
of the Roulier, Laverlochire (Veillette 1986), and associated western moraines (Boissonneau 1968),
although these may be grounding-line moraines (cf. Sharpe and Cowan 1991). This geometry may also
have been facilitated by topographic funnelling of meltwater through the dissected portion of the Abitibi
Uplands. Some ice-marginal or grounding-line scdimentation may have been superimposed over the
eskerine core of the Harricana complex during this phase, particularly in the southern part of the study
area.

Observations in the present study cannot elucidate the impact of the Cochrane event on the
Harricana complex. However, littoral reworking of glaciofluvial sediments by Glacial Lake Ojibway was
identificd in the southern part of the Harricana complex,

A fundamental question raised by this discussion is: What caused the apparent change in
gcometry of the ice sheet in this region, prior to 11 ka BP (cf. Dyke and Prest 1987)? We believe that



there are three possible answers: (i) the gcometry was a product of carlier convergence of two separaic
ice masses (cf. Dyke et al. 1982); (i) it was initiated by downdraw resulting from subglacial deformation
and associated higher flow rates at the margin in the southern part of the Laurentide fee Sheet
(Veillette 1986, 1990); or (iii) it was the result of a meliwater-flood event. For the Harricana compley,
suggestion (i) cannot be substantiated (Table $.13; Veillerre 1986). The second suggestion requires
pervasive deformation near the southern margin of the Laurentide Ice Sheet to have triggered
downdraw, and implies time-transgressive formation of the suture and of the Harricana comples. The
present rescarch favours synchronous formation of the portion of the Harricana complex studied.
Development of a deglacial corridor along the Harricana complex axis is readily explained by thinner
ice associated with a large subglacial conduit. Our obscrvations favour synchronous regional changes
in ice sheet geometry related to the effects of a meliwater-flood cvent.
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CHAPTER 6

Summary, discussion, and future research avenues

Two questions were posed at the outset of this thesis:
1. How did tunnel channels and eskers form?
2. Are the processes responsible for their formation related and do they record an evolution in the ice

sheet drainage system?
Using an integrated approach, combining landform associations, gcomorphic and sedimentologic
investigation and glacial hydrologic theory, the obscrvations and interpretations presented contribute
some partial answers to the questions posed. What follows is a summary and discussion of the major
findings of this thesis, and suggestions for future rescarch avenues in light of these findings.
Tunnel channel genesis

Laurentide tunnel channcls truncate fields of streamlined forms (drumlins and flutings) and
contain eskers. In south-central Ontario, tunnel channels have upslope, undulatory fow paths, and form
an integrated, anastomosing pattern in bedrock and glacigenic sediment over an arca of at least 60 km?
(this thesis). These characteristics suggest synchronous operation of a large subglacial N-channel system.
A combined R/N-channel flow is inferred from the discontinuous thalweg of the tunncl channel at
Ferguson Lake. In both cases, formation by multiple flow events is suggested by: flutes that have
developed downflow from the upflow facing channel wall at Ferguson Lake, favouring the cxistence of
the wall hefore the event that formed the streamlined field; the coincidence of some channel paths with
inferred preglacial drainage paths (cf. Wilson 1904); and the depth of incision into bedrock and the
presence of Dummer Moraine on the floor of some channcls in south-central Ontario.

For both Ontario and Victoria Island associated streamlined fields were interpreted as the
products of erosion by turbulent scparated flows within catastrophically released subglacial meltwater
sheets (cf. Shaw and Gilbert 1990; Sharpe 1992). Chapters 2 and 3 present reasons for accepting this
hypothesis. Thus, subglacial sheet flow with a sculpted bed (strcamlined forms) and confining ice
surface describes the initial conditions for landforms formed immediately after drumlins and futings.
Conscquently, the starting conditions for post-drumlin and post-fluting landforms include a streamlined
bed and counterpart ice bed, in phase with the strcamlined forms and scparated from them by a high
velocity meltwater sheet. In south-central Ontario, the identification of clongate, relatively narrow, deep
scours on drumlinized residuals (late-stage sheet flow scours) in the western part of the study arca, and
broad scour zones or megachannels in the eastern part, both in close association with the tunnel
channels, suggest progressive channelization and flow diversion processes. Such processes may he
governed by the geometric interactions between the recoupling ice base and bed and the thermodynamic
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feedbacks within an increasingly discontinuous meltwater sheet.

If the geometric model of progressive channelization of meltwater during the collapse of 8
meltwater sheet presented here is correct, then why are tunnel channels on Victoria Island isolated,
rather than integrated, anastomosing systems as modelled? Perhaps the answer lies in the nature of the
rescrvoir feeding the meltwater sheet event, and the magnitude and duration of that event. Meltwater
for the Algonquin event may have been subglacially generated in Québec, following a coherent path over
Lake Mistassini, over the Algonquin Highlands and into the Finger Lakes region of New York State
(Shaw and Gilbert 1990; J. Shaw personal communication 1993). In contrast, streamlined ficlds on
Victoria Island are relatively short and record numerous cross-cutting relationships (cf. Fyles 1963). It
is possible that these small streamlined fields may have been eroded by meltwater released from
relatively small subglacial or supraglacial reservoirs. Perhaps, such events were shorter-lived and
collapsed more rapidly than the larger Algonquin event, rendering insufficient meltwater and time to
form complex anastomosing tunnel channel systems.

Tunnel channels: future research avenues

1 Although a general qualitative model of tunnel channel genesis from the progressive collapse
and channclization of a catastrophically released meltwater sheet has been suggested, the
mechanics of formation have not been addressed. The question as to whether tunnel channels
were directly incised by meltwater as N-channels or whether subglacial deformation of sediment
into R-channels was responsible for their formation has not been tested. Careful investigation
of sediments in tunnel channels walls, including geophysical profiling, is required to answer this
question.

2. Numerical modelling of turbulent flow between rough surfaces may be attempted as a
quantitative partner of the qualitative model presented in Chapter 3.

3 Detailed description and interpretation of the morphology of the tunnel channels in terms of
within-channe! residuals, scour zones and ficlds of transverse ridges is necessary to infer the
meltwater flow regime responsible for tunnel channel formation and evolution. In areas where
sedimentary exposures in transverse ridges are not available, remote sensing methods such as
ground-penetrating radar may assist in a genetic interpretation of within-channel bedforms.

Esker genesis

Subglacial or grounding-line depositional environments are inferred for all of the Laurentide
eskers investigated in this thesis. In south-central Ontario and on Victoria Island the eskers lie in or
extend from tunnel channels, favouring a subglacial origin, at least for the early phases of esker
scdimentation. In south-central Ontario, sedimentation in a synchronous, subglacial, closed conduit is
also inferred from: continuous upslope flow paths, minimal postformational disturbance in esker

sediments, down-esker trends in clast roundness, and low variability in paleoflow direction estimates.
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Gaps along esker ridges are attributed to nondepositional zones along a continuous conduit or
postdepositional erosion. Esker sediment records powerful, pulsed flows, perhaps controlled by episodic
drainage of subglacial cavitics or supraglacial water bodies, or seasonal changes in meltwater production.
Scasonal control may suggest that cach sand-gravel couplet records a supraglacial to subglacial
connection in the meltwater system. However, more indirect scasonal changes in subglacial water
pressures may have effected episodic drainage of subglacial cavities into conduits.

An architectural approach Lo esker sedimentology in the context of a constraining depositional
environment, provides ¢ useful tool for reconstructing the mechanics of esker formation. Gravel facics
and macroforms have been identified, described and interpreted. They reflect powerful flows down
nonuniform conduits, with the style of sedimentation controlled by conduit gcometry. By extension, fans,
beads with minor ridges, and extended, hummaocky zones are interpreted as sedimentation related 1o
high discharge events which caused localized floatation to capture adjacent cavitics or allow localized
(narrow), short-lived, sheet-flow events.

Time-transgressive formation in an interlobate position has heen inferred for the Harricana
glaciofluvial complex from the arrangement of adjacent landforms and sediments (¢f. Veilletie 1986).
However, inferences from the complex itself question this interpretation. The complex is o relatively
continuous body of upsloping glaciofluvial sediment which increases in width and complexity downflow
towards an ice margin or grounding line. Thus, the complex is interpreted as a large esker deposited
in a subglacial, closed conduit. The identification of gravel facies, macroforms, and sand-gravel couplets
similar to those in the south-central Ontario eskers also support this interpretation and again suggest
powerful, pulsed flows through a nonuniform conduit.

In contrast to the coarse-grained, integrated esker systems investigated in south-central Ontario
and Québec, those investigated on Victoria Island were isolated and fine grained, their sediments
resembling those reported in subaqueous fans. This perhaps represents a bias resulting from the natural
gullying process rather than a dominance of fine-grained eskers on Victoria Island, as many cskers
adjacent to those investigated exhibited cobbles aver their surfaces. However, the differcnces in
sedimentary styles suggests that late on during deglaciation there was less meltwater production, less
energetic conditions and possibly very much lower and thinner ice sheet profiles than in Ontario and
Québec. Rhythmites with clay drapes suggest scasonally-governed meltwater discharges and a warm-
based or polythermal ice sheet. At Namaycush Lake, a continuous esker with fans and extended
deposits suggests deposition in a subylacial conduit with localizcd floatation cvents in proximity to a
grounding line. The more disconnected eskers at Ferguson Lake and Augustus Hills further south, were
probably deposited in a thinning and stagnating ice mass, although their association with tunnel channcls,
and continuity in the textural and structural characteristics of the scdiments at Augustus Hills, combined
with probable high sea levels, still favour synchronous sedimentation in subglacial conduits, rather than



time-transgressive sedimentation in reentrants.

Eskers: future research avenues

1. While the descriptions and inte-pretatinns of gravel facies and macroforms presented in this
thesis are rigorous, as in all realist science, the necessary link to processes and controls is
tenuous. The main problem lics in the dearth of research on the mechanies of sediment
mavement of extreme grain sizes in unsteady flows (cf. Allen 1983) and the flow dynamics,
sedimentation mechanisms and potential sedimentary structures expected ii: nonuniform, closed
conduits. Engincering literature has furnished information on slurry flow through pipelines
(c.g., Newitt et al. 1955). However, concern has heen with maintaining sediment movement
rather than with depositional consequences, and with uniform rather than nonuniform conduits
(excluding bends, Rouse 1961). Flume studies may assist in refining or refuting the
interpretations presented here.

2. Macroforms have been identified based on detailed sedimentologic analysis. 1t may be possible
to define the three-dimensional morphology and sedimentary variation of these macroforms
using remote-sensing methods such as ground-penetrating radar. Having done so, in areas
where sedimentary exposures are poor and limited, as in the Northwest Territories, such
remotely-sensed data may facilitate the identification of similar macroforms. The presence or
absence of these forms may assist in a genetic interpretation of other Laurentide eskers,

Lavventide meltwater systems: implications for ice-sheet models

Having interpreted both tunnel channels and eskers in terms of radically different Laurentide
meltwater drainage systems, landform associations and stratigraphic context provide a key to speculating
on changes in the Laurentide meltwater system over the course of deglaciation. In south-central Ontario
and on Victoria Island landform associations suggest catastrophically released sheet flow events which
collapsed to channelized flows (recorded in the streamlined fields and tunnel channels) followed by the
establishment of seascnally controlled drainage systems (recorded in eskers, fans, beads and extended,
hummaocky zones). Thus, a smooth evolution in the ice sheet drainage system recorded by streamlined
forms, tunnel channels and eskers is not suggested, based on the differences in their scales, the
rhythmicity of esker sediments and, on Victoria Island, possible paleoflow reversals between streamlined
ficlds and cross-cutting eskers. However, the question as to whether tunnel channels were completely
invaded by ice after a sheet flow event, or whether residual R-channels remained has not been answered.

In south-central Ontario, meltwater flowed upslope to the ice margin. The collapse of a meltwater sheet

would have caused the ice and bed to recouple in northern New York State, funnelling the remaining

meltwater through the Finger Lakes. With regressive recoupling, it is likely that R-channel or N-channel
flows were pinched off in south-central Ontario leaving elongate water-filled cavities in tunnel channels.



26
However, this is, perhaps, a8 moot point as the depositional manifestation of the R-channels - eskers -
record scasonally controlled drainage established some time after the catastrophic event(s).

For catastrophic meltwater sheet events to have occurred required large meliwater reservoirs
which may have been supraglacial or subglacial. 1f subglacial, it is likely that the ice was cold based
downflow from the reservoir. At Ferguson Lake, the streamlined forms are inferred to have heen
eraded into ice-rich sediment, and one possible mechanism suggested for the formation of the Dummer
Moraine in south-central Ontario involves ice frozen into karstified limestone before the Algonquin
event. In contrast, eskers suggest later warm-hased or polythermal ice conditions. In addition, on
Victoria Island, in south-central Ontarin, and in the region adjacent to the Harricana glaciofluvial
complex, the sparsity of ice-marginal indicators and the well preserved morphology and sedimentology
of eskers suggest that after meltwater sheet events the Laurentide Ice Sheet stagnated or underwent
stagnation zone retreat in these regions. At Namaycush Lake, in south-central Ontario and towards the
southern part of the Harricana glaciofluvial complex (latitude 48°N), grounding-line cnvironments are
inferred. Potential geographic differences and temporal changes in the thermal conditions of the
Laurentide Ice Sheet, as inferred from geomorphic and scdimentary cvidence, must be addressed in
future ice-sheet models.

The regional implications of the interpretation of the Harricana glaciofluvial complex as a large,
synchronously deposited, subglacial esker have been discussed in context of landform associations and
relevant stratigraphic interpretations. The location of the complex is attributed to changes in the ice
sheet and topographic geometry resulting from the meltwater event(s) inferred to have ereated adjacent
streamlined forms. If this hypothesis is correct, then a similar inference may be apprapriate in other
arcas exhibiting streamlined forms (including s-forms), regionally converging striae, and so-called
interlobate moraines. One such area is in northern Manitoha. A potential flood route from Hudson
Bay, over the Lake Winnipeg basin and south to Minnesota follows a low-relicf, dissected tract, and may
be responsitie for similar landform assemblages to those described in association with the Harricana
complex. It is, perhaps, interesting to note that the Leal Rapids interlobate moraine, Manitoha
(Kaszychi and Dil.abio 1986), which has many of the charzcteristics of the Harricana complex, was
earlier interpreted as a subglacial esker by Ringrose (1982).

Laurentide meltwater systems: future research svenues
1L Until recently the tunnel channels in south-central Ontario were unmapped. Tt is likely that
comparable systems remain unmapped ciscwhere. In places where eskers cross-cut streamlined
fields, tunnel channels are expected.
2. Detailed and integrated investigations of other so-called interlobate moraines are required to
determine their genesis and their implications for Laurentide deglacial models.  This is

particularly vital in northern Manitoba as Shoecmaker (1992) has suggested the passibility of
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reversed drainage of Glacial Lake Agassiz towards Hudson Bay through the interlobate
complexes. In south-central Ontario the Qak Ridges complex has also been interpreted as an
interlobate moraine. However, this feature remains enigmatic and should be investigated in
detail.

The implications of the detailed hydrodynamic reconstructions presented in this thesis
necessitate reassessment of the current models of ice-sheet dynamics inferred for the regions
investigated, as meltwater and ice sheet dynamics are inter-related. The feedback between
these systems affected the rate and style of deglaciation, and may have contributed to
apparently climatically unrelated rises in sea level (Shaw 1989; Blanchon and Shaw 1993).
Dynamic reconstructions of ice sheet disintegration are used as inputs to models of global
atmospheric circulation patterns (e.g. Kutzbach, 1987). The sensitivity of these models to the
dynamics of the ice sheet, makes any reassessment of the glacial hydrologic system associated
with that ice sheet of prime importance. Thercfore, integrated investigations similar to those
presented here must be undertaken elsewhere within the limits of all Wisconsinan continental

ice sheets.
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APPENDIX |

Paleoflow direction estimates from cross-bedded and cross-laminated sand
within eskers and fans, Victorin Island, Northwest Territories.

Section number Palecliow eslimates’  Sedimeniary structure’ Individual measuremaents (In degrees)

Fergusan Lale (estimates used in Figure 2.5b)

vozy o° RDXL A
so* RDXL A
vo1% 50° RDXL B
[/} RDXL B
o’ RDXL B
no* Tahular cross bedding
voR uo* RDXL A
Augustug Hills {estimates used in Figure 3.8)
Vo4 225° RDXL A
260° RDXL A
Vo1l 260° RDXL A
260° Tabular cross bedding
s’ Trough crass bedding 208 N5 7 330 J21 N7 328 6
1§ 32 207
vo1$ 280° Trough cross badding
20° Trough cross hedding
260° Tabular cross hedding
260° Tabular cross bedding
245° Tabular cross hedding
256° Tabular cross badding
van? 290° Tabular cross bedding
vons a0 Trough cross bedding
270° Trough cross bedding
3s° RDXL A
293 RDXL B
vo17 a88° Tabular cross badding
240° RDXL A
240° Tabular cross bedding
225° RXDL A
2683° RDXL A
270° RDOXL A
vo12 300* ROXL B
08° RDXL A
240° RDXL A
278°’ Yabular cross beading 283 241 320 225 342 293 102 258
130 257 274 280 165 340 357 271
vooe 280° ROXL B
260° RDXL A
Hamaycush Laka (estimetes used in Figure 2.12)
vold 20° ROXL A
Vo4 130° ROXL A

' Paiscliow direction estimates arranged in order from the top io the boftom of the section.
*  RDXL A nipple drt cross-lamination, type A; RDXL B, ripple drift cross-lamination, type B
(Jopling and walker 1368).

vector mean.



APPENDIX 2

Clast size, lithology, sphericity, roundness and a-axis orientation dota

for unit clasts within the Tweed esker.

Axial dimensions {cm) Clasi/siove  Clast/siove Maximum Ml T
g (mm)  azet(e) HMology’  Prolecion  Roundnesd e

. b Sphenchy’ Ciass

T76 (31.88 vm)

137 104 84 122.11 P ws 0.663 VA p
120 1.0 7.0 100 -7.03 L 0.7 8A \ i
142 1368 8.2 158.48¢ 73 (¢} 4 0.708 A ]
7.7 8.0 4.2 73.2¢ 4.19 L 0.728 SR T
150 10.0 70 1200 59 L 0.69¢ SR \
127 s 83 12007 P L 0.862 VA T
124 10.0 7.0 122.07 £.93 Gh 0.738 SR T
1.0 8.0 4.0 76.04 6.26 GA 0.707 SR Q
a8 4.0 3.0 §0.00 -5.64 Gb 0.654 SR T
a0 4.2 3.0 61.61 -8.69 M 0.647 VR T
120 118§ 70 14.63 -7.07 L Q.7 SR [
8.0 5.0 4.0 70.48 £.14 GY 0.704 8A [
6.1 4.7 20 51.08 -5.87 L 0.622 SR [
108 8.7 7.3 113.87 -6.83 MS 0.829 SA P
64 4.6 A7 60.61 -5.92 L 0.766 VR 2]
Q2 [:X ) 4.4 94.83 -6.87 MS 0.633 SR T
108 78 7.0 103.32 6.69 MS Q.851 R T
100 7.0 kX:) 78.26 6.29 GT 0.563 A Fr
1.7 a8 6.5 100.40 €.77 L 0.745 R T
7.0 6.1 3.0 69.17 -5.89 [ 0.635 R T
9.3 8.4 24 68.35 6.08 MS 0.463 VR T
70 6.8 4.6 75.29 623 GY 0.A29 SA T
5.8 4.8 3.0 §6.60 -6.82 L 0.689 R 54
134 24 684 113.72 6.83 L 0.680 SR T
04 8.2 a8 72.72 £.18 L 0.654 SR T
6.8 (X1 0 62.65 -5.97 L 0.62% R P
8.7 4.0 3.0 80.00 -5.64 MS 0.736 R P
71 48 3.4 58.82 -5.88 L 0.700 SR ¥
9.0 7.6 6.2 98.08 £.62 I 0.827 SR P
§2 36 3.2 48.17 -5.59 L [eX:3}:] SR T
58 4.0 23 46.14 -6.63 L Q614 SA T
6.5 4.4 3.7 §7.49 -§.085 MS 0.784 R P
LX:] la AN 44.42 -5.47 M 0.632 VR T
1.8 as 7.2 113.70 £€.83 GT 0.802 SA T
5.8 3.7 1.8 39.92 -5.32 " ] 0.475 SR T
83 6.3 28 68.94 4.1 MS 0.53% R T
85 8.3 8.2 8A8.38 £.47 GY 0.896 A (3]
a7 4.8 a7 &8.26 -§.88 L Q.707 SA Q
6.0 50 4.2 65.20 -6.03 GT 0.839 SA T
4.9 3.4 20 39.45 -5.30 MS 0.62¢ SR 1
38 34 2.4 41.62 -6.38 L 0.768 R T
4.5 3.0 26 39.70 AN G0 0.79%5 R 24
54 3.7 38 80.93 -5.67 MS 0.851 R P
6.5 8.0 4.4 66.60 6.06 L 0.843 VR T
79 3.5 1.8 39.36 -8.30 L 0.493 VR P
50 4.0 1.4 42 38 -5.41 L 0.465 SA Q
87 4.2 25 48.88 -5.61 GD 0.642 SR T
14.0 88 9.7 102.34 6.68 GT 0652 SA T



Al dimensions (cm) Clasi/siove  Clmat/siove Clant 8-axie
mo'/(mm) uz/o' (0 halogy’  Projection  Roundness oo

[ L] Class
) T 5 7743 a7 v ora A Y
76 70 as .38 42 L 0619 8 \ 4

148 s 100 152.40 .26 v 0.848 ) T
70 70 ) " 4.40 a0 0.780 VR N
08 22 .0 01.2¢ 451 L 0.503 ] ]
77 54 .3 0.03 41 mS 0.786 VR o

00 50 “ 802 410 ar 0.76% A o
Y 8 30 70.68 P L 0.504 VR \ 4
00 8.0 ar 0.40 414 L 0.681 s P
Y 5.0 7 sn.09 £.10 L o.M§ s8R P
78 76 8.0 28.08 450 t 0.852 sn P
78 55 ae 85.73 804 GY 0.682 8R 4

23 (85.08 km)

10.0 2.0 .0 99.49 £62 L 0.566 %A \
72 5.0 .0 64.09 800 GT 0.766 8A Y
57 a4 30 45.34 5.50 GB 0.778 VR P

10,0 70 30 76.16 £.25 L 0.508 A T
2.3 6.6 34 73.36 630 6o 0670 SR T
78 6.1 27 86.71 408 L 0538 8R Y
2.0 85 5.2 90.64 664 Gh 0.680 VR p
X3 .2 32 52.80 572 L 0.600 SR T
65 7 24 50.01 5.8 L 0.787 vA \
95 70 62 83.51 455 GD 0.838 SR T

16.9 100 24 137.2¢ 710 G0 0.634 8A p

127 5.6 Y 7.08 £.15 L 0.685 sA P
68 7 .2 63.0 5.98 L 0.820 SR \
87 48 26 54.50 &7 L 0.538 R Y
7.8 4 20 49,66 663 L 0629 SR P
6.8 5.0 30 50.31 507 6D 0.845 va \
6.2 5.2 60 66.60 6.04 L 0.784 R P
80 8.0 42 73.2¢ 619 L 0719 R T
56 5.1 23 56.96 5.01 L 0673 SR p
5.8 46 a2 56.22 579 6T 0.734 SA \
52 5.2 24 57.27 5.04 GT 0.600 a N
8¢ 5.0 47 58,62 .10 L 0.800 R P
8. 6.9 27 7400 621 L 0.507 SA P
.. a7 28 46.40 5.64 L 0.758 SR p
82 5.1 a8 63.60 590 L 0.704 SR T
6.8 .6 .3 62.97 5.98 Ga 0.841 SR T
53 . as §6.22 5.81 L 0.800 VR T
59 53 28 50.04 59 L 0.633 R T

1.5 70 5.0 86.02 £.43 L 0.680 SR \
8.1 [ X ) 26 69.08 611 GB 0.611 R T
5.8 3.5 27 44.20 -5.47 L 0.726 SR Q
5.4 4.0 28 8.83 5.61 GT 0718 R T
8.0 .8 28 56.57 -5.80 Gl 0.651 A T
7.1 5.0 28 64.40 £.01 L 0578 VR P
4.4 32 1.7 35.24 -5.18 L 0.50) 84 T
5.4 a6 23 @n 5.42 L 0.651 SR T
53 a9 32 §0.45 568 L 0.793 SR T
o as as 51.88 5.60 L 0.871 SR T
6.0 5.0 a2 59.36 5.00 GB 0.701 SR P
9.7 56 5.0 75.07 6.23 L 0.774 R [o]
6.1 .8 2.1 52.39 5N L 0535 VR )
7.2 70 50 86.02 -6.43 GB 0.793 VR T



Axia) dimensions {cm) Maximum Visusl

f}::!/m c“"l'z/.‘,"(‘:) Lihology’  Prolection  Roundness  C/a *8X8

L) ] ¢ Sphericily’ Cians®
r¥) ry3 X ] 5404 577 a7 0.700 R P
53 a 22 28.00 5.6 o 0.688 VR P
88 7.4 a3 "o PN L 0.581 A P
80 5.0 as #2.00 597 L 0.788 SR P
85 27 22 34.89 512 ws 0.65¢ ) P
s 55 20 58.52 547 ap 0.478 SR P
.5 33 ao .80 5.48 L 0.840 A T
70 53 .2 67.69 £6.08 GD 0.782 SR P
.5 .0 23 6.4 559 an 0.688 SR 0
.2 a2 21 38.28 5.20 Gt 0.692 sA \
52 an 25 45.40 £.61 Gn 0.604 v Y
. 37 28 46.40 5.54 L 0.804 SR P
87 5.4 a2 0.7 697 i 0669 a Y
78 8.0 a5 60.48 412 6D 0.643 A P
57 2.4 28 44.06 548 L 0.742 SR 0
8s 8.0 5.4 28.52 659 () 0.758 SR Y
74 Y ) as 7.9 £.28 L 0.682 SR P
124 8¢ 3¢ 80.62 £.50 L 0.404 SR P
724 (83.57 km)

136 12.8 4.0 134.10 -7.07 L 0.456 R A\
6.6 5.8 24 62.77 .97 L 0.83§ VR P
92 6.8 .8 83.20 £.28 L 0.719 R P
- X) 7.4 3.8 8319 638 L 0.593 SR T
8.7 56 4.3 70.60 B.14 GB 0.792 R T
83 6.0 5.0 £84.40 £.40 L 0.764 VA P
7.0 58 3.8 69.24 612 t 0.688 YR 2]

100 a2 4.6 94.02 $4.55 [ 0.640 2] T
0.0 91 60 99.40 6.64 L 0.566 A T

128 11.0 42 17.75 688 L 0.504 SR P

124 1.6 78 130.88 712 L 0.766 R P

1.0 8.3 70 109.59 676 L 0.814 R P

10.0 78 52 89.74 6.55 L 0.706 SA P
8.7 8.3 2.4 88.16 -5.86 GB 0.5979 VR 4
9.4 88 4.1 97.08 6.60 L 0.591 R T

120 9.6 4.3 107.02 6.74 t 0.543 SR 2]

128 9.5 6.2 113.44 -64.83 L 0.6R4 SA P

10.§ 9.0 78 119.10 6.90 GB 0.865 SA T
53 4.4 4.0 59.46 -5.89 L 0.883 SR P
8.4 6.2 4.0 73.78 |21 L 0.677 SR T

10.1 5.4 1.9 §7.28 -5.84 L 0.408 [A T
8.2 4.0 24 46.65 -6.54 L 0.618 SA T
8.0 8.0 34 68.98 6.1 GR 0.626 SR P
83 5.8 3.0 65.20 6.03 L 0.97% SA P
8.3 4.4 28 52.1% -9.70 GR 0.698 SR T
8.8 4.5 26 61.97 -5.70 L 0.640 a T
4.9 4.2 1.6 44.94 -6.49 L 0.903 SA T

12.2 25 9.0 130.86 -7.03 G0 0.888 SR P
7.4 54 34 63.81 6.00 L 0.664 SR [ 4]
8.1 54 2.7 60.37 -5.92 L 0.994 R T

120 9.0 4.8 102.00 6.67 L 0.601 R T
8.2 8.5 34 73.38 6.20 L 0.604 R Q

10.8 7.9 4.0 85.00 -6.41 L 0.588 SR T
58 50 1.8 53.14 -5.73 GB 0.485 SR T
a8 7.6 4.0 85.88 6£5.42 L 0.624 SR T
7.0 4.7 as 53.60 -£.87 L Q722 YR P



em)
Mbgrewenin e CUWAM g  Femm fannes LR
. » ¢ s Sphencily’ Class -
[ X ] 5.1 8 58.18 5.08 t 0.631 R [
9 3 1.4 R0 -5.04 L 0.4M4 A L]
9.0 6.0 3.1 0.83 -5.88 L 0.001 7 P
"9 no 60 126.20 497 (8 0.008 R N
187 107 12 ] 128.97 701 L 0.088 1] A
&7 [ X ] 30 [iRz4 5.08 L 0.088 1] A 4
63 80 4.1 12.67 418 L 0.788 SR A4
18 87 A .78 -5.00 L 0.488 R A 4
[ X ] 78 43 2007 448 t 0.630 tA Y
[.X ] [ 3] 14 “4.78 548 L 0.501 1] o
LX) [ X ] 22 4010 402 8 0.660 SR T
(A} 4.1 34 53.26 6.74 GhA 0.084 VR N
8.0 [ ] 30 68.08 4.1 L 0.580 ] P
120 80 50 (TR 458 GA 0.641 SR P
5.0 . 33 §5.00 5.78 L 0.766 L7 p
'Y ] 32 1.2 34.18 -5.00 GB 0.464 SR P
12 6.2 27 §8.60 -5.87 Gh 0.583 1) P
63 659 28 (%)} 4.03 L 0.508 8Rh \
71 6.0 36 69.97 4.3 GD 0.678 -1 4]
5.2 43 22 42.30 -5.50 L 0.803 SR p
20 8.3 KX ] .20 4.51 GB 0.581 YR A
0.0 1 33 .04 4.8 (<]:] 0.533 .7 A
7.4 6.2 87 84.22 440 GY 0.802 8A \
10.2 8.7 (1] 04.05 4568 Ge 0.882 SR T
V28 (70.13 bm)
97 78 as 05.40 .42 L 0.548 SR P
66 4.0 as §3.1§ -6.73 MG 0.778 a p
6.5 4.2 s £6.64 -5.82 L 0.810 8a Y
160 11.0 0.0 142.13 7.5 L 0.774 R P
8.1 48 31 65.47 -5.79 L 0.702 R P
64 39 1.9 43.28 5.44 8 0.560 -1 [}
4.1 33 22 39.66 -5.31 GD 0.712 R T
0.1 né a7 7293 4.21 Ga 0.620 SR P
18 72 24 75.89 $.25 -] 0.472 SR P
87 6.3 3 61.40 -5.84 L 0.686 R T
5.9 4.4 27 51.62 -5.69 L 0.681 A P
8.0 a3 23 0.2 -5.33 L 0.687 ] P
14.4 9.0 8.7 112.20 6.81 L 0.705 SR T
7.0 8.0 4.1 64.08 .01 GB 0.785 R p
X 6.0 3.0 67.08 6.07 L 0.544 SR ]
86 45 3.9 §9.55 -6.80 L 0.852 R T
5.8 4.5 2.1 49.68 -5.63 GB 0.558 SR P
10.0 6.7 1.7 69.12 411 L 0.354 R T
12.3 9.2 6.0 100.84 £6.78 GD 0.685 SR T
5.4 45 4.0 60.21 -5.91 L 0.871 R Y
5.4 42 34 §4.04 -5.768 MS 0.801 VR T
a7 28 1.2 27.73 4.79 L 0.541 SR P
6.5 6.7 28 62.24 -5.68 L 0.568 SR |
5.8 45 28 §3.00 5.73 GB 0.684 VR P
9.2 7.7 5.0 91.81 £.52 MS 0.709 SR T
64 8.0 20 §3.85 -5.78 GY 0.503 SR Y
8.0 4.8 39 61.86 -5.96 L 0.708 SR (o]
6.0 5.1 3.0 §9.17 -5.80 GB 0.668 SA T
9.0 6.5 48 80.80 6.4 GB 0.735 VR T
6.6 4.8 4.2 63.78 -6.00 L 0.824 SA T
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wie' (mm)  wee(e) LMoiogy’  Prolection  Roundnemt e

[ b ] Sphenicly’ Clans'

ry] 35 20 «.00 548 [ 0.780 "R Y
0.0 73 . 83.9¢ P ap 0837 SR Y
10.0 88 28 72.48 418 an 0.455 VA )
103 02 28 05.00 45 L 0418 A L)
78 .0 17 51.87 570 L 0427 SR Y
38 30 1.9 3270 503 L 0.53 R Y
3 o s 80.4¢ 50 G 0.780 R Y
70 .2 ) 52.20 87 L 0.801 Y T
80 .2 37 8507 58 M8 0.818 VR T
52 87 32 74.38 421 L 0.57¢ R Y
o8 o 30 50.80 507 L 0.680 A P
5.0 33 28 €140 537 L 0.7%8 R T
87 P 30 51.81 500 L 0.888 VR )
54 . 24 .5 557 an 0.841 SA T
85 . 14 40.0¢ 502 L 0.40¢ 3R o
58 5.1 @ 88.07 £.06 G0 0.843 R P
“ 33 a0 .80 £.48 ar 0.664 SA P
70 .3 2.4 .24 562 G8 0.579 VA 0
82 as 22 219 5.40 L 0.604 A T
57 4.1 20 45.62 -5.81 L 0.658 R P
80 . 34 56.81 580 MS 0.761 VR T
.8 28 18 33.20 £.08 L 0626 SR p
59 a8 22 0 5.48 L 0.603 SR 0
s o8 28 53.86 5.76 L 0.719 SR p
5.3 35 2.4 2.4 541 L p.an0 A 0
.8 28 28 37.6¢ 523 Gp 0 SA p
53 s 28 a2 549 L 0.75 SR 0
82 4.8 24 83.87 -8.78 [ 0.502 SR 2]
4.9 31 1.2 N2 -5.08 L 0.480 SR T
53 a0 a0 50.00 584 GD 0.754 SR p

I SETIE VY

Clast/sisve 1128 (3) Inmm: 3 « V(b + ¢%), where clast D-axis and c-axis dimensions are converied fo mm.

Clast/sieve 8ize () In ¢: 7 v (-109,0%)/(10,02)-

Litholegy: @, basait; GB, gabbro: GD, grancdiorite: GT. granite; L, limesione. M, mudsione. MG, migmatite; MS, melasedimentary.

Sphericity: Values caiculaled using Maximum Rrojection Sphaericity (¥,. Snead and Fall, 1958).

Roundness: Data collected in the form of visual roundness classes (Rowers, 1953). Calculations in the Table 4.3 are hased on the
geomeins means (GM) of the visual TounGness classes. VR, very rounded (GM » 0.84). R, rounded (GM = 0.58). SR,
subroundad (G o 0.41); SA subangular (GM o 0.30); A, angular (GM = 0.21); VA, vary anguigar (G4 = 0.14).

Onlentation: Onantatien of the clagt g-axis with respact to tha orlentation of the maximum dip of is ab-piane. N, no obvioug a-axis. O,
a-axis abliqus; P, s-axis paraliel; T, 8-axis iransverse.



Clast sizs, lithology, sphericity, and roundness data

APPENDIX 3

for aversize clasts from the Tweed esker.

28

gl ) Maximum visua)
Axal dimensians (em) 3‘,‘:'./("‘"',;') °“".',’.',"(;') Uinciogy'  Projsction  Roundness
. b ¢ Spherichy’ Ciass’
T4S1 (11.83 bm)

1050 a0 ©o 8117 Q.97 L 0.600 A
a0 w0 80 002.18 02 G 0.728 R
6.0 51.0 Py 48068 297 GD 082 A
620 88.0 5.0 702.48 2.63 Gr 0039 sA
5.0 70 19.0 415.09 470 L 0.560 SR
%0 350 36.0 w97 896 L 0020 s8R
300 20 220 340.50 a4 L 0.789 SR
9.0 4.0 25.0 422.02 /.72 L 0.767 -]
8.0 83.0 40.0 664.00 238 GY 0816 SA
6920 48.0 28.0 528.29 -9.06 M8 0.832 R
a5.0 68.0 54.0 852.78 .74 L 0.408 1]
0.0 0.0 64.0 1104.36 -10.1¢ (<14 0.774 A
710 64.0 35.0 720.45 -9.91 GY 0.640 SR
8.0 N0 2.0 386.61 -4.63 L 0.7% VYR
51.0 &0.0 41.0 648.61 2.4 s 0.072 R
430 41.0 150 438.58 877 GD 0.807 ]
@0 320 o 4553 880 us 0.088 A
67.0 8.0 0.0 46,61 887 L 0.722 R
4.0 40.0 25.0 471.70 -8.88 GY 0.711 A
8.0 46.0 200 §34.52 -2.07 M8 0.6568 VR
32.0 270 288 378.32 -8.68 L 0.934 SR
43.0 28.0 23.0 J47.13 -8.44 GR 0.781 R
83.0 8.0 45.0 6956.27 -0.44 GR 0.774 SR
650 0.0 37.0 688.42 -0.44 GT 0.708 84
24.0 80.0 70.0 1063.01 -10.056 GT .88 8A
§7.0 440 320 §60.90 9.13 MS 0.7%3 R
62.0 420 40.0 §80.00 218 GT 0.852 A
48.0 37.0 210 425.44 4.73 L 0.640 SR
43.0 40.0 25.0 471.70 f.a89 [ 0.716 R
47.0 47.0 24.0 §27.73 -0.04 L 0.642 S8R
87.0 40.0 4.0 524.98 -9.04 GT 0.780 S8R
63.0 39.0 38.0 544.52 -9.09 M 0.839 R
40.0 8.0 28.0 472.02 -8.88 GD 0.804 VYR
34.0 4.0 25.0 422.02 4.72 GD 0.818 YR
37.0 27.0 210 342.06 4.42 L 0.763 A
54.0 49.0 46.0 672.00 9.39 M 0.929 SR
74.0 50.0 45.0 742.02 -Q.84 GT 0.778 SA
a0 42.0 23.0 478.85 94.90 GY 0.588 SA
50.0 48.0 32.0 §60.38 -2.13 (<14 0.726 SA
45.0 45.0 24.0 510.00 8.9 GD 0.680 VR
42.0 5.0 ®.0 460.98 -8.85 GD 0.851 VR
79.0 §1.0 45.0 680.18 -Q.41 M8 0.797 R
80.0 61.0 €0.0 855.60 .74 QT 0.6804 A
§7.0 40.0 24.0 466.48 -8.47 MS 0.636 R
89.0 51.0 41.0 654.37 -9.35 MS 0721 SR
76.0 880 10 640.08 Q.32 GY 0612 SA
69.0 50.0 55.0 805.60 -9.66 GT 0.807 SR
50.0 a0 370 §30.38 -9.08 M 0.897 SR
91.0 60.0 80.0 781.02 -9.61 GT 0.773 SA



Axia) dimensions {cm) ci Maximum Visual
e ) siagy  \haegy  Proeciion

] L] ¢ Spherciy’ Clase’
100.0 64.0 a0.0 L 0.78 (<14 0.837 A
500 40.0 o 544.80 -9.00 (<14 0.808 R
480 35.0 N0 “a R R X ) t 0.704 SA
0.0 4.0 230 RN2.42 4.3 t 0.763 SR
53.0 40.0 uno0 448.20 49 (1] 0.790 SR
102.0 70.0 68.0 075.01 -0.03 ay 0.888 A
0.0 8.0 8.0 817.41 .97 av 0.689 s8R
Mo »no 4.0 408.04 48 an [\ 2/ 14 VR
8.0 47.0 80 §02.03 Q.31 (1] 0.760 A
81.0 490 N0 680.29 0.18 L 0.668 ]
490 25.0 4.0 WUB.556 A.44 S 0.780 VR
78.0 67.0 4.0 70.768 -2.8) GY 0.600 8R
820 4.0 20 488.40 -8.98 M 0.582 R
68.0 6.0 no 676.76 -0.40 GT 0.728 SR
24.0 §0.0 48.0 7690.50 2.87 GY 0.777 SR
83.0 45.0 35.0 670.00 Q.16 MS 0.803 ]
84.0 47.0 3.0 874.20 .17 GV 0718 8A
84.0 @0 420 601.08 9.2 GY 0.809 'y
01.0 70.0 0.0 929.62 -9.88 (<14 0.608 SR
780 63.0 2.0 75747 Q.58 QT 0719 SA
81.0 “.0 24.0 601.20 A497 G0 0602 VR
no 70.0 60.0 @21.08 -0.05 GT 0.876 SR
ano 83.0 §5.0 838.20 . GT 0.845 SR
£8.0 49.0 290 §60.30 .18 GY 0.636 SR
700 4.0 aso 612.21 -9.26 GT 0.757 Iy
100.0 62.0 41.0 743.20 Q.54 GT 0.632 SR
78.0 §0.0 “.o 736.00 -9.52 GB 0781 R
97.0 94.0 .o 1308.32 -10.36 GT 0.959 SR
23.0 67.0 400 780.32 -9.61 M 0.669 ]
85.0 .0 66.0 252.60 9.91 GB 0.8499 ]
an.0 w0 27.0 722.35 .80 L 0518 SR
48,0 an.0 29.0 470.02 -8.90 L 0.77% VR
100.0 63.0 §0.0 804.30 9.65 GT 0.737 SA
7.0 720 48.0 865.33 Q.78 L 0.748 VR
100.0 78.0 60.0 984.07 -9.84 M 0.776 R
03.0 §9.0 §6.0 813.45 -9.67 GT 0.831 SR
1.0 7.0 §9.0 970.06 9.62 GY 0.794 A
83.0 §4.0 0.0 817.74 9.27 G0 0.589 SR
7.0 §0.0 N0 676.02 -9.40 L 0.641 VA
70.0 §8.0 an.o 676.76 240 L 0.691 59
§5.0 48.0 40.0 624.82 -9.29 G8 0.848 R
1230 120.0 20.0 1500.00 -10.56 M 0.820 SR
700 €0.0 §1.0 70746 -9.62 GV 0.854 R
61.0 46.0 @.0 616.20 -9.27 L 0.84¢ SA
68.0 68.0 §5.0 874.59 Q.77 GY 0.869 SA
8.0 §8.0 §1.0 772.33 9.59 GT 0778 SR
78.0 §6.0 42.0 700.00 -9.45 M 0.74% R
a0.0 £6.0 49.0 744.11 -9.54 GD 0.814 VR
7”0 64.0 58.0 863.7 9.7 GY 0.882 a
78.0 £0.0 420 652.69 -9.36 GT 0.770 SR
75.0 61.0 aro 713.44 -9.48 GY 0.672 SR
88.0 70.0 67.0 e68.97 9.92 GT 0.800 SR
24.0 60.0 47.0 76217 -9.57 GT 0.762 SA
120.0 73.0 70.0 1011.39 -9.98 " 0.828 YR
143.0 €0.0 45.0 750.00 9.5 ™ 0821 SR

58.0 41.0 4090 §72.80 -9.16 GT7 X144 a



Axial dimensians (cm) Cas/seve  Cas/sewe aien  Roundinss

o b sz’ (mm) e’ (0 halogy’ praect Class®
%0 ) 0 .07 Y ar 088 a
“o “o 3.0 e 000 av 0.008 sR
0 0 0 05000 238 L 0017 R
720 ®o0 a0 782.04 081 " 0684 R
70 00 o 684.00 0% av 0.781 S
a0 0o o 550.00 213 'S 0.748 sn
w0 50 500 766.77 0 qv 077 “
#a0 5.0 @0 718.10 04 av 0.77¢ “
o M0 “wo M7 an v 0718 R
a0 o0 o 603.54 0.0 6D 0610 "
wo #70 500 8.0 an ar 07¢ N
o 5.0 %00 70020 054 Ga 0012 VA
70 50 0.0 678,01 241 ar 0742 A
0.0 600 800 a5 47 ar 0878 SR
no .0 25.0 588.00 Q.19 an 0.828 VR

T16 (91.88 bm)

1500 9.0 620 1128.08 1014 us 081 SR
670 40 a0 576.28 017 L 0.787 R
‘w00 3.0 210 88 an L 0678 R
en0 5.0 40 678.24 940 us 0760 SR
#20 o "o £85.03 942 ar 0013 sR
=0 210 20 aa2m 231 L 0.0 R
45.0 9.0 0.0 §65.a8 9.4 L 0.038 R
0o 81.0 60.0 865.63 274 GB 0.870 SR
460 Q0 a0 560.80 a1 L 0870 R
“o .0 20 509.20 8.8 ar 0.068 SR
520 @wo 1.0 51264 200 M3 0610 SR
700 520 2.0 s72.71 018 L 0.644 SR
520 40 20 500.90 207 M 0505 VR
500 520 320 61057 028 a7 0868 SR
730 o 0 §60.98 213 L 0676 s
41.0 35.0 18.0 303.57 4.02 L 0.602 SA
00 300 20 463.26 0.06 M 0733 SR
790 48.0 28.0 §66.70 -9.12 8 0.584 )
0 a70 220 4508 -7 L 0880 SR
o 61.0 3t.0 684.25 9.42 L 0.608 SR
50,0 20 280 43278 876 MS 0.782 SR
100.0 §0.0 40.0 640.31 -8.32 M 0.687 SR
139.0 84.0 75.0 1128.10 -10.14 L 0.788 SR
770 47.0 330 604.40 -0.24 L 0.738 SR
68.0 .o no 482.70 40N L 0.728 R
640 a0 are 530.98 .06 L 0827 sA
720 39.0 24.0 45743 .84 MS 0.523 R
750 70.0 83.0 878.01 -9.78 GR 0.814 SR
48.0 420 0.0 516.14 -9.01 GT 0.768 SR
4.0 41.0 0.0 508.04 $.60 GD 0.778 R
a5.0 0.0 24.0 646.22 9% L 0.487 SR
w00 20 200 402,04 .94 6T 0.834 SR
95.0 ano no 0.7 Q.88 L 0.479 R
70.0 §6.0 2.0 686.23 9.19 L 0.474 A
820 50.0 .0 661.89 -9.37 MS 0.574 SR
68.0 §6.0 n.o 640.08 -9.32 L 0.635 R
119.0 19.0 820 1445.16 -10.80 GT 0.782 R
74.0 §1.0 420 660.68 -8.397 GT 0.778 SA
170 107.0 .0 183.17 -10.17 L 0.632 8A



Axinl dimengions (cm) Clast/siove  Clast/siove Maximum Vieusl
size’ (mm) size’ (¢) Lﬂw Arojection Roundnees
[] ] [ Sphericly’ Class®
107.0 7noe 40 845.00 LR ] 8 0.458 .7
114.0 .0 -2 910.93 0.8 [0} ] 0.423 R
1640 0.0 3.0 800.56 -9.64 ws 0.600 s8R
00 870 230 748.08 0.54 " 0.501 SR
0 a0 84.0 2190.06 -9.04 [<18) 0.87% ]
1m0 220 .0 202.08 .08 ms 0.6M SR
.0 an.0 350 804.62 0.44 GD 0.83% SR
100.0 80.0 8.0 486.68 Q.70 (<14 0.508 ]
100.0 a0 §0.0 /38.00 Q.71 (1] 0732 8R
1180 70.0 Q.0 a21.82 Q.68 [§ (X 314 .7y
74.0 an.0 .0 804.78 -0.42 M8 0.620 SR
630 850 uno 841.40 9.3 <14 0.4y ]
an.0 eno M0 760.22 -9.50 8 0.507 1]
no Q.o 40.0 887.28 -2.20 (+1§ 0.001 SA
8.0 ©.0 0.0 574.54 017 v 0658 SR
107.0 #8.0 56.0 A85.56 978 L 0.765 sA
68.0 8.0 300 74324 9.54 G 0.583 VR
118.0 arn 480 970.40 9.94 MS 0506 SR
700 60 37,0 500.34 .21 Gr 0.726 5A
1800 2.0 700 1140.18 1018 L 0818 A
1100 as.0 0 1107.62 0.1 L 0.785 SA
724 (83.57 tm)
8.0 630 40 762.76 -0.50 GT 0.766 SH
3.0 5.0 8.0 743.03 -0.64 L 0602 SR
ar0 2.0 170 278.03 812 MG 0.71y A
2050 220 17.0 278.09 812 GT 0.768 a
270 176 108 204.09 7.67 L 0618 SR
245 17.0 9.6 194.74 -7.61 8 0.604 SR
24.0 2.8 12.8 263.96 5.04 MSs 0,709 R
200 196 14.8 244.80 7.94 GT 0.723 SR
248 21.§ 12.0 246.22 7.94 L 0.661 SR
260 13.4 100 167.20 739 L 0671 SR
52.0 316 200 373.13 -8.54 L 0.628 SR
a0 20.6 1.0 232.05 -7.88 L 0.578 A
20 120 15 202.00 -7.80 L 0684 SR
300 19.0 85 200.15 270 L 0 503 SH
250 "7 13.0 195.24 7.62 L 0.77¢ SR
28.2 207 84 28.24 .7.82 GR 0.410 SR
50.0 18.0 165 244.18 7.99 L 0674 S5A
6.0 24.0 120 280.33 207 GT 0664 VR
28.0 28.0 55 285.35 816 GB 042 SA
20.0 220 20,0 207.32 822 L 0857 VA
8.0 200 23.0 370.14 .53 GD 0.799 SR
32.0 24.0 "s 266.13 8.08 L 0.560 SR
4.0 6.0 210 “wer 870 GD 0.671 A
s 2.5 16.0 275.00 81 MG 0715 VR
290 s 18.0 380.30 857 G0 0611 A
230 a0 100 326.73 8.35 L 0.464 SR
3.0 26.0 12,0 286.26 816 L 0.555 SR
55.0 33§ 16.0 an.zs 0.54 L 0.621 99
700 68.0 53.0 862.15 .76 GT 0.840 SR
54.0 38.0 27,0 46815 8.85 L 0711 vA
63.0 26.0 19.0 322.02 433 L 0607 SR
270 24.0 19.0 08.10 8.26 GD 0.82¢ SR

30.5 28.0 17.0 33616 -8.39 GT 069 R



dimensions (cm! Maximum visun

Axial {cm) 3!::{/::;0) 0':',/:"0(?) Linoiogy’ Projection Paundness

[ ] ] [ Cian®
.0 "o 150 317.86 4N ap 0.840 []
0s 2.0 17.0 31064 .30 (<1 4 0.008 A
w0 230 120 25042 409 L o587 ]
0.0 Y] 150 554.44 o1 an 0.89¢ ]
"o 20 s 4.9 an ap 0.0 VR
0.0 400 19.0 £26.68 0.04 L 0.8 8A
a0 300 280 480.10 201 <14 0.758 1]
no . 200 304.¢8 Y an 0.626 sn
u.o £ ] 206 330.01 Y1) MG 0.7 VA
ns 1.0 15.0 2N .8 GD 0782 n
ne no 8.0 31048 |28 . 0.411 n
50.0 ”o 23.0 435.68 A MG 0.637 7 ]
2.0 270 21.0 M2.06 442 GD 0.8427 n
§2.0 280 216 183.02 A48 <14 0.685 L7
9.0 285 2.0 280.03 440 MG 0.780 VR
8.0 2.5 108.0 300.54 47 L 0.648 L]
0.0 240 20.0 3126 42 us 0.843 L7
an.0 20 20 ©02.2¢ 4686 an 0.768 sn
1.0 0o 190 2565.11 847 MG on? n
84.0 4.0 24.0 475.08 .00 . 0.6808 sn
47.0 43.0 16.0 458.00 -a.04 L 0.508 SR
20.6 20.0 19.0 U870 -B.44 aD 0.752 VR
61.5 49.0 10.0 §00.10 -8.97 L 0325 8A
770 46.0 as.0 585.66 2.22 MG 0.744 VR
8.0 a.0 0.0 667.59 .12 t 0.604 n
83.0 75.0 48.0 880.46 .80 MG 0.694 8A
49.0 420 3.0 522.02 -9.03 GD 0.778 n

V27 (70.13 k)

5.0 24.0 21.0 Jnen .32 G0 0.800 SR
24.0 18.0 13.0 222.04 .79 Gh 0.734 R
2.0 200 100 2238 -7.80 L 0.604 SR
18.0 120 05 153.06 -7.28 GD 0.770 R
2.0 28.0 16.0 206.20 -8.25 GT 0.678 SR
24.0 17.0 16.0 23345 .07 GD 0.857 A
210 15.0 14.0 205.18 -7.60 MS 0.856 A
200 200 16.0 258.12 -8.00 GT Q.86 SA
21.0 19.0 6.0 190.26 -7.64 L 0.430 VR
14.0 1.0 100 148.68 -1.22 GT 0.867 A
47.0 26.0 24.0 353.84 .47 GD 0.780 R
17.0 12.0 10.0 158.20 7.20 L 0.7¢0 A
19.5 1.6 55 145.77 710 GB 0.420 SR
16.0 120 9.0 150.00 7.23 GT 0.768 SR
17.0 12.0 7.0 147.06 221 GR 0.608 VR
15.3 12.8 5.0 137.42 790 GB 0.507 VR
14.0 1.0 4.0 117.08 587 GR 0.47¢ VR
aro .0 25.0 280.61 461 GD 0.827 sA
21.0 12,6 1.0 168.61 -7.38 L 0.774 SR
24.0 19.0 5.0 198.47 -7.62 GA 0.384 R
17.0 17.0 8.0 180.28 -7.49 GT 0.503 SR
21.0 17.0 9.0 19238 -7.59 L 0.613 SR
135 10.0 28 103.08 £.69 L 0.283 SR
27.0 170 14.0 220.23 -7.78 MS 0.766 SR
20 19.0 8.0 206.16 -7.69 GD 0.528 R
200 17.0 8.0 187.88 -7.58 GB 0.576 R
16.0 140 7.0 156.82 -7.20 GD 0.608 VA



Axial dimensions (om) Ciasi/siove  Clast/siowe Maximum v
uze' (mm) uie' (¢ ooy’ Polection

[} » Sphericly' Clase’
250 100 140 238,01 8 ) 0.768 T
n.0 180 1.0 210.06 m L ™ s
Nno 130 100 164.01 -1.38 G 0718 A
20 10 00 201.96 288 L 0.508 R
17.0 140 120 184.30 25 a1 0.7 A
12.0 20 a5 123.70 696 ar 0o YN
1.8 107 89 e PP L 0588 A
80 80 3.0 [ K1) 5.87 L [AX 1)) ;]
2.0 150 00 174.9 748 L 0.630 s
160 120 70 12002 292 MS 0.861 54
135 102 80 18.9¢ om0 an 0.842 VA
200 120 "o 18270 238 L 0.708 R
168 130 20 158.11 220 ap 0.7857 e
16.0 12.0 10.0 156.20 -7.20 M8 0.42¢ SR
120 1.8 8.0 132.08 -1.06 GR 0.68 R
178 14.0 8.0 182.32 -7.28 GR 0.531 SA
1908 140 8.0 196.98 -7.62 G 0.670 VR
18.0 148 7.0 161.01 -7.33 t 0.578 (1]
16.0 1% 920 162.26 7. M8 0.730 SR
160 130 a0 162.64 -7.28 . 0.602 2]
130 120 . %] 135.07 -7.08 GB 0.6 YR
10.0 14.0 1.0 176.04 -7.48 Gn om 84
2.0 170 80 187.08 256 L 0.563 SR
70 130 1.0 170.20 241 L 0.768 ot
14.% 11.0 9.5 145.04 -7.18 qQr 0.029 A
19.0 18.0 a.0 165.08 -7.62 GB 0.578 R
19.0 16.0 10.0 188.608 -7.808 GT 0.693 fa
150 130 10.0 164.0¢ -1.28 [¢10] 0.802 SR
180 130 a0 152.64 -7.28 L 0.602 SR
14.0 1.0 7.0 147.68 7.2 MS Q640 SR
19.0 130 4.0 136.01 -7.09 L 0.4058 SR
18.3 9.5 5.8 100.77 £.78 GR O.883 n
18.0 15.0 6.5 163.48 -1.36 L 0.542 SR8

Clast/siave size (3) in mm: 5 = /(b + ¢?), whare clas! D-axis and c-axis dimansions afe convered to mm.

Clast/sieva size (2) in ¢: 2 » (109,0)/(100,02).

Litholagy:  GB, gabbro; GD, granadiortte; GT, granite; L. limestena; &4, mudstone; MG, migmalite; MS. matasadimentary.

Spharicity:  Valugs calsulated using Maximum Rrojection Spharicity (¥, Snead and Foli 1868).

Roundness: Data collected In the form of visual roundness classes (Powaers, 1963). Calculalions ir the Tabie 4.3 are based on the
geomelric means (GM) of the visual roundness classes. VR, vory roundes (GM = Q.84); R, raunded (GM « 0.98); SR,
subrounded (GM = 0.41); 8A, subangular (GM = 0.30). A angular (GM = 0.21); VA, very angular (GM = 0.14).



Fabric data’ from gravel facies and structures within south<central Ontario eskers?,

APPENDIX ¢

“i*/1conire (Ohlique secretion svelanche hed macrolorm)

10 4 W6 Y 080 00 @ NG
190 ¥ 0 ¢ MK % M B
M ¥y IR a8 QW NV % 5 a
60 3¢ 5 ¥ 40 8 M T MS @ 1)
0 @1 MG I3 205 37 08 X3 MY 13 188
U6*/1N8 (Qhique sooretion svalanche hed macrafarm)
MO0 0B W ¢ § M 2086 17 &5
N 2 190 &6 A% 18 N0 ¢5 180 33 a0
00 §7 Y0 X O W D 17T 4% 8 140
4 6 270 28 8 17 8BS W D N NS
7§ 3 180 2 @40 24 27 40 100 61 280
7481/1-3 (Plane-herdded grave)
07 M2 /6 3B 10 a5 a8 0
16 14 26 62 40 M2 20 ¢4 10 38 10
N 28 35 48 ¢ 40 1N 220G o
€) 42 326 0 205 73 a5 ¢ &) 67 @80
W R OWND T 106 0 20 40 216 64 240
V481/2 (Pesudagnticling! mecroform - esat §lds)
70 66 60 26 65 66 20 66 D 26 6D
66 40 6D 48 45 26 210 A5 4D 32 45
66 S8 <0 24 6N &5 4 S5 A8 100
) 27 a0 O @) A8 & &) 10 I 85
B) 22 a0 24 an0 62 A% 62 70 45 280
7481/2-) (Pesudasnticlingl mesrinmm - waat clda)
W W N0 Y 26 74 10 40 e 77
D 74 276 48 2785 30 2B A7 MO 74 328
320 6 235 3B A5 10 MO B D WM N6
D 64 B Y UKD SO 25 64 N5 54 65
00 a5 10 74 32D 19 32 35 320 42 356
V14/1-3 (Pesudagnticlingl meerolorm - cast side)
0 &0 10D 26 75 18 286 S0 @) 34 170
10D 38 15 75 145 38 18D 40 16D 73 285
60 1Y 70 30 110 3D 8D D AD 44 Q0
66 42 46 32 120 60 95 2 @D 51 8D
8 27 210 64 135 28 10 28 245 A5 10
V24/1-1 (Hetoregenanug, unstretitiad grave)
26 15 2D W 15 17 AD 2 40 84 185
110 46 19D 76 356 68 SO 28 § 13 M0
188 14 285 651 25 18 226 32 85 10 1§
188 28 380 20 8 14 256 20 135 42 72
0 ¢ I 23 4D 26 0 10 M5 28 A0
V23/D-c/p (Hstorageneaus, unstratificd grovel)
270 30 275 13 306 11 6D 33 2325 53 227
20 66 &5 50 3D 16 120 ¢ a0 28 170
45 B0 185 2 235 8 10 11 M5 25 20
2685 19 185 32 340 37 20 17 30 25 §0
206 25 240 V1 320 5 30 A8 60 32 220
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Y36/1-2 (1989) (Materagensous, unsirstified gravel

W 16 W W IWMe ¢ M a
1% % 4 6 ¢ 86 364 12 60 48
159 & X0 ¥ I W 37 4 275 28
2¢ ¢ 27 10 MY 12 4 @ 24 V0

W ¥ W

C43/1+1 (Matsragenenys, unsiretified graven)
70 40 45 €@ 865 ¢ 25 a0 10 73
70 6 A5 67 A5 I/ 110 80 N0
20 456 150 @ N2 K /D 7¢ 105 @2
10 30 25 48 212 54 82 58 25 45
O 67 26 &8 35 A8 300 0 150 38

€30/2-1 (1040) (Wetarngenecus, unstratifiad gravel)
62 0 N 28 4 M NN
€ 3 ¢ 0 12 40 104 0 N
o 1

C306/2-8 (1008) (Heercgensnus, unetretified gravel)
67 48 137 3 102 2B 42 15 «
383 13 A0 12 48 2 @ 0 75

€10/2-4 (1008) (Heteragansoug, unstratified greval)

47 28 72 12 72 1§ W0 25 62 38
32 3 47 ¢ W 4@ 67 6@ NP 2
e 25

©30/7-1 (Heterageneous, unsiralifisd gravel)
263 0 256 15 80 S § 32 120 13
270 46 a0 45 26 18 75 51 1256 29
) 40 0 ¢5 30 ¢5 665 34 N5 24
200 19 20 % 35 W 120 14 66 1
10 18 40 42 20D 42 276 17 140 B

£32/%8 (Heteragenanus, unstretifien graval)

8 I3 D 16 0 28 40 36 70 22
2 7 10 26 10 32 0 32 40 25
0 28
€31/6-2 (Megsive, imbricate, clast-supparesd groval)
0 §7 08 105 2 33 2 2
380 37 n 72 65 47 M5 q2 % 2
§ ¢ 10 7% M0 0 & 30 24
20 ¢ i 45 5§ 83 MU0 B W5 0
10 44 8§ N 0 4 0 a8 85 1A
€31/16-1 (Plane-nadded gravel)
10 27 7 4 356 21 320 24 120 73
36 35 M 8D JIS6 08 10 28 90 45
30 41 180 17 35 4B 35 1 6§ N
M0 20 10D 52 N0 20 35D 14 NS 20
110 54 1§ 14 10D 22 365 24 3D 4

NE&4/1-8 (Meeshva, imbricate, clest-supported greval)
70 4 3456 22 65 28 5 22 358 28
45 80 60 5§ 350 80 S5 48 0 70
7 38

H54/1-7 (Hetoragensaus, unsiretifies gravar)
BD 20 6B 42 25 46 Q8 52 @3 18
60 80 0 & 6 13 26 20 35 28
S0 34
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N18/2-2 (Heterageneaus, unstratified gravel)

36 M MO 80 228 25 3N 63 40 2 6 B W W 20N 04 S &4 & @ ¥ I
87 54 60 26 28 ¢4 355 I 10 18 26 B 40 I8 15 42 § 32 35 4 4 8 0 &
8 M 2% WM’ S ¢ W8 55 AN
NI&/1-1 (1900) (Wateragenanus. unsiratifiad gravel)

170 37 223 M 320 26 65 16 205 10 190 43 06 2% 190 50 30 18 140 &0 MO 65 o5 2%
215 68 M0 14 M5 12 M5 0 144 23 IS0 40 70 20 65 2B 35 485 A0 4 /0 10 5 4O
155 40 230 35 40 0 352 AF N5 & 148 21 30 15 0 40 136 M4 210 I8 76 2 160 M
120 16 140 43 Q0 1 NG 2 A0 8 WO 10 MO 12 06 W A5 22 100 20 230 0 M5 10
190 MY 170 26 165 4 16) 47 240 30 222 2 120 WD 326 26 275 46 130 20 285 26 “ 18
NIS/74 (1000) (in-phase wave structure, gravel)

176 35 202 27 226 47 226 14 265 24 235 20 206 10 260 0 270 0 287 MU 5 42 N8 W
256 18 298 22 243 14 276 14 282 35 248 64 290 28 285 28 270 18 276 W M2 1§ 208 19
204 22 207 W B4 23 264 13 244 2B 260 M 268 10 2M4 22 272 52 256 14 U8 5§ 16 7
288 14 125 14 2688 16 30 12 264 6 I8 1A 312 54 314 2¢ 264 16 Q8 1§ 204 13 242 16
2718 J4 G4 V¢
NIA/ThA1 (In-phate weve structure, graval)

185 32 S0 36 355 26 265 67 222 16 276 &3 35 44 305 48 5 40 285 45 200 20 206 25
M5 23 50 10 16 19 65 10 245 17 170 13 355 24 260 18 Q25 45 235 40 326 38 a0 18

165 20 60 37 275 28 240 38 140 12 250 3 70 1A 176 I2 50 25 275 16 265 26 a5 168
2% 24 W I I 10 WM 48 16 8 166 0 § 1§ 86 35 336 26 215 40 135 12 206 14
60 &1 AR 12 270 1§ 6 10 5 64 20 4 156 22 310 42 M0 S0 N0 ¢4 06 28 275 25
NIs/Tb-0 (In-phase wave siructure, esnd)

276 20 252 40 280 I8 215 42 28 280 11 270 25 180 16 16D & 272 17 236 § 166 11

]

110 28 175 19 185 6 260 12 17% 265 23 255 28

190 24

268 15 286 40 175 21 210 20
206 28 260 20 185 16 185 12

—-
wgn
o -1

NI8/17-8 (In-phase weva gtructure, graval)

163 25 €0 11 335 16 286 25 35 26 136 26 210 10 125 27 165 A3 V6 18 11§ 17 180 &0
120 17 220 16 16D 2@ 275 12 M5 § 300 16 16 22 140 It 275 45 192 20 Q05 42 10 2
280 54 352 21 135 15 202 20 25 15 308 28 162 14 320 21 230 20 250 15 206 13 225 18
any A0 300 21 192 12 220 42 268 16 305 2 70 20 130 48 136 32 280 27 20 17 0 18
310 665 310 32 &8 20 230 13 320 28 IS 24 216 10 206 I5 140 40 240 ¢ Q08 20 J10 17
236 20 240 18 0D 22 12 38 336 I3 225 26 130 2 220 24 115 20 20 18 200 28 W5 20
290 24 130 30 125 40 15 34 355 10 I10 A0 Q04 6 3565 42 206 32 30§ 35 65 10 210 1]
16 12 280 24 280 18 13D 14 260 B 205 1§ 210 & 340 16 195 16 480 20 40 2¢ 226 28

25 26 276 2 30 10 65 28

N3S/17-10 (Watar-accaps structure in ¢ gravel in-phase wave siructure)

215 38 140 16 215 42 235 24 85 28 95 17 195 66 255 32 218 2¢ 165 13 126 16 218 D
185 15 184 28 245 32 170 14 185 45 B0 32 135 14 116 24 196 35 196 16 226 S8 176 13
202 11 165 12 198 24 110 10 204 16 238 25

N18/18-1 (Massive. imbricate, clast-supparted gravel)

273 78 278 685 280 38 334 42 280 23 320 15 262 18 258 45 255 65 344 68 208 32 328 18
278 48 298 S0 298 34 260 52 340 29 295 36 274 12 260 24 275 12 285 38 268 S2 28D 60
306 48 268 I8 278 T¢ M5 26 288 15 335 0 35 28 272 24 323 67 0 &7 3I2B 24 12 45

265 20 275 & 285 40 315 26

H18/10-8 (In-phoeo weve structur, groval)

283 &5 206 &0 0 3 2668 M4 265 14 335
340 24 135 16 257 44 380 21 252 40 280
270 17 272 40 252 16 350 38 90 24 260
290 36 300 21 275 3 250 41 100 17 185 16 3I3® § 126 32 290
25 20 338 23 105 75 344 43 268 26 82 26 45 85 28 325

245 31 345 4 258 16
0 315 45 300 36

276 10 102 8 30
315 14 322 28 305
285 16 358 25 190

2¥8

42 198 24 386 10
17 355 42 208 24

ERBoa
B3R



N18/23-1 (Peaudoanticlingl macroform - sast side)

10 1§ J00 35 20 68
50 45 Q0 84 200 78

100 28 80 32 I 14 AF & 10
N18/23-% (Pesudoanticiinal mecrolorm - weet side)
20 83 280 S 6 0 356 18 0
26 36 206 W0 W6 2 N5 QO 72
WE 26 0 47 M2 44 275 ¢ 275
00 42 280 26 0 88 A 47 N0
185 48 302 16 226 I8 200 26 325
WE 14 06 M4 265 46 15 M 210
60 S 235 48 J26 52 28§ 28 205
M6 74 205 26 236 24 240 28 195

206 W M5 65 285 20 85 W0

' Data formal: azimuth dip of clast ab-plane (in degrees).
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APPENDIX §

Paleoflow direction measurements from cross-bedded and cross-laminated sand and gravel
within south-central Qntario eskers.

A number  Sedimeniary Siructure Maasurements {In degrees)
TJ81 Cross-hedding estimales 180 162
Cross Iamination 180 178 160 165 168 A0 174 142 170 184 100 126 128 160 118
138 138 124 132 128 124
T8 Crass-hedding eslimates M5 142 200
Crass lamination 205 310 228 210 260 218 220 220 220 164 260 250 150 148 184
130 264 218 218 224 144 214 162 174 18D 220 24D 144 184 200
40 228
RAL) Cross hedding 200 270 8B 204 244 262 4B 274 J0A 282 276 246 10 270 202
270 05 200 280 208 312
T2 Cross bedding 224 262 232 40 230 228 210 220 NG 4 2656 240 228 202 60
260 262 224 214 246 245 22D 222 262 232 226 248 207 208 224
Cross-hedding estimates 210 180
Crass tamination 248 232 226 17 210 208 208 220 222 220
Cross-lamination estimate 175
™ Crass bodding 207 204 164 200 216 204 216 200 216 213 212 202 206 208 210
Cross lamination 238 240 246 242 250 244 248 260 224 234 245 2456 5 U8 248
240 250 254 247 240 250 243 245 260 246 240 252 235 242 240
40 42 40 4D 40 45 40 44 45 45 45 47 47 48 46
48 48 45 44 44 4D 42 44 456 44 42 45 42 40 238
Cross-lamination estimale 23
719 Croas-hadding eslimates 266 240 265 2656 200 N0 270 270 206 26D 240
Cross-laminafion estimales 220 265 240
C4d Cross-edading estimale 270
Crons aminatian 240 260 280 270 280 280 28D 275 200 280 275 200 275 M5 276
280 250 2A0 280 240
Cross-lamination eslimates 256 160 23§
[ 11) Cross bedding 160 166 165 1656 166
Cross-badding estimale oo
Cca2 Cross bodding 280 250 225 240 240 286 240 270 245 225 240 245 240 245 280

250 2680 245 230 260
Cross-badding estimates 225 270 270 180
Crass lamination 200 226 206 178 160 196 1956 196 190 200 220 196 180 178 170
205 176 185 195 185 175 196 200 2156 176 180 180 195 186 170
Cross-lamination estimates 205 180 180 180 180 0 180
cH Cross-bsdding estimates 110 185 200 140
Cross lamination 196 196 182 202 195 180 185 192 186 182 188 193 182 175 192
200 185 195 185 202 175 192 1768 182 174 185 1820 187 168 182
176 185 176 180 180 182 180 175 165 1RO 185 1856 170 185 190
180 170 180 180 185 185 160 160 186 170 166
Cross-lamination eslimates 200 200
N3§ Cross tamination 190 205 176 216 226 205 220 210 236 210 250 226 222 215 222
225 230 222 227 220 222 225 210 236 226 220 235 215 200 207
Cross-tamination estimate 235
N58 Cross-badding estimates 180 166 200
Cross iamination 190 200 180 21§ 210 186 205 190 206 180 220 218 210 206
240 230 205 230 240 265 245 260 245 245 260 230 255 245
245 260 245 270 235 240 210 226 228 2665 246 240 216 210 220
Cross-lamination estimates 140 140 220 226 220 40
N1§ Crogs beuding 150 110 105 28D 280 280 288 282 270 265 65 280 280 200 190
158 188 170 170 15» 1683 85 160 165 165 170 18D 155 160 170
185 175 1680 195 175 185 170 130 156 160 85 1580 170 327 280
330 160 148 156 154 166 156 170 170 160 145 140 136 165 186

88



W number_Sedimentary Siruciure

MaasUTements (In degrees)

Cross-becding estimates

Cross iamination

Cross-lamination estimates

186
150
1682
20
240
285
%5
s
150
150
120
20
158
130
230
265
240
245
85
210
126

180
180
128
10
b L]
70
a7
an
160
160
195
L'
190
150
240
280
258
240
269
212
145

160
170
8

s
s
7%
68
85
168
148
Ea L]
]
136
138
45
b4
270
a8
270
FAL)
145

166
180
M0
268
246
aa
280
0
L]
150
20
199
196
158
Qs
ann
255
26
83
200
145

176 170 186

178
Mo
I
W
a8
85
200
150
150
A48
170
140
1583
0
270
260
240
120
208
05

180
«0

20
286
285
185
178
m
)
s
108
138
50
285
266
240
180
196
130

an

ns
28
o
148
166
110
186
10
160
163
20
245
256
240
190
180
40

45
R0
e
L
180
100
190
180
144
162
280
80
270
248
180
200
160

148

20

48
1m0
185
107
120
178
180
150

%8

236

BRE

145
%
as
260
230
210

180

el

0
24
k24
170
165
110
106
1586
180
1566
2h

248
238
198

158

210

240
o

186
185
108

1an
176
20
240
260
248
245
172

45

258
187
156
18
20
150
167

A8
2685
245
196
170

185

100

M

a0
150
150
124
an
140
180
LY
260
258
240
210
145

t 2,4}

a0
178
148
"8
0
106
140

278
262
240

210




r 1
APPENDIX 6

Grain-size data for gravel facies and structures within south-central Ontario eskers,

Siove si7e  Slowe 20
Pty mm) Rercent passing
Unit AUMber T10/67 V10,01 Y83/1-9 V33/1-1b CA3/1-1 GIO/6V  GIO/68  WMI°/1-A
Sedmarday W HU Wy HU HU ARG gevel AG gevel OAAR
facles/smcnme’ g onvd owwl onwl  onw oan A pan A maoiom

2796 162210 10000 10000 10000 10000 10000 10000  100.00 100.00
€35 78100 10000 9343 10000 10000 10000 9280  100.00 100.00

-5.28 M0EE 86 540 4615 10000 088 “A? .10 ann
4.28 10027 4288 M064 28.09 @3y anas 616 R 22.2¢
.26 2514 2600 208 170 05 63683 2% .38 72.090
2% 4757 NGO N80 1348 a5 87 1808 1.4 8.07
-2.00 4000 2083 8. 12.98 8442 w8 18.01 1.26 61.85
-1.00 2000 1850 2352 11.08 7087 N8 16.40 1.an .68
0.80 1.4%4 1504 1089 2.0 8810 234 13N 0.2 24.97
0.00 1.000 1400 181§ 7.96 8138 10N 13.38 0.00 2.6
Q.60 Q.707 1288 1597 523 &40 Nm 1200 0.82 10.2
1.00 080 10688 1087 .60 2380 .88 10.04 0.70 16.30
1.80 0.364 831 5.76 1.28 10.88 4.65 8.00 0.58 138
2.00 0.260 8.4 a7 .70 §.60 108 6.18 0.45 10.7¢
.80 0 4.65 1.78 0.28 2.54 22 4.81 0.38 7.4
aon Q.12% 332 099 0.21 .1 1.60 3.62 0.30 4.46
3.50 0.088 2.3 0.60 0.12 0.48 1.38 240 0.28 2.66
4.00 0.083 1.8 0.4% 0.07 o R3] 1.18 21 0.23 178
Moan -3.e0 -3.83 -4.72 .07 212 -4.13 -5.42 -1.78§
Standard deviation 2.55 276 1.75 1.78 AR 2.57 0.5 260
Skownate -0.78 0.656 0.67 0.35 017 073 0.24 €0.10
Kuriogls 1.4 0.73 1.68 017 0.81 1.89 1.08 1.8

' HU grave!, helercgensaus, unsiralifies gravel
RG grevel, myinmically graded gravel within cross-tedded gravel foresols.
QAAR macmfomn, oblique accrelion avalanche ad macroform
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APPENDIX 7

Clast size, lithology, sphericity, roundness and a-axis orientation data for in gitu clasts within the
Harricana glaciofiuvial complex, Quéhec.

Axial dimenaions (em) Ciasi/sieve  Ciast/siove Maximum VIR o gy
size’ (mm) size’ () Uinology'  Frojection  Roundness Oraniation®

L L Sphericy’ Clans*
Q1 (263.22 k)
12.0 90 50 10296 .69 Gp 0614 A T
148 74 30 7088 432 G0 0.8 ) T
LX) 87 3 7140 .18 B 0.703 SR v
1.0 102 70 12371 .96 ] 0.750 SR P
18.6 100 8.0 116.62 o7 GD 0615 VR T
10.0 6.5 0 ».32 .26 D 0627 SR v
2.0 11.8 L1 1.0 718 6o 0.680 SR T
a0 52 30 60.03 501 <) 0.600 A T
120 “0 a0 £0.00 564 ) 0.572 R P
08 14.5 0.0 17066 7.4 GD 0.648 sA T
.5 23 22 39.66 531 B 0.608 sH v
8.6 6.5 40 76.32 625 D 0.662 R P
10.0 5.8 4.3 69.81 €.13 -] 0.696 SR T
8.5 55 .2 69.20 611 8 0723 sA P
74 6.0 aa 68.48 £.10 G 0.626 SA T
63 X as 57.01 5.03 GB 0758 SA P
LE] 4.0 34 52.50 -8.71 a 0.763 SR P
5§ 42 20 46.52 6.54 GR 2.667 SA P
14.7 10.4 72 126.49 .98 GB 0.697 VR P
18.0 138 14 154.43 -r.ar B 0.614 R P
14.0 "5 87 144.20 XAl G 0.778 VA P
19.0 12.0 1.8 166.21 -7.38 B 0.84 SR 0
100 9.0 50 10298 .69 GD 0.662 SR T
12.7 120 8.0 150.00 -1.23 D 0810 VR T
74 50 .2 66.30 6.03 ar 0.781 VR P
.8 8.8 5.6 104.31 6.70 8 Q.714 VR P
na 103 70 124.54 -6.86 GD 0.762 YR T
6.8 5.4 3.8 66.03 +.08 GD 0.7 R P
6.4 4.0 3.0 §0.00 -5.64 GD 0.706 SA )
78 6.0 4.6 75.00 €23 GD 0.766 SA P
5.4 5.0 23 55.04 5.78 ] 0.581 SA P
9.8 6.5 5.8 85.15 8.4 GD 0.780 VR Q
5.0 37 2.8 44.65 -5.48 GD 0.698 R T
X 38 20 X7 5.42 8 0618 R 0
3.8 3.4 2.3 41.06 -5.38 a 0.763 VR T
6.5 52 24 57.27 5.64 Gb 0.554 SR T
98 7.8 48 87.98 6.46 GD 0.660 SR P
78 6.5 4.0 76.32 6.2% n 0630 VR T
12.6 8.8 5.8 102.€0 6.69 8 0.682 R R
6.8 5.5 4.5 AR 6.16 GD oms R T
9.5 6.8 4.2 79.92 £€.32 B 0.649 R P
1.2 8.5 5.0 98.62 -6.62 D 0.640 VR P
16.5 10.4 72 126.49 6.98 8 0.671 R A
12.4 78 6.6 102.18 £6.67 GD 0.767 SA P
8.2 6.5 35 73.82 6.21 8 0613 SR T
6.5 5.5 48 73.00 6.19 GD GC.864 VR P
15.2 13.8 104 170.41 7.41 D 0.808 R T
12.4 2.5 6.0 112.38 6.81 8 0.674 R T
16.2 8.5 54 100.70 4.65 18] 0.538 R P
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al cm Maximum Visual
Axia) dimensions {cm) c':’l::!/m cv:tz/:.to‘;o) Uihoiogy®  Projection  Roundness m m
[} ] ¢ Sphericiy* Class'
10 196 12.6 3162 -7.88 e 0830 R T
[ X 14 62 0854 .59 ] ome SR T
7.0 120 s 20815 -7.70 GD 0.530 VR T
153 108 85 123.40 .96 8 0.842 &n \f
16.§ 108 (X ] 137.00 -7.10 GD 0.781 VR P
L1 ] 10.8 X ] 141.60 AL 1] 0.800 A T
179 109 05 141.80 -7.i8 G0 0.704 VR T
0.6 5.4 35 £4.35 6.01 n 0.620 SR Y
210 17.6 15.4 2311 -7.08 Gn 0.884 SR P
15.6 12.8 7.6 148.35 7.1 Go 0.857 SR P
135 1.4 X 148.39 7. Gp 0.837 SR T
180 2.5 87 1079 4n Gn 0.508 8A T
10.5 10.2 40 110.49 -8.70 B 0.532 SR N
106 6.3 48 7.8 418 GD 0.762 R T
a6 6.3 36 72.58 418 0 0.621 SR T
5.6 48 20 §0.16 -5.66 o] 0.541 8A P
137 5.8 55 79.93 -6.32 Gn 0.735 SR T
a.0 6.3 5.0 80.43 43 GD 0.702 VA T
"0 0.5 5.0 111.83 4.8 ] 0.603 R P
LX) 8.0 a2 50.38 -5.80 ] 0.604 VR P
128 78 6.8 101.24 .08 o 0.760 ] p
12.8 "2 7.0 132.08 -7.06 GD 0600 VR P
8.3 5.4 3.2 62.77 -5.97 GP o611 SR P
79 70 28 75.30 .24 GD 0.521 VR T
9.2 4.0 258 4717 -6.58 ] 0.664 SR T
130 1.0 92 143.40 716 8 0.840 8 T
70 6.3 42 75.72 6.2¢ B8 0.737 VR T
2.8 7.0 4.0 80.62 £.33 GD 0.616 R ]
102 7.0 43 8218 £.38 AG 0.837 SR P
(Al 5.2 4.3 67.48 -8.08 G 0.704 SR P
8.7 40 41 63.13 -5.98 D 0.860 VR T
24 7.0 6.3 87.80 .48 8 0.753 SR P
7.0 as 27 44.20 -5.47 8 0.688 SR ]
10.2 7.4 45 86.61 6.44 GD 0.645 SR P
682 6.0 27 66.80 5.04 B 0.581 Sa T
116 10.0 65 119.27 680 ;] 0.716 SR P
124 6.2 40 78.41 .29 B 0.669 R P
5.8 45 3.0 54.08 -5.76 8 0.701 SR T
5.8 48 4.0 62.48 -6.97 GD 0.827 SR T
6.0 28 20 34.41 -5.10 8 0.620 SR P
6.6 5.5 3 64.66 601 ] 0.683 R T
2.0 7.2 6.2 96.02 6.57 8 0.840 SR T
6.4 68 45 79.68 632 GD 0.715 R P
9.2 5.0 4.0 64.03 $.00 ] 0.703 SR P
70 6.2 28 59.08 -6.88 D 0.590 SR ]
130 10.5 64 113.86 £83 8 0.522 R T
16.5 a4 7.8 112.61 £.62 8 0.740 SR T
16+ a8 45 98.24 6.83 8 0.603 R T
85 6.9 54 87.62 .45 GD 0.792 VR T
1.0 8.0 5.8 28.81 6.63 B 0.728 VR v
16.5 14.2 8.4 164.98 -7.97 GD 0.670 SR P
10.6 7.8 §.2 9208 .52 GD 0.697 R P
7.8 8.5 25 60.42 -5.92 a 0.531 SA P
8.5 5.4 3.5 64.35 £.01 8 0.644 R T
7.4 46 35 57.80 -5.86 8 0.711 R ]
80 4.8 4.0 62.48 -6.97 GD 0.747 R P



Axia) dimensions (cm) Clasi/siove  Clas!/sieve Maximim VI g e
ure' (mm) e’ (9)  MMology’  Prolection  Roundness oo e

[ [ ¢ Sphenciy’ Ciasy’
148 90 45 100.62 6.65 GD 0.534 SR [
1§ 10.4 65 12264 404 ) 0.707 SR T
[ X ] 80 4.5 75.00 4.2 (¢14] 0727 SR T
[.X ] 80 2 73.2¢ 4.19 GD 0.768 VR T
92 (X ] 45 81.54 4.36 an 0.087 R 1]
98 76 6.4 99.38 6.63 o] 0.810 R P
14.5 7.8 65 101.59 $6/ GD 0.720 R P
0.6 (X 4.0 68.01 400 D 0.672 VR r
1] 53 42 66.04 4.08 ;3 0.788 SA
74 (X LY 75.18 423 Gn 0.843 R \j
7.4 6.8 32 68.2¢ 4.06 n 0.620 SR T
120 X ] (X} 85.71 4.88 [} 0.578% &R ]
a2 50 38 f2.40 -5.97 GD 0.708 SR p
7.4 58 42 70.00 6.13 GD 0.762 n P
125 as 7.8 1411 -6.83 ] 0.808 ] P
QY (268.11 km)
10.7 5.7 5.2 77.16 .27 8 0.763 SR T
07 6.5 43 77.94 £.28 GO 0.664 SR T
90 “ 36 56.22 6.8 8 0.676 VA P
2.0 5.0 24 65.46 679 8 0.504 SR T
7.7 6.5 as 75.20 .23 B 0.661 SR P
7.8 a3 29 43293 -6.48 8 0609 SR P
129 a7 52 101.38 668 (¢} 0.618 SA P
13.0 7.7 4.8 20.74 £.50 A 0.613 SR T
14.5 1.6 a0 140.09 713 GD 0.727 SA 1
5.8 64 32 2.7 -5.97 D 0.688 A T
19.5 140 6.5 164.95 Q.27 a 0.637 SR (]
8.7 34 1.6 3716 -6.92 o] 0.408 R 0
9.8 55 a3 64.14 .00 a 0.587 SR Q
1.2 6.8 4.2 97.51 £.61 B 0.564 SA T
9.8 77 6.2 92.91 .54 GT 0.710 SR T
6.2 42 25 48.88 -6.61 GD 0.621 SR P
7.2 a7 1.7 40.72 -5.35 8 0.477 SA P
13.2 102 7.4 126.02 £.98 8 0.741 A T
128 10.0 6.8 115.60 £.85 GT 0.644 SA P
24.0 16.0 10.0 188.68 156 ] 0.639 SR T
9.2 7.0 4.0 an.62 £33 B 0.629 VR T
127 76 4.3 86.46 643 ] 0579 R |
13.0 1.0 40 117.05 -8.87 GD 0.482 A n
13.8 9.4 8.8 126.76 -7.01 G0 0.842 SR P
2.4 6.5 a5 73.02 2 8 0.585 SA P
1.8 9.0 7.0 114.02 £.83 GD 0.779 VR T
8.9 6.2 45 76.61 6.26 GD RAT] VR T
1.8 2.3 85 113.48 6.83 GD 0734 VR T
62 4.0 2 45.18 -6.50 ] 0.562 SA [
8.3 6.2 s 7n.20 £.15 ] 0620 SA T
6.4 5.6 25 60.42 -6.92 8 0.562 VR P
7.4 6.0 45 75.00 6.23 GD 0.770 SH T
6.0 5.0 28 7.3 -5.84 B 0639 SR T
5.6 48 a5 59.41 -6.89 GD 0770 ] P
1.5 105 8.0 132.00 -7.04 ) 0.809 VR T
8.4 6.2 2.0 €5.88 a1 8 0.587 SR P
75 5.4 s 64.80 6.02 8 0.684 SR T
7.2 6.6 28 62.61 -5.97 GD 0.579 SR P
79 66 a5 747 £.22 ] 0617 SR (o}



Axial g (cm Maximum Visual
4l dimensiont (cm) :‘:‘.’ ("‘"'"’"') c“‘".'z’:."(:‘)’ Uihology’  Projection  Aoundness m
: 2 ¢ Sphenciy* Clags'

T 58 Y e 28 ) o.n3 T P
1% 5.0 28 .38 582 GD 0.585 R Y
20 18 s 84.08 4% a1 0.508 A Y
70 .2 26 @ 58 " 0.507 8n p
17.0 128 7 147.34 220 ap 0.850 R p
100 05 59 111.81 400 ap 0.608 n Y
"8 78 . .08 440 a 0.600 VA p
78 50 a2 50.38 580 D 0.840 VA p
0.6 68 0 .80 430 T 0.649 SR T
108 74 as 82.20 £36 8 0.540 8A 0
"e 100 70 122.07 49 aD 0.760 VA T
a5 8.0 a8 "o £15 B 0.857 s8R p
108 8.0 54 85.52 659 GD 0.608 R p
8 5.0 2 60.48 £ 8 0622 sA T
ne 74 6.5 98.49 &0 8 0.790 sA \
195 a8 568 102.90 .60 GD 0.64 SR [
145 1o 78 13314 208 GD 0.707 VA T
%5 50 kX ) 60.46 -6.02 1] 0.824 VR -]
16 13.0 65 146.34 7.8 8 0.504 SR \
11.8 8.5 5.0 4.3 4.2 8 0.7 SA T
128 8 55 101.2¢ 65 G 0.653 A T
18.3 15.4 8.0 174.43 -7.45 8 0.600 R T
1.3 79 36 83.19 $£.28 D 0.836 SR T
109 20 8.0 102.68 -6.69 [»] 0.846 R T
120 10.9 58 116.76 6.87 D 0.828 SR P
22.5% 14.0 7.7 169.78 -7.32 [»] 0.873 VR [}
16.4 11.0 7.8 123.14 -7.08 ] 0.678 SR T
24.0 180 2.4 203.07 -1.67 [s] 0.580 VR o
16.7 7.4 5.7 93.4% £6.58 8 0.641 SA 2]
.9 14.2 5% 152.28 -7.28 D 0.410 SA T
28.0 17.0 10.3 198.77 -7.63 8 0.621 R P
16.9 8.0 45 9.7 852 B 0.531 s T
135 9.0 5.0 102.28 .68 D 0.58D VR T
23.0 10.5 109 147.09 -7.20 o] 0.760 84 T
11.2 10.0 50 111.80 £.an 8 0.607 R P
14.9 12.0 9.8 154.93 -7.28 B 0.820 SA P
11.6 7.6 53 92.68 -6.83 D 0.683 R 2]
89 4.7 4.5 65.07 6.02 B 0.785 A ]
10.7 6.0 4.4 74.40 6.22 D 0.671 SA P
14.2 9.0 5.6 106.00 -6.73 GD 0.626 SR T
6.7 4.7 2.2 51.89 -8.70 QY 0.536 SR P
2.9 6.5 6.4 91.22 6.5t [»] 0.860 SA T
100 7.8 7.0 102.59 6.68 ] 0.868 SA (]
683 4.5 28 81.48 -5.60 B 0.604 SA T
99 58 3.8 65.19 403 [s] 0.608 VR T
133 90 56 105.00 473 8 0.840 A 2]
12.4 10.2 50 113.60 4.83 0 0.683 SR T
19.4 14.0 10.8 175.00 -7.45% GD 0.740 SA T
10.7 7.0 6.8 97.59 6.6 GD 0.851 VR P
11.0 58 5.4 79.28 €. GD 0.770 8A T
10.1 Q.7 6.0 114.06 6.83 B 0.716 88 ]
13.0 9.5 6.0 112.36 -6.81 GD 0.663 SR T
21.0 170 12.0 208.09 -2.70 8 0.739 SR P
10.8 80 6.5 103.08 6.69 D 0.798 VR T
10.0 8.0 80 94.34 6.58 D 0.679 R P
20 180 50 167.63 2.20 D 0.414 VR T



Axig) dimansions {cm) Maximum Visugl
i U e e e S
e L] Sphercity* Ciane’

(Y3 78 €0 #5.00 4.4 8 0.608 VR T
108 .5 40 80.21 -5.01 o 0.607 R T
12.0 10.0 6.5 114.13 4.03 GD 0.632 SR v

00 6.0 £ 81.39 436 GD 0.62¢ SR P
3 a0 25 83.82 430 0 0.aa7 A T
100 8.0 6.0 100.00 664 GD 0.788 VR T
1.0 7.5 5.8 93.00 6.54 (o] 0718 SR v
20 120 15 141.51 7.4 G0 0.597 R ]
1.0 65 4.0 76.32 626 o 0.607 VR T
105 a0 8.0 .M 458 8 0.658 SA P
10.8 80 50 4.4 4.58 8 0.688 SR P
12.8 7.0 55 80.02 448 ] 0.702 SR P
8.5 14.0 70 1566.52 -7.20 8 0.57¢ SR P
10.2 6 'Y a2.10 4.8 8 0.673 SR P
16.0 12.0 a0 144.22 ALY 3] 0.708 SA A {
145 10.6 9.5 141.60 -7.1% GD 0840 VR P
16.5 12.8% 50 134.63 -7.07 GD 0.495% SR 24
x*0 16.0 12.0 200.00 -7.64 GD 0742 R [
25.0 15.0 .0 174.93 -7.4% ;] 0.600 SR P
10.6 5.5 45 7.08 €16 ] 0.705 SR P
1.4 8.0 6.6 97.08 .60 GD 0.692 R P
12.6 8.0 5.5 97.08 6.60 o] 0.670 SA T
17.0 120 6.0 14.16 707 3 0.561 SR [
126 1.8 6.0 129.7 7.02 )] 0.630 VR T
14.0 11.0 5.0 120.83 4.9 8 0.546 S4 T
4.0 18.0 12.0 216.33 7.78 ] 0617 SR P
14.0 12.3 4.0 132.03 -7.04 ] 0.511 SA T
138 1.0 8.5 122.77 -7.60 GD 0.653 VR T
18 109 6.0 12093 6.92 2] 0662 R T
19.5 11.0 7.0 1310.38 -7.03 GD 0611 SR T
128 8.0 7.0 106.20 6.73 D 0.788 SR [
21.8 11.0 7.5 133.14 -7.06 a 0.620 VR 34
15.0 13.0 3.0 133.42 -7.06 B 0.35¢ SA T

8.3 5.8 34 67.23 6.07 D 0.622 SR T
258 168 85 176.78 -7.47 GD 0.568 SA T
20.5 13.0 : X 161.01 7.3 n 0.697 A P
13.0 13.0 5.0 139.28 712 8 0.529 VR N
138 13.8 50 1Q.98 AN D 0512 R \
18.0 13.0 120 176.92 -7.47 GD 0.851 R p
128 a7 5.2 101.35 6.66 ] 0.629 SR P

6.2 5.9 4.0 71.28 6.16 D 0.759 SR T
11.0 8.5 8.2 99.64 -6.64 n 0.661 R P
10.7 8.3 5.4 99.02 -6.63 [#] 0.690 SR [
12.4 83 6.4 104.81 6.71 0 0.736 VR T
128 8.4 50 97.7% 6.61 GD 0.61% SR T
13.8 10.3 49 114.08 6.83 [»] 0.553 R 0
14.0 12.0 7.3 140.46 713 GT 0.666 SR T
18.4 149 a1 162.61 -7.28 8 0.632 R (3]
15.8 16.0 5.2 158.76 R B 0.488 SR 1
1.3 a9 4.4 99.28 $.63 0] Q.977 SR T
18.5 133 9.0 160.59 7.9 8 0.690 SR P

7.5 6.3 4.5 77.42 €.27 ! 0.754 VR P
1.6 7.7 295 81.27 6.34 GD 0.423 A (o]
10.2 8.0 4.0 89.44 £.48 0 0.681 YR T
16.0 9.0 4.2 99.32 6.63 2] 0497 1] T
25 13.5 8.0 156.92 729 D 0595 SR P



em, Maximum visual
Axia) dimensions (cm) zl::t'/m cm“tl/:'u(: Linolagy’ Projection  Roundness Wo-:‘h'
[ ] ¢ Sphenciy’ Clane* Ortental
100 1.0 16 13314 -7.08 [/} 0.634 1] [
128 (X ] 9.9 100.77 47 ] 0.6 VR \
08 130 [ X1 145.34 DAL ] 0.541 SR ]
14.0 1.6 1A ) 137.30 7.0 (<[] 0.704 1] T
120 8 88 118.1¢ 4.85 GD 0718 SR A4
218 130 16 150.08 7.3 D 0.GA8 R p
186 14.0 90 166.43 7.8 :} 0.670 R T
14.5 10.6 70 128.19 £.98 D 0.888 VR T
19.0 180 1.0 210.06 R (s) 0.707 R T
2.0 190 1.0 219.64 7.78 Gn 0.826 L] (]
14.0 106 7.0 126.19 4.9 D 0.603 VR T
14.0 120 8.5 138.47 -71.00 Gp 0.3 SR Y
180 150 0.5 177.86 747 GD 0.804 L L) T
18.0 130 9.0 18511 -7.30 D 0.702 SR A\
21.0 16.0 100 188.68 -1.58 (-] 0.688 SA ]
11.0 0.5 6.0 112.38 .61 GD 0.701 VR T
230 14.0 80 161.26 7.3 Go 0.504 SR ]
18.0 10.0 6.8 120.93 492 8 0.681 VR P
(1) (1] 40 76.32 4.26 B 0.638 YR T
1056 8.0 5.0 84.34 458 ] 0.888 R A\
13.0 106 6.0 120.99 ¥ ] B 0.641 R T
145 20 7.0 114.02 4.80 B 0.7 SR [
1.5 100 45 100.66 6.78 D 0.581 SR T
10.5 as 4.5 e5.18 649 GT 0.610 R T
20 16.0 100 1858.65 7.68 8 0.667 SA P
120 10.0 6.5 11413 4.8 [»] 0.632 VR v
2o 190 1.0 219.54 -1.78 GD 0672 R T
120 13.0 7.0 147.65 7.2 GD 0.583 R Y
120 100 36 105.95 473 8 0.487 SR T
04 (384.83 km)

12 8.5 26 70.77 £.15 B 0.551 VR T
76 55 24 60.01 -5.91 GD 0517 SR P
86 6.5 28 70.77 615 GD 0.520 SR P
84 5.6 48 73.76 £6.20 GD 0.788 SR T
7.4 5.8 20 61.35 -5.94 8 0.453 R P
178 10.5 7.8 130.80 -7.03 B 0.892 A T
8.8 48 28 §3.85 -6.76 8 0.579 SR P
8.0 7.6 32 81.54 £.36 B 0.655 VR T
126 56 a8 66.85 £.08 B 0.504 SR P
85 5.8 as 69.34 6.12 D 0.664 '] P
16.5 10.8 6.6 124.02 .96 GD 0.644 R P
8.4 6.0 39 78.39 4.2 :] 0.643 SR P
(X} 28 2.1 .42 -5.08 B 0.680 R ]
7.2 66 4.2 78.23 .20 GD 0.719 R ]
13.6 8.8 72 113.70 £.83 ] 0.757 R T
82 46 28 53.86 -5.75 B 0.592 SR (4]
26.0 16.5 10.5 195.58 -7.61 GD 0.636 R o
1.0 8.0 45 91.79 .52 ] 0.613 SR P
9.2 7.4 65 RN.20 £.53 GD 0.763 SR T
9.5 68 6.2 85.60 6.42 ] 0.748 SR P
6.0 4.9 34 50.64 -5.80 8 0.733 SR T
102 8.6 36 93.23 £.54 B 0.529 VR T
85 45 ae §7.63 -5.85 GD 0.697 SR [
17.0 (X3 78 122.92 £.94 D 0.722 SR P
7.2 5.4 36 64.90 £.02 B 0.803 SR ]



Axial dimensions (cm) ¢ Maximum Visual
wie (vmywweley  Umology'  Prolection  Roundness S SR

[ n ¢ Sphenciy’ Class’
178 0.4 5.4 111.80 4.8 L) 0.569 SR T
158 138 8.5 140.89 7.2% " 0.588 1] A\l
20 LY 28 70.04 418 B 0.488 A [
5.4 Y] 24 51.88 £.70 8 J T R v
10. 74 Y] a7.13 .45 GD 0.6842 SR T
1.2 104 60 120.07 401 Gp 0.678 n P
78 8.0 20 s8.31 5.07 GD 0.613 (1] \{
152 138 58 148.03 -7.90 o 0.547 R T
138 78 4.0 85.00 .41 ] 0.630 (] \{
0.5 75 42 a5.08 443 4] 0.628 SR ]
75 6.0 28 66.21 .08 8 0.559 SR T
"a 7.0 Y 89.64 440 0 073 [ P
138 108 5.6 121.20 892 B 0.502 SR T
7.0 8.5 Y 74.30 6.22 ] 0.650 R T
6.5 40 2.4 46.65 -5.64 8 0.606 SR P
9.8 6.5 30 71.69 .18 ) 0.521 SR )
108 68 a0 72.50 618 0 0.506 ] T
122 o8 .5 108.02 873 8 0.543 SA T
2.4 2.0 6.0 100.00 .04 ] 0.782 VR ]
"8 X3 7.0 1101 £.78 n 0.794 VR ]
0.8 $5 as 66.19 -6.03 B 0.614 R ]
155 75 5.6 93.60 £.56 8 0.648 VR o
6.4 58 LY 65.04 6.06 GD 0.689 SR T
78 5.4 3.2 62.77 5.97 A 0.630 SA [
70 48 20 §2.00 -5.70 ) 0.492 ] )
2.4 55 48 73.00 619 e 0.764 SR 7
s 200 100 223.61 -7.80 ) 0.541 ) P
122 2.4 5.8 110.45 679 GD 0.664 A T
120 85 5.2 99.64 £.64 8 0.642 SR 7
8.4 6.2 4.5 76.61 6.26 8 0730 SR P
96 7.6 5.0 an.14 £.49 8 0.703 SA T
175 12.6 6.0 138.65 7.12 ] 0.548 ] T
105 75 28 80.08 6.32 8 0.463 A P
6.8 55 42 69.20 611 GD 0.778 SR P
17.0 126 9.6 157.61 -7.30 ] 0.757 R T
108 6.2 48 78.01 829 a 0.70% VR P
10.2 6.3 5.0 20.43 -6.33 GD 0.730 SR P
76 5.0 25 6.80 -5.80 ] 0.550 VR P
8.0 5.8 2.3 62.39 -5.95 GT 0.485 SR T
195 145 9.6 173.35 7.44 ] 0683 SR P
1.0 8.5 4.0 93.94 £.56 n 0555 A ]
6.8 . 1.0 45.12 -6.50 8 0322 SR p
7.6 59 30 66.19 £.05 ) 0.586 SR P
7.2 5.3 29 60.42 5.92 8 0.604 SA P
9.8 75 4.2 85.95 -6.43 8 0.621 A P
8.8 49 2.4 54.56 -8.77 8 0.611 ) p
8.3 78 24 81.61 6.36 8 0.448 SR P
49 42 20 46.52 -5.64 8 0.579 SA T
5.6 as 2.4 44.82 -5.49 ] 0.737 SR r
10§ .8 a3 58.25 5.88 8 0.600 vA T
8.1 .5 2.4 51.00 -5.67 ] 0.541 VR ]
1.9 9.8 6.5 117.60 £.80 GD 0730 VA »
19§ 75 6.4 20.60 6.62 ] 0.804 VA P
9.3 6.8 27 73.16 619 B 0.487 VR P
6.7 5.0 3.0 58.31 -5.87 G0 0 645 SR P
145 10.2 7.0 123. 6.95 8 0.692 SR e



we'(nm) et (e ey’ Boleclion  Raundnett  griergion
[ L] € Sphenciy! Clany'
oe “ 30 %80 rYT Y™ o v
33 0 1.2 bR 4.5 8 0.2 8 P
“ as 13 .34 522 ar o " p
hX 28 20 .4 -§10 >} 0.rR VR L4
(X} 38 20 2.4 5.42 a8 0.603 8R P
128 4.2 25 40.08 5.8¢ B 0402 SR P
2 32 20 37.7¢ -5.2¢ ] .68 L) A\
[A] 20 1.7 .25 4N ] 0.708 sA P
37 28 19 .8 -5.08 8 0.704 8R Y
3 31 1.4 34.01 -5.00 o 0.528 8R T
6.0 56 20 .72 -5.96 1] 0.6 VR P
12 57 0 684.41 4m B 0.a03 SR P
e 1.8 1.0 20.59 4.8 -] 0.538 SR P
31 24 1.6 2n.04 4.45 -] 0.70% SR P
652 e 24 Q7 -5.44 Gn 0878 VR T
12 1o 6.0 92.20 6.53 ] 0.894 R T
48 25 22 R0 -5.08 f 0.739 SR p
43 32 22 34.83 -5.20 B 0.708 R p
a3 45 3.2 §5.22 -5.79 D 0.650 VR T
49 23 12 2.5.9‘ -4.70 -] 0.504 8A P
82 (2] 2.8 48.02 -5.59 a8 0.628 SR T
3.0 2.0 1.8 256.00 -4.64 Gr 0.721 8A T
16 2.7 1.6 31.28 4.97 ;] 0.641 R P
8.1 46 20 §0.16 -§.63 B 0.522 82 T
56 4.5 24 §1.00 -5.67 8 0811 SR T
4.6 24 1.8 28.30 4.82 GD 0.508 SA P
a3 6.3 25 67.78 6.0 B 0493 R T
7 7.2 48 86.53 6.4 GD 0.601 SA T
14 2.1 [2X] 24 -4.49 ;] o.M VR T
34 28 1.7 J2.76 -8.03 GO 0.648 L} P
a1 59 a0 62.30 -6.96 8 0.437 SR P
3.5 26 20 32.80 -5.04 -] 0.760 SR T
4.9 40 18 43.86 -6.45 8 0.549 R Y
44 4.2 22 47.41 -5.87 a8 0.640 SR P
2.8 2.6 1.7 31.08 4.95 -] 0.738 VR P
6.7 4.0 1.6 42.72 -5.42 o] 0.43) SR P
2.7 1.6 11 18.60 4.22 GT 0.669 SA P
4.6 29 23 37.01 -5.21 B8 0.73§ SR T
69 42 24 48.37 -8.60 a 0.684 SR P
Q6 (244.51 km)

14.0 112 5.5 124.78 6.98 GD 0.878 VR P
183 11.5 a8 144.81 -7.18 8 0.761 R P
14.2 10.0 7.3 123.81 6.95 GT 0.721 R T
12 8.1 4.7 69.35 612 (2] 0.844 R Q
10.7 2.8 57 13.37 6.82 D 0.877 SR T
17.0 13.8 7.5 154.43 -1.27 ] 0.626 R P
19.0 120 10.0 156.20 -7.29 B 0.760 VR P
2.6 14.5 98 176.01 -7.45 G0 0.688 VYR P
180 128 7.3 147.35 -7.20 GD 0.614 SR T
1.7 14.5 AAK] 182.00 -7.81 GD 0.778 R P
2.0 :X:] 5.2 102.22 -6.68 8 0.680 R P
120 118 5% 130.19 -7.02 8 0.588 SR T
19.0 17.0 8.8 180.07 -7.87 GD 0.607 SR 0
17.6 10.2 75 126.61 6.98 o] 0.379 R P
28.0 0.0 1.0 228.28 -7.83 B 0618 SR P



Maximum

Axia) dimensions (cm)
Gt wet UTORQr Podon  Roundness % vee
] » Sphercy’ Clase’
1.0 10.2 10 12N 4.95 [») 0.769 VR \
180 138 10 152.07 -7.28 <] 0.588 |A P
08 5.8 5.0 74 €2 ] 0.77¢ VR T
90 a8 4.8 ®B18 459 B 0.642 VR L
a0 8.0 5.2 7040 4N A 0.008 R [
18.0 93 6.5 11348 4.8 ] 0.657 SR P
150 13.0 130 18).48 -7.52 1] 0.063 S8R [
102 7.8 5.8 96.44 458 ] 0.734 SR [
20 158 1.0 190.07 -7.87 GV 0.708 VR P
16 10.2 22 137.38 -7.10 o] 0.804 VR ]
180 156 LX) 169.28 -7.40 f 0.57¢ 8|A \
1.8 78 4.5 90.06 4.40 1] 0.600 SR T
120 1.8 4.8 128.20 4.9 0 0.52) ] A
104 12 4.0 82.37 4.8 [}] 0.508 R [
16.8 120 8.5 147.05 -7.20 n 0.71% A T
128 ARK) 58 124.36 6.9 1] 0.621 L] T
15.8 2.5 7.4 120.42 6.9 n 0718 VR P
14.4 6 8.0 113 6.82 o] 0829 R T
12.6 Q6 8.6 110.64 4.79 [»] 0.632 R T
128 6.a 3.6 76.94 427 GD 0.510 SR P
148 13.8 8.4 159.00 I3 1] 7o SR L}
18.4 Q.8 5.6 110.28 6.7 GD 0.664 R P
130 1.2 . %] 129.50 -7.02 0 0.652 R (3]
X ) 4.5 3.2 §55.22 -8.79 a8 0.694 SR ]
86 LX) 4.2 69.20 6.1 2] 0.720 SR T
138 105 8.5 123.49 -8.95 B 0.666 2] T
9.8 5.8 36 68.26 4.09 2] 0817 SR [
1.8 2.6 4.0 103.08 -6.69 2] 0.627 SA T
285 15.0 9.0 174.83 -7.45 n n.621 A P
13.6 a8 6.8 109.40 €.77 B 0.708 SR 1
74 58 3.9 67.74 6.08 GD 0.658 SR (2]
70 5.0 3.8 61.03 -5.93 GD 0.705 R 2]
19.8 14.0 12.0 184.39 -7.53 B 0.808 SR P
2.0 16.0 106 191.38 -7.58 (2] 0.680 R P
13.4 11.0 78 134.85 -7.08 2] 0.745 SR T
2.0 11.6 7.8 138.98 -7.12 GD 0.63¢ R 2]
a6 8.0 3.8 60.46 6.12 D 0619 VA P
11.4 70 58 89.02 6.48 8 0.724 SR T
25.% 19.0 16.5 231.64 -7.98 GD 0.82% SR T
14.0 11.6 8.8 120.28 -7.00 B 0.571 SR T
13.6 12.2 78 143.21 -7.16 a 0.697 SA T
13.0 85 7.6 113.38 £.82 (o} 0.798 VR [
16.5 13.0 9.0 163.11 -7.30 8 0725 SR T
13.0 10.0 £8 115.60 -€ 85 B 0.637 ] T
3.0 27.0 14.5 a08.47 8.28 n 0618 VR T
Q8 (231.57 km)

238 16.5 4.9 171.03 -7.42 8 0.374 VR T
31.§ 25.0 2.9 257.4 -8.08 a 0.488 SR T
1.0 0.8 7.0 219.486 -7.78 GR 0.482 R [
14.2 138 8.0 146.78 -7.20 8 0.603 VR r
79 5§ 35 65.19 6.03 ;] 0.658 VA P
17.0 13.7 6.0 149.56 722 B 0537 VH T
1.2 7.0 6.5 96.52 .58 GT 0814 SH [
28.7 19.5 11.5 22¢.38 -7.82 GD 0618 SH l¢]
31.0 24.0 14.0 277.85 -8.12 B 0.641 R T



Axia) dimensions (cm) c c Maximum Visun ]
s::‘:"/(‘rl:t:\') m:i'z/:‘“(: Lihalogy”  Projection  Roundnesy m::&'!
[] b [ Sphericity* Ciasp®

20.5 147 8.0 167.38 7.2 o 0.597 VR P
34.0 165 "o 198.3 7.83 o 0.6C0 SR Y
10.8 9.0 5.9 105.40 ‘.7 8 0.604 R )
200 185 2.0 206.73 -7.88 8 0.532 ) Y
200 175 0.5 199.12 -7.64 D 0.636 VA \l
120 8s 6.0 104.04 .70 ] 0.707 VR T
123 9.0 a5 96.57 650 8 0.480 VR P
(X ] 70 48 84.88 6.41 GT 0.721 VR T
"7 9.7 5.0 109.13 677 GD 0.604 SA T
128 1.3 5.2 124.39 6.96 D 0.562 VR P
76 5.0 38 62.80 -5.97 8 0.724 R T
13.0 9.2 6.3 111.50 .80 a 0.692 SA P
7.7 4.7 kX ] 68.60 -5.87 b 0.687 R [
26.0 0.0 128 235.85 -7.68 4] 0.670 SR T
35.0 25.0 10.0 260.28 807 GD 0.485 SR T
17.3 11.0 6.0 126.30 897 8 0.574 R T
28.0 27.0 13.0 299.67 823 GD 0.607 SR T
19.5 13.0 115 173.57 -7.44 8 0.806 R o
"7 7.0 40 80.62 .33 GT 0.580 ] P
10.2 8.0 as 87.32 -6.45 8 0.5 VA P
10.0 8.4 52 38.79 663 8 0.685 VR T
22.0 14.5 1.5 185.07 -7.53 8 0.746 SR [
235 21.0 8.5 226.56 -7.82 a 0.527 VR 1
16.2 15.5 48 162.26 -7.34 8 0.451 ] T
212 15.6 42 160.59 7.39 GT 0.377 SR T
10.5 6.8 5.6 88.09 646 GD 0.760 ] P
10.6 13.6 1.6 177.99 -7.48 8 0812 SR T
27.% 210 12.8 244.39 -7.93 GD 0.647 SR T
20.0 26.0 170 302.32 8.24 GD 0.736 SR T
25 14.5 8.0 165.60 7.7 ] 0.580 SR T
26.0 215 13.0 251.25 -7.97 A 0.671 SR P
21.0 134 9.2 162.54 7.4 a 0.670 VR P
28.0 18.0 16.5 244.18 -7.93 GD 0.814 R P
0.0 19.5 17.8 262.01 -8.03 GD 0.806 R P
23.0 155 13.6 205.55 -7.68 B 0.800 SR P
138 10.8 7.0 128.70 7.0 D 0695 VR P
14.6 1.0 X 122.98 -6.94 8 0.575 SR 2
1.4 75 5.6 93.60 £.55 GD 0.716 SR (4
2.8 6.8 4.8 83.23 6.8 GD 0.702 SA T
8.8 7.2 5.0 87.66 645 b} 073 SR P
1.0 100 5.8 116.60 £.85 GT 0.674 VR T
17.5 14.2 8.5 165.80 797 GD 0.662 SR T
16.8 135 9.5 165.08 7.7 8 0.736 SR T
175 13.0 8.5 155.32 -7.28 8 0.682 ] P
175 105 5.8 119.95 6.9 8 0.568 A T
11.0 76 5.5 93.01 654 GD 0716 H P
18.0 125 6.5 140.89 714 GY 0573 ] P
220 15.0 8.0 170.00 7.4 8 0579 SR T
18.0 16.5 110 198 .31 763 GD 0.741 SR p
14.0 a2 5.0 96.04 £.59 GD 0.602 ] P
§1.0 330 295 442.63 -8.79 8 0.803 SR T
16.5 105 6.5 123.49 695 GD 0.625 S P
14.0 15 5.4 127.05 £.99 GD 0.568 SR P
7.0 5.0 45 67.27 607 GD 0833 VR T
9.8 8.0 40 89.44 4 GD 0.589 VR (3
11.8 6.8 6.0 90.69 .50 8 0.766 SA T



Axia) aimentions (cm Maximum viual
= i yiet(y  Umooqy'  Pojectin  Roundoess  Coof Eel

[ ] Sphericity’ Ciass*®
80 i X 3.4 49.52 -5.63 D 0.738 VR P
78 1.2 kX ] 80.50 4.5 ;] 0.621 SR h §
6.7 6.0 3.4 60.48 -5.02 ] 0.701 SA \ 4
a7 10 4.3 82.1% 4.8 [»] 0.672 R o]
13.0 120 78 16012 798 ) 0.731 8A ]
(X)) 38 1.4 40.50 -6.5¢ ] 0.480 R ]
132 120 76 141.51 -7.14 [+ 0.708 SR v
2.0 [.X) 4.0 76.32 4.25 GD 0.649 ] \ 4
[ %] 4.9 28 §1.3¢ -8.68 1] 0.603 R T
8.2 8.2 34 82.13 -5.98 GY 0.710 R T
16.2 1.3 [.X ] 14322 -7.18 »] 0.767 R T
127 1.8 70 134.63 7.07 GD 0.605 VR T
10.3 ' X} 3.F 100.30 4.65 [»] 0.502 VR A
1.0 13.0 [X:) 152.64 -7.28 GD 0.640 SR ]
20 6.2 36 82.88 £.37 B 0.815 SR T
135 1086 8.8 137.00 710 ) 0.817 v P
165 120 6.0 137.93 an GD 0.629 8A P
145 15 9.0 146.03 719 GD 0.788 8R T
128 9.2 4.5 102.42 6.68 GD 0.5468 SR T
X ] 75 8.3 Q1.84 4.52 1) 0.736 R A
X 6.8 3.8 76.48 4.26 f 0.578 S8R p
92 15 6.0 28.06 4.50 ] 0.805 ] 2]
132 2.5 8.2 125.80 .97 GD 0.812 SR T
127 88 5.2 102.22 -8.68 D 0.623 R 2]
20.0 82 .8 95.02 857 D 0.512 VR P
92 58 5.4 70.26 £ ) 0.818 SR ]
12.6 9.4 7.6 120.88 692 GD 0.767 v T
12.2 2.4 5.6 109.42 £77 GD 0.649 SR T
52 30 25 39.06 5.20 D 0.737 SR P
na 05 8.5 11591 4.85 6o 0.735 VR T
98 6.2 5.4 82.22 4.38 B 0.791 VR T
9.6 78 4.4 86.66 $.44 GD 0.845 SR p
10 48 26 64.59 -8.77 ;] 0.588 SR A g
as 8.0 45 75.00 23 6D 0.735 R P
14.0 "s 45 123.48 685 ) 0.501 SR P
126 76 6.0 85.80 580 8 0.724 R T
186 2.8 7.8 122.92 6.94 GD 0.745 ] T
10.4 85 “ 95.71 £.58 B8 0.603 SR P
10.4 6.2 4.2 74.80 6.23 B 0.649 SR A
102 8.4 5.5 100.40 6.66 D 0.707 R P
1.4 100 7.8 126.82 699 8 0.811 SA T
10.6 7.8 .0 85.00 5.41 8 0.588 SR T
1.0 7.0 5.5 89.02 8.48 GD 0.732 R P
140 102 18 126.61 6.08 ) 0.733 SR P
1332 10.0 4.2 108.46 /.76 B 0.511 SR [
1.0 28 7.8 123.41 £.96 6D 0.808 SR T
165 9.5 9.0 120.28 7.0 GD 0.810 8a T
82 70 . 32.68 .37 8 0.688 R T
04 8.0 8.8 103.08 .68 8 0.826 VR T
158 120 78 141.61 714 GD 0.67 SR T
13.2 7.4 as 81.88 5.28 B 0.501 R P
18 7.4 5.1 89.87 8.4 GD 0674 vA P
17.6 9.5 7.0 118.00 6.88 D 0.664 SR P
138 108 7.8 130.80 -7.03 D 0.749 SR T
9.0 85 4 95.71 558 GD 0.633 VR T



Maximum

Axlal dimensions (em)

oo i ety Unclogy’  Pojecton  Reuntness S L0
a8 D Sphencity’ Ciass®

QA (200.58 rm)

8.0 25.0 10.0 260.20 407 D 0.472 SR T
17.0 14. 10.0 172.06 7.6 D 0.769 VR P
40.0 25.0 100 200.28 807 8 0.464 SA A\
200 200 120 233.24 -7.87 :} om VR N
21.0 12.6 85 188.68 7.54 D 0.488 SA T
2.0 14.0 1.0 178.04 -7.48 GD 0.693 VR T
1.0 (X ] 25 70.58 6.4 ;] 0.442 SA P
133 133 53 14317 718 [} 0.542 VR N
17.0 14.0 80 161.26 1.3 D 0.645 ] T
1.0 20 5.5 106.48 472 ] 0.674 VR P
14.8 11.0 58 122.98 404 D 0.578 ] T
15.0 120 50 130.00 -7.m AG 0518 SR s
82 73 5.4 20.80 4.5 GN 0.787 VR T
132 1.0 7.0 130. -7.03 n 0.608 SR Y
12.3 8& 45 96.18 4.50 1) 0.579 SR T
13.0 75 6.0 80.14 6.49 1] 0.635 R T
10.6 7.0 3.0 76.16 -6.25 ;| 0.497 SA T
23.0 9.5 4.0 103.08 .60 B 0418 A P
185 126 5.0 134.63 -7.07 GT 0476 SR P
16.0 10.0 7.0 122.07 .93 1} 0.689 SR P
8.0 21.0 19.0 283.20 B.18 B 0.782 SR T
13.0 11.0 7.0 130.38 -7.03 B 0.700 VR T
20.0 17.0 100 197.23 -7.62 B 0.665 VR T
18.5 13.0 10.0 164.01 -7.98 D 0.778 R T
18.0 16.0 8.0 170.00 7.4 [»] 0610 VR T
188 14.0 6.0 162.32 -7.25 8 0518 SR P
17.8 16.5 8.5 185.61 -7.54 D 0.630 SR T
23.0 12.0 7.0 130.92 7.2 AG 0.562 SR ]
200 13.5 4.5 14220 -7.18 ;) 0422 SA T
20.0 128 38 130.66 -7.03 8 0.387 SR T
78 42 KX} £6.64 -6.82 8 0.761 R P
0.6 6.5 5.2 83.2¢ .38 AG 0.734 SR T
10.6 8.2 45 93.54 £.55 8 0615 R T
70 65 38 75.29 6.23 D 0.682 SR T
8.6 5.2 a5 62.68 -5.97 D 0.709 SR T
16.6 11.0 5.5 122.98 6.94 B 0.560 SR P
128 10.0 48 110.92 679 8 0.585 SR F
21.5 190 2.0 210.24 -7.72 ‘0 0.583 SA T
15.0 120 0.6 153.05 -1.28 8 0.764 R P
13.8 106 6.5 123.49 £.96 D 0.683 SR T
3.0 20.6 11.§ 235.06 -7.88 D 0.580 VR T
230 16.0 8.5 172.01 -7.43 D 0594 A T
20.0 16.0 11.0 186.01 -7.54 GD 0.739 R T
17.5 12.0 7.0 138.92 7.2 B 0616 SR P
21.0 9.0 7.5 17.18 6.87 1] 0.668 SR P
106 9.0 48 102.00 £.67 D 0625 VA P
02 76 3.4 82.35 638 B 0.553 SA T
5.4 6.5 65 85.16 6.41 8 0.821 SR i
2.0 7.0 5.8 20.91 .61 o] 0.718 VR T
22.0 21.0 9.0 2°0.47 -7.84 GT 0.560 SR N
166 13.5 6.0 14198 747 AG 0.482 R T
28.0 17.0 8.5 190.07 -7.57 D 0.547 R T
14.0 78 6.5 99.25 €63 GT 0.728 VR P
15.5 85 4.0 93.94 £.55 D 0.495 SR ]
16.0 9.8 758 121.04 .9 ] 0718 SR P



Axia) dimensions (cm Maximum Visual

) 3‘::’." m c“""l/.,“'(‘:) Uhoiogy’  Projaction  Roundness o v

N b Sphencity’ Claxs*
8 "o o5 118.85 rrT ) 040 T Y
126 00 65 .09 &n o 0.7 R T
70 50 38 .80 £97 B 0.7¢4 3R P
"8 140 70 156.62 7.2 on 0.57 s8R Y
142 Y 78 115.62 Py » 0.788 9N P
Q11 (193.31 km}

140 1.0 55 122.08 5% ) 0.581 3R P
"s a6 s 98.18 450 8 0.5 sn P
956 75 o5 87.48 845 G0 0.657 3n P
120 2.0 78 119.10 4% 8 0.804 SR Y
55 3.0 24 8.2 528 6o 0.666 R P
1.0 80 s 9.7 652 8 0.613 8n Y
120 1.0 60 126.30 897 GD 0.840 VR Y
18 58 5 73.401 820 D 0.778 VA -
72 .5 s 57.01 583 B 0.723 %R p
120 10.0 36 106.96 &7 0 0.487 VR Y
120 9.0 7% 17.15 687 D 0.806 R )
8.5 55 «0 63.01 600 8 0.609 sn P
9.0 6.0 35 69.45 612 8 0.610 A Y
80 6.5 .5 70.08 630 D 0.720 VR P
106 78 55 96.44 858 B 0.717 $A T
12.0 0.0 50 102.98 660 9 0814 R p
18.5 "ns 10.0 152.40 7.26 8 0.778 R P
"ne 85 58 85.80 642 B 0.749 R P
108 7.8 45 80.06 649 D 0.628 VR
60 . 34 54.82 5.8 B 0.73 sA p
65 45 26 §1.97 £70 D 0.614 SR p
120 85 6.0 104.04 870 GT 0.707 SR T
6.0 .5 a8 57.01 583 8 0737 SR P
1.0 8.0 PP 91.79 652 D 0.613 A p
160 10.5 65 123.40 £96 aG 0.845 R p
9.0 78 5.5 95.44 658 D 0.758 SR T
8.2 56 .5 71.84 617 8 0.739 SR p
56 3.0 24 an.e2 5.26 0 0.700 R P
100 70 35 78.26 620 B 0.569 SR Y
8.0 8.0 3.8 71.02 $6.18 8 0.670 SR i 4
no 14.0 10.0 172.06 7.4 B8 0.613 SA ]
102 9.7 45 106.93 674 0 0.589 sA P
23 6.5 5.0 82.01 £.36 B 0.745 R P
1.0 85 6.3 105.80 673 8 0.752 R p
20.0 10.0 10.0 141.42 -7.14 D 0.794 R T
"7 92 40 100.32 666 B 0.5%0 SR P
7.7 6.5 20 68.01 $£.00 B 0.401 SR P
9.0 52 35 62.68 597 AG 0.640 o P
.6 26 15 0.02 491 8 0.573 R p
8.3 5.4 4.0 87.20 8.07 8 0.7/8 R 2]
13.0 120 95 183.06 7.26 G 0.839 VR Y
50 3a 28 .40 £37 B 0.72¢ SR Y
13.0 10.3 50 114.40 6.84 GD 0.57 R T
1255 9.0 5.4 104.88 e 8 0.638 R P
186 10.0 8.8 131.2¢4 -7.04 GD 0.778 VR T
68 8.4 3.0 61.77 -6.98 AG 0.63% SR T
" 10.0 70 122,07 £99 GD 0.759 A P
180 15.0 6.0 161.56 -7.34 AG 0.511 SR T
1.5 9.0 4.3 99.74 6.64 AG 0.583 SR [



Axlal dimensions (em) Maximum Vil
o/ m °““,':/:,"(:') Uihoigy  Prolection  Roundness Sl SR8
U ] € Sphencity* Class’

7.3 8.0 7 68.82 -5.83 AG 0.586 8A P
15.8 15.8 20 179.29 -7.49 AG 0.692 R \)
1.0 8.6 4.0 76.22 4.28 1] 0.607 &R T
"2 87 5.8 an.ae 8.47 8 0.766 R [
170 120 (%] 138.47 -7.00 GD 0.592 8R A4

8.3 6.7 As 75.69 4.2¢ :] 0.604 VR ]

2.9 6.0 32 68.00 6.00 AG 0.567 8A T
1.8 8.3 4.2 67.62 4.08 ] 0.656 1] P

6.2 30 22 44.78 -5.48 aAG 0.620 8A \ i

1.0 4.0 hX.) §7.80 -5.85 1] 0.726 VR \)

7.8 68 2.8 60.42 5.9 GD 0.633 8A v
180 18 10 102.50 4./8 1] 0.7 |A Y
140 120 8.0 134.18 -1.07 <} 4 0.508 VR \)

8.0 83 5.4 82.08 4.3 1] 0.689 SR 1]
18.0 106 65 123.48 6.06 [s] 0.6 3] T
120 8.0 8.0 113.14 .82 D 0.874 ] T
152 120 106 156.45 -7.32 [¢10) 0.848 VR P
1.0 10.2 7.3 125.43 697 8 0.780 SA T
108 7.2 70 100.42 6.66 ] 0.857 ] T
10.6 7.7 4.3 8819 6.48 o 0.810 ] T

8.0 39 34 §1.74 -5.60 o 0.791 SR P

70 44 4.0 59.48 -6.89 B 0.604 R P
100 2.5 6.4 114 55 -0.84 GD 0.768 R [

8.7 6.5 3.0 71.60 6.18 n 0.591 VR T

7.3 3.0 4.0 7211 8417 G o716 R 2]

2.1 70 3.6 N £.20 GD 0.588 R P

8.7 8.3 4.5 77.42 /.27 [} 0718 SR T
15.8 "0 70 10.38 -7.03 GD 0.658 SA P
13.0 1.0 8.3 137.80 an GT 0.704 VR P
11.8 o5 70 118.00 .08 GT 0.759 SR P

0.5 78 2.5 81.91 £.38 8 0.439 VR T

2.9 70 6.2 87.20 £.45 B8 0.752 SA \{

5.5 47 2.8 54.71 5.77 B 0672 SA P

5.8 40 25 YAY -5.56 8 0.846 SA P

8.2 7.0 6.0 22.20 6.9 GR 0.888 SR P
13.4 7.8 5.7 25.61 £.60 D 0677 SA P
16.0 9.0 75 17.15 687 G0 0.747 SR T

0.0 18 a6 85.49 .42 D 0.559 SR P

X 6.6 2.7 .3 4.16 8 0.548 R P
12.8 8.0 7.3 108.30 78 GT 0814 SR T
14.4 12.0 8.5 138.47 -7.00 GD 0625 VR P
120 (X 7.2 111.40 6.80 D 0.798 VA T

8.5 7.6 5.0 90.14 £.49 GD 0732 vR T
12,6 8.6 6.0 104.04 6.70 GD 0.697 R P
13.0 10.5 7.4 128.46 7.0 ) 0.738 SR P

75 §.0 44 66 60 6.08 a 0.802 ) P

8.4 75 4.8 89.04 .48 GD 0.71% SR T
210 12,6 10.0 160.08 7.32 o) 0.72% VR T
10.5 a5 4.5 98.18 .59 D 0.610 ] P
1.5 a.5 7.0 110.11 878 D 0.794 VR P

65 €5 3.5 65.19 -8.03 a 0.700 R T
128 6.8 5.8 87.46 6.45 0 0.703 R T
108 8.0 45 91.79 652 8 0817 R T
10.5 9.0 §5 105.48 £.72 8 0.684 SR T
12.8 9.6 6.0 112.36 4.8 (o) 0.668 SA T

02 7.0 4.0 80.62 433 GD 0.629 R ]



aimensians (cm, Maximum visua)
e U N e
[ ] b Sphericity® Class®
1.8 8.0 4.0 .30 6.54 GD 0.630 SR p
14.0 10.0 10 122.07 4.9 [} 0.708 n A g
1.5 [ 1) 4.0 78.689 4.30 [»] 0.670 SR A g
12.8 100 78 126.82 4.00 GD 0.787 VR ]
150 25 10 118.00 6.68 D 0.701 SR \ 4
a0 75 4.0 a5.00 4.41 B 0.644 SR \ 4
10.% ARE 1 2.0 146.03 7.19 D 0.753 VR [ ]
"e 8.0 6.0 100.00 4.64 a8 0.726 R ]
[ X)) 6.5 4.0 76.32 8.26 [} 0.675 SR T
15.0 120 a8 133.28 -7.08 B 0.572 A P
130 8.0 5.9 97.08 4.60 [+ 0.683 SR A\
2.5 78 6.0 96.06 4.59 GD 0.798 VR T
9.5 18 40 80.04 4.48 8 0.688 VR ]
12.0 75 5.8 24.01 £.57 B8 0.720 S8R ]
4.5 6.5 4.0 76.32 8.26 D 0.662 SR ]
Q12 (192.81 km)
3.0 10.2 68 122.50 -£.94 GD 0.704 VR P
1.8 13.8 70 152.07 -7.2% n 0.55) VR P
10.9 a0 5% 97.08 £.680 D 0.703 R [
6.4 k2] 3.6 §2.36 -5.71 [»] 0.811 8A ]
9.0 5.4 4.7 71.59 6.16 B 0.769 SA P
7.4 7.0 37 79.18 4|3 AD 0.642 R P
2.2 82 4.7 94.51 6.56 D 0.664 VR P
10.0 6.0 35 69.46 6.12 GD 0.588 VR T
10.8 9.9 8.0 124.20 -6.96 B8 0.854 R [}
120 9.6 8.4 129.07 -7.01 GT 0.843 R T
14.2 127 1.9 168.67 -7.40 GD 0.881 VR T
8 6.0 40 64.03 6.0n GT 0.680 SR T
7.2 6.0 8.3 86.21 443 D 0.831 SR p
16.2 1.3 8.0 118.456 -7.11 GD 0.720 SR T
9.2 78 6.5 101.583 £.67 AG 0.838 84 A
8 37 20 42.08 -6.39 B 0.658 8A A
6.6 4.2 la 86.64 -6.82 ) 0.805 SR T
6.4 4.0 3o §0.00 -5.64 AG 0.708 SR P
58 4.9 35 60.22 -5.91 GT 0.75% SR T
6.5 48 3.4 58.82 -5.88 B 0.718 SR T
6.0 4.2 3.2 52.80 -§.72 GY 0.741 R p
58 80 2.4 §6.48 -5.79 B8 0.583 VYR ]
9.2 92 3.5 98.43 -6.62 AG 0.528 VR N
6.0 5.4 5.1 74.28 |21 GY 0.929 R A
6.0 4.5 3.0 84.08 -5.76 AD 0.693 R P
18.0 15.5 9.5 181.80 -7.51 GD 0.688 SR T
90 8.0 6.0 84.85 641 GD 0.874 VR P
14.7 9.0 8.3 109.88 8.78 o] 0.689 SR T
7.8 6.2 3.8 72.72 6.18 8 0.677 SA T
7.3 4.5 23 80.54 -5.68 AG 0.544 SA T
7.0 85 kX.] 68.85 8.08 GD 0.721 VR P
9.2 6.2 5.0 72.14 6.17 D 0.806 R P
6.5 3.6 25 4549 -5.5¢ B 0.633 SR P
95 7.5 58 83.01 6.54 B 0.752 VR P
4.8 58 4.5 71.08 6.1 GD 0.748 SR 2]
10.2 6.5 4.8 80.80 6.34 GD 0.703 R 2]
88 4.5 KX §7.0% -6.83 D 0.79% SR T
88 4.5 38 53.90 -5.88 o] 0.838 SR P
6.2 52 3.5 62.68 -5.97 o] 0.724 R T



Axla) dimengions (cm) c Maximum Visua)

“‘::'./ m c':'{.‘.“(‘:) Uihaiogy’  Frolection  Roundness g"‘:"‘m

[] ) c Sphericity’ Class*

55 2 28 50.48 5.66 ) 0.688 SR P
Y 6.0 .5 75.00 823 ) 0.735 SR P
70 55 5.0 74.39 62 GD 0.888 SR T
70 .0 .0 62.48 597 GD 0.781 SR P
'Y 5.0 5.0 78.10 420 ) 0m ) T
08 Y 8.0 104.04 470 8 0.764 SR \
20 5.5 45 71.08 £.15 B 0.742 SR [
70 55 as 5.19 03 ) 0.683 SR P
. 30 28 39.06 5.9 GY 0774 R P
Y] 55 aa 86.85 £.08 GO 0.7%5 SR A\
.0 28 8 020 5.08 8 0.681 SR "
.5 30 22 37.20 5.22 ] o710 SR P
72 5.2 .“ 68.12 400 GD 0.803 SR \
72 8.0 s £9.46 812 ) 0.667 R T
170 145 75 162.26 7.36 GD 0611 VR T
25 8.0 45 91.79 £.52 a1 0.643 R Y
8.0 X 4.5 71.08 6.1% GD 0.772 R P
8.6 4.5 4.0 60.21 5.9 GD 0.814 SR (o]
X 70 3.5 78.26 £.29 B 0.563 SR T
126 8.0 5.0 94.34 £56 ) 0.630 VR T
140 12.0 75 141.61 794 ) 0.604 A P
178 1.0 80 136.01 -7.08 8 0.689 A P
100 55 35 65.10 603 () 0.608 ) T
213 1.3 100 150.89 7.24 ) 0.748 VR P
7.8 5.4 4.3 69.03 611 GV 0.760 R P
8.8 8.2 4.0 66.60 -6.04 n 0.810 va T
8.2 5.0 a5 £1.00 5.99 AD 2.669 VA P
7.0 6.2 4.0 65.60 -6.04 GD 0.760 SR [
129 6.0 32 £8.00 €.00 D osta VR P
5.5 a1 28 e -6.38 Gn 0.772 SR P
50 32 1.6 35.78 516 AG 0.543 SA p
s 33 21 39.12 529 GY 0.726 SR p
9.0 6.8 53 86.21 £.43 GT QTN SR p
58 4.3 .5 £5.44 -8.79 GR 0.789 R 34
7.0 3.0 28 41.08 5.38 GD 0720 SR T
6.5 4.0 2.0 472 5.48 D 0.516 VR P
.0 32 18 36.78 5.16 D 0.585 SA T
5.7 45 2.0 54.08 578 AD 0.705 R T
17.0 11.0 10.0 148.68 J.22 GD 0812 VR 4]
Y 72 55 an.60 £.50 GD 0.782 VP T
10.8 6.3 4.3 76.28 -6.26 AD 0.648 <R [
7.0 6.0 40 72.11 617 D 0.72% ] T
118 6.8 58 87.46 -6.45 B 0.722 SR P
9.9 6.0 a7 65.80 -6.04 B 0.504 VR [
9.0 54 4.0 67.20 €.07 B 0.6%0 SR 2]
18.0 12.7 10.2 162.89 7.38 AG 0.769 SR P
9.8 55 45 71.08 £.15 ) 0722 R T
12 6.3 6.0 87.00 6.44 R 0.797 R P
7.2 3.2 24 40.00 5.32 8 0.630 VR p
8.3 28 21 35.00 613 8 0575 s T
37 3.3 2.2 39.68 -3 GY 0.73% SR T
4.2 286 2.1 33.42 -5.08 GY 0.730 SR [
7.2 54 4.0 67.20 £.07 G0 0.744 R [
.2 35 28 44.82 5.49 GT 0811 SR T
9.5 80 32 B86.16 6.43 D 0913 YR T
14.0 10.0 7.8 125.00 €.97 GT 0738 VR T



Axial dimen em Maximum visunl

(] siong (cm) (;l::l'/(zm cu.s‘tz/:'b(v:) Uthalogy? Rrojection  Roundness Clast o-:'n!

. n ¢ Sphenciy’ Class’® Ortentat
(%3 30 25 30.06 5.20 AG 0.73¢ SR 4
30 256 1.6 2068 4.0 GY 0.600 SA v
5.0 28 18 30.81 4.06 AG 0.6% SR P
ae 5.0 30 4.9 -5.87 AG 0.640 .7 ) T
12.6 a5 5.0 08.62 8.62 o 0.617 VR P
14.5 08 [.1.] 118.1% 485 D 0.67¢ R P
[ %] LX) .5 78.2¢ 4.2 ] 0.728 A Y
5 30 25 39.06 -5.29 GD 0.77¢ 8R P
78 48 3.5 50.41 -5.80 8 0.606 R P
0.5 70 48 a.76 $.39 o 0.68) R \
10 78 6.5 93.01 £.54 2] 0.739 8A A\
10.0 82 4.0 AR 4.61 D 0.580 ] ]
78 (X ] [X] 70.24 4.2 [+ 0.750 SR A 4
%5 2] 5% a5.18 44 GD 0.788 R r
[ X} 5.0 4.0 64.03 4.00 GD 0.726 VR P
18.5 108 9.5 141.80 718 -] 0.805 1] P
138 :X.] 8.0 124.98 $.97 D 0.790 SR P
X 7.0 45 83.22 £.38 GD 0.673 VR T
8.0 4.5 35 57.01 -5.83 B8 0.688 S8R P
120 2.8 4.8 106.556 872 GY 0.570 VR P
6.0 6.2 25 §7.70 -5.88 GD 0.585 SR 7
8 a6 28 43.83 -5.45 o] 0.712 R P
8.8 3.0 2.0 A6.08 817 AG 0.624 L1 P
(. X 40 28 48.83 -5.61 f 0.671 SR P
8.8 7.0 45 83.22 .38 B 0.698 SR P
2.0 108 14.0 240.06 7.9 [») 0.770 VR \
208 17.0 14.0 220.23 7.78 GD 0.825 VR (]
18.3 1.0 6.0 120.83 4.9 8 0.510 VR P
t2.§ 120 8.0 144.22 B AN GD 0.763 VR (]
2.0 18.0 180 234.21 -7.87 AG 0.855 R T
8.2 §.7 40 69.63 £.12 D 0.700 R Y
13.0 11.0 88 122.98 £.04 B 0.588 L] ]
9.5 8.0 6.2 101.21 .68 2] 0.797 VR L]
66 §.0 as 61.03 -5.93 GY 0.719 R T
8.8 6.6 30 62.65 -5.97 B 0.622 VR T
100 9.7 6.0 114.08 £.83 GT 0.719 R P
13.0 8.5 8.0 116.73 6.87 D 0.834 SR p
13.§ 6.3 23 §7.78 -5.85 B 0.420 SA P
9.0 Y] 38 69.34 6.12 B 0.652 R p
8.3 .7 4.0 61.72 -5.96 D 0.815 SR T
142 9.2 52 105.55 47 2} 0.589 YR T
123 "7 6.3 132.89 -7.06 0.651 8a ]
8.7 55 kX 66.19 £.03 ;] 0.731 SR T
793 83 26 87.78 $.08 AG 0514 8RB P
2.0 18.5 120 204.0? -7.67 D 0.735 VR T
14.5 10.0 4.0 107.70 .75 GT 0.480 7Y T
19.6 14.7 10.0 177.79 -7.47 B 0.704 SR T
8.8 5.0 40 64.03 .00 GD 0.714 R T
48 45 27 §2.48 5.7 GY 0.698 SR T
16.0 1.0 9.0 142.13 71§ 8 0.772 SR P
10.2 8.5 7.3 112.04 £.81 B 0.850 R P
10.§ 9.0 6.0 108.17 .76 GT 0.725 &R T
9.4 7.3 5.0 25.48 6.47 GD 0.714 VR 2]
15.8 12.0 8.0 144.22 747 8 0.701 SR T
1.2 8.2 76 111.80 6.89 GD 0.857 VR T
10.5 8.0 a8 88.57 £.47 8 0.558 R P



Maximum

Axia) dimensions (cm) c C

"‘;‘:‘}/ m "‘:,'l/.‘."(f:) Linology’  Projection  Roundness ok ——

[} ] Sphenclly* Clans'

70 Y Y 734 Y ) 0.7 VR )
85 65 3¢ 73.38 420 ) 0.504 " T
80 60 3¢ 8.98 on B 062 sk P
85 50 28 57.31 5.84 Gp 0.623 SR P
Py .8 20 §1.97 £70 ar 0.006 8R p
. as 24 au 541 0 0.718 SR Y
180 15.8 085 181.80 261 0 0.688 VR T
04 80 3 702 815 B 0838 R )
Y] .5 “ o, Py 8 0658 R P
5 82 . 788 628 Gp 0.758 SR P
1.0 08 s 118.03 o87 D 0.762 VR T
138 100 80 116.82 87 8 0842 " T
128 08 50 108.2¢ 478 GD 0.57¢ VA p
08 o8 . 83.23 638 Gp 0700 VR p
Q0 78 4.5 B7.46 8.45 GD 0.669 SR P
o 75 4.5 B87.46 -0.48 ] 0.592 R 24
70 5.4 22 58.31 587 D 0.504 SA P
s .5 3% 57.01 583 8 0.684 SR p
05 7.0 45 83.22 638 GD 0673 A Y
5 “e 30 53.26 573 Gp 0719 SR P
20 8.6 3 76.20 623 D 0627 SR P
12.2 8.0 58 97.08 660 Gp 0677 SR P
102 8 30 71.59 818 AD 0.51¢ SR T
8.0 86 52 83.2¢ 630 Gp 0.804 sA T
120 0.2 .5 102.42 668 n 0.588 SR P
106 18 50 Q0.14 649 B 0.682 R T
108 78 40 85.00 641 8 0.588 SR T
1.0 1.0 85 139.01 742 D 0.743 A P
190 13.0 8.5 156.32 7.28 GT 0.664 A T
02 3 09 32.20 501 AG 0.908 A v
65 3.0 25 39.06 £.20 AG 0.684 sA P
1.0 70 50 86.02 643 8 0.687 VA T
5.1 28 16 3.76 490 B 0.640 R P
0 24 14 27.78 480 AG 0.680 sA P
.0 40 23 614 55 AG 0.646 SR P
28 24 14 27.78 480 AD 0.683 sA P
100 8.0 . 93.20 654 AG 0.660 SR T
80 70 65 89.02 6@ 0 0.814 VR T
55 .0 a8 55.17 579 D 0.850 R T
50 30 20 as.0e 517 GD 0.644 sA T
2.5 9.3 4.0 1G1.24 6.66 B 0.568 VR N
"o 6.0 .0 72.11 817 8 0.624 SA P
3a 36 2.2 4219 -5.40 AG 9.707 A 24
(. X.3 50 3.3 89.91 -5.90 GO 0.69% SR 24
23 17 1.2 20.81 438 T 0717 SR T
2.1 1.6 08 17.00 400 8 0.588 sA T
26 13 1.0 16.40 408 D 0675 sA P
0 3.0 1.8 34.90 513 B 0.648 A P
02 22 18 26.63 473 B 0.62¢ VA 0
68 a8 3¢ 50.90 567 8 0.765 VR P
15 10.0 8.5 11433 £.03 8 0.641 SR T
3.0 2.1 1.5 25.01 -4.69 GD 0.709 SR 24
36 28 20 34.41 £10 D 0.742 SR P
8.0 5.2 20 56.71 580 AG 0.504 SR P
51 3.1 26 40.46 524 AG 0.753 A P
35 25 18 20.81 495 aT 0.718 sA P



Avia) gimensions (cm Maximum Visusl
cm z‘:{/ m q"',',’m Linoiogy’  Projection  Roundness m
. Y ¢ Sphencily’ Clans*
76 70 20 7280 PXT) ] 0.62¢ " »
50 . 25 51.40 5.60 0 0682 " T
7 8.9 26 87.42 608 Gv 0.506 n »
ae s 8 0.3 530 [} 0.626 n \ {
Y 20 .8 236 5.01 AG 0.611 ) p
s 26 18 0.5 ey GY 083 s P
22 28 15 a7 e AD 0.631 SR
“ a0 22 37.90 -2 G0 or2? s P
.5 as 25 45.40 5.51 AG 0.718 SR \ §
58 a8 8 42.06 5.30 [} 0.5% 7Y (]
.5 as 22 .10 540 D 0.680 7Y P
e as 25 01 563 ) orm ) \§
52 32 26 0.2 3 0 0.761 SR »
00 80 s 75.00 423 0 0721 R P
0 28 22 3561 518 AD 0.756 sn P
a0 1.8 12 20.00 432 B 0.660 SR P
28 20 1.6 26.00 484 GT 0728 SR T
.5 as 20 .31 539 GD 0639 8A \§
a8 24 .8 30,00 <9 B 0.721 SR P
Y 30 22 37.20 5.22 0 0730 R P
.5 20 18 26.61 488 GD 0658 A P
a0 28 1.8 32.20 6.08 B 0.728 A P
32 286 20 32.80 5.04 GD 0783 SR P
26 20 08 21.54 443 0.504 A P
8.0 .6 23 53.00 573 GD 0.662 R P
6.4 a8 24 494 5.40 GD 0619 SA P
. 0 20 “r2 5.48 GD 0.808 SR T
« a0 .8 34.90 £.13 AG 0.848 SR P
50 38 28 47.20 £.58 GD 0.744 R T
a8 22 18 20.43 48 B 0.740 8R \f
50 s 15 28.08 £.25 8 0.480 SR P
38 20 16 26.00 -4.64 B 0.670 Sh \{
5.8 . a0 53.26 573 GD 0.707 R P
Q16 (162.38 tm)

210 17.0 12.0 208.00 2.70 GD 0.730 SR \ {
11.0 8.5 6.5 107.00 6.74 Gh 0.767 SR T
12.8 10.0 74 124.40 £98 G0 0.750 R p
200 16.6 140 216.39 276 GD 0.841 VR T
130 10.6 6.0 120.93 692 D 0841 s8R T
14.7 ) 62 107.86 £75 GD 0687 84 P
170 12.6 s 151.18 7.24 D 0.608 sA \{
5.0 200 130 326.98 8.35 D 0.544 R T
0.0 320 130 345.40 2.4 GD 0.500 R T
00 00 210 356.20 852 D 0n8 VR T
28.0 210 70 221.36 279 GT 0.437 R P
70 7.0 28 74.23 -8.22 GT 0.503 R N
7% 58 28 61.76 596 GT 0.544 R P
9.0 57 a6 67.42 508 GT 0632 sA p
7.8 8.7 3.2 685.37 4.03 GT 0.621 SR ]
120 920 52 103.94 £70 GT 0.630 R P
19.6 17.0 70 183.85 752 GD 0520 VR T
270 200 120 231.2¢ 287 D 0.644 VR T
100 90 8.0 120.42 49 GD 0.803 VR P
9.0 52 s 7077 615 GD 0.780 VR T
13.0 20 5§ 106.48 872 GD 0.637 VR p



Axia) dimensions (cm) Maximum visual

G ety Lthoiogy’  Prolection  Roundnens  SS0 EE

. ) 3 Sphencity’ Class'

"e 8.5 78 114.02 4.8 GT 0.842 SR P
10.5 8.0 X3 07.08 6.60 GD 0.711 VR P
7o 140 7.0 156.52 7.0 GT 0.550 sA [
180 130 8.0 152.64 -7.26 GD 0.800 vR
80 '3 5.0 83.00 F GD 0.7 VR P
183 130 100 184.01 -7.38 GD 0707 VA Y
02 . 2 6178 4.00 G0 0.738 A P
12.¢ 1] 6.0 00.60 450 (6} 0.753 R (]
1A 53 “8 .5 416 ] 0.82¢ ) v
20 70 180 264.0 8.0¢ o 0.72% VR P
130 10.0 65 11027 .00 GY 0.888 SR ]
120 70 45 8.2 438 D 0.622 SA A\
10.6 70 3.8 79.65 6.2 ] 0.501 SR (]
120 10.0 7.0 192.07 6.9 60 0.762 VR T
08 5.5 (Y3 66.19 6.03 ) 0617 R P
85 .5 2.8 80.42 -6.92 GD 0.560 SA P
0.0 8.5 5.5 86.18 6.4 ) 0.80% VR P
as 6.5 45 79.08 £.20 Gn 0Ne VR T
85 6.0 28 §6.18 -6.82 GD 0.542 SR P
120 11.0 8.0 138.01 -7.00 GD 0.788 SR T
05 78 5.5 96.44 658 ) 0.742 A P
108 8.0 6.6 81.39 635 ) 0.78% SR [}
17.f 108 70 12619 -6.90 Gp 0.644 SR P
0.8 8.0 85 102.08 660 a0 082 VR P
10.5 8.5 5% 101.2¢ 6.66 D 0.697 SR P
125 10.0 75 125.00 £97 D 0.768 VR P
13.6 9.0 80 10817 6.76 o 0.667 R P
1.4 88 6.2 166.21 672 GT 0.736 R [
1.0 5.8 15 67.74 -6.08 GD 0.677 SR P
100 6.8 a8 78.39 629 D 0.607 SR T
75 5.5 42 69.20 £.11 ] 0.753 VR P
13.0 1.0 75 13314 -7.08 GT 0.733 SA T
8.0 Y3 3.0 46.10 -5.63 ] 0696 R P
240 190 17.0 264.95 -7.99 n 0.850 VR T
14.0 1.0 8.5 2.7 7.00 GD 0.660 VR T
aro 23.0 17.0 285.01 8.8 GD 0.628 VR P
25.0 2.6 105 248.20 .7.98 GD 0.501 R T
1885 2.5 80 124.20 £.98 GD 0.714 R ]
29.0 ar.0 14.0 396.60 -8.63 8 0.514 SR T
16.0 14.5 9.5 173.95 -7.44 GO 0.720 A T
10.0 9.7 8.0 108.13 -8.77 [¥] 0.636 YR T
10.§ 75 6.3 97.96 6.6 GO 0.788 VR T
96 8.5 4.3 69.81 6.13 B 0.705 VR T
8.6 8.0 3.2 85.16 6.43 GT 0.530 VR [
1.0 7.0 70 98.99 6.83 GT 0.860 A T
106 6.8 4.3 80.45 £3 GY 0.635 sA P
102 7.3 5.7 92.62 £.59 GD 0.750 VR Q
85 8.5 5.0 82.0% 6.38 GT 0.768 VR T
75 8.7 32 66.37 603 8 0.621 SR ]
78 6.0 43 73.62 421 n 0.743 VR T
97 7.7 5.0 91.81 652 GT 0.604 SR v
8.2 48 'l 61.62 -6.96 o 0.838 VR P
72 42 2.7 49.93 -6.64 o 0.622 VR T
82 32 20 ar. e -5.24 D 0.586 SA P
16.7 1.7 %] 123.33 £.95 GT 0.428 SA P
76 6.3 37 73.06 £.19 9] 0699 R 2]



268

Axly aimengions (cm Maximum Visua
) ol (‘,'“""',') °“‘.‘:,’m Uihology’  Prolection  Roundness omn o ——

[ ] [ Sphericily’ Clans*
05 5.0 .5 87.27 407 GD 0.75) SA ]
3] .. 2e 55.57 -5.80 GY 0.68¢ sA ]
03 19 . 84.38 440 GD 0.681 8A 4
5.3 as a0 @aa 5.60 24 0.788 R A g
6.0 . a7 58.73 583 GY 0.810 SR T
72 0.0 as 697 413 Gn 0.680 v v
"o 80 8.0 100.00 464 GY 0742 VA P
73 7.1 33 78.20 4.2 [»] 0.504 R ]
ae 85 45 70.08 430 Gr 0718 R P
79 o7 LY 80.44 592 GD 0.740 8A T
5.0 24 7 200 4.8 GN 0622 R 4
.2 33 27 PrYT 541 8 0.807 SR T
ae 7 a7 85.43 442 GD 0.508 R ]
Y .5 a0 54.08 5.78 ) 0.685 R P
5.2 LY 18 19.38 -5.30 Gp 0.583 SR P
130 106 Y 135.00 -7.08 GD 0.800 8A T
80 58 3.0 £5.30 £03 G 0.579 n p
5.4 as ar .75 -5.56 GT 0.768 SR A\
7.0 4.4 a8 58.85 -5.83 GD 0.749 SA T
AR K] 6.5 5.8 851§ /.41 GY 0.75¢ R T
70 45 40 60.21 -5.91 n 0.7a8 VR P
5.0 45 256 51.48 5.69 GD 0.652 SR n
8.0 8.8 3.6 65.73 6.04 GD 0.685 SR A
100 a5 6.0 104.04 £70 6D 0.75% 8A T
70 48 28 54.12 -§5.78 GY 0.571 SA T
75 6.0 2§ 66.00 £.02 ) 0.518 ) T
64 . a2 51.22 -5.68 B8 0.737 A p
12 “ as §7.80 -5.86 ) 0.708 VR ¢
4.5 3.0 28 41.04 -5.38 GT 0.004 SA 2]
48 .0 32 51.22 -6.68 67 0.811 ] P

1.0 24 Y. 114.08 .84 GT 0.750 VR
45 35 28 44,82 -6.49 D 0.793 sA P
6.0 4.4 3.0 83.28 -5.73 GT 0.689 Sa P
185 12.0 8.6 148.01 -2.22 D 0.704 SA ]
10.4 a0 8.0 100.060 .64 D 0.758 VR P
6.0 4.5 40 60.21 -5.91 [»} 0.608 SR P
4.0 8 21 35.00 -6.13 D 0733 A P
9.0 6.9 5.4 84.80 6.40 GD 0.793 R T
58 10 25 30.08 -6.20 G0 0.724 SR P
8.4 6.0 as 69.46 612 GD 0.624 sA T
7.4 8.2 4.0 65.60 .04 [¢1s) 0.748 R p
a8 4.5 2.6 $1.97 -§.70 GT 0.558 SR T
8.5 4.0 3.0 80.00 -5.64 8] 0.702 8A P

Q17 (124.12 km)

16.% 12.0 58 132.00 -7.04 GD 0.536 VR T
14.5 a8 70 110.11 £.78 B 0.738 VR 2]
108 7.0 65 96.52 658 GD 0.831 VA P
14.0 115 6.0 126.7% -7.02 GD 0.607 VR T
8.5 6.5 5.0 82.01 £.38 GD 0.7688 VR 2]
7.9 50 3.8 61.03 -5.93 GD 0.689 R P
as 7.5 58 a9J3.M 6.584 GD 0.780 VR T
120 28 6.5 116.1% £.a8 GD 0.718 R p
7.5 6.0 4.0 7211 6417 D 0.708 VR P
X 70 35 78.28 4.20 ;] 0.580 VA T
140 6.9 88 85.18 B4 1) 0.683 R T



Maximum

Axia! dimensions (cm)

T e el om0
[ L ¢ Sphericity’ Clase’
138 95 6.0 11228 4.8 GD 0.855 VR )
190 18.0 90 174.93 746 \] 0.657 VR Y
7.0 8.0 3% 60.48 .12 GD 0.683 R T
58 4.0 28 a3 -5.89 G0 0.700 VR P
120 10.5 45 114.2¢ 40 AD 0.544 SR P
7% 55 4.0 68.0 Y] GD 0.720 A P
128 8.0 4.0 80.44 448 GD 0.549 ] P
1.8 80 78 100.68 478 GD 0.049 VR P
18.0 "0 100 148.68 1.2 0 0.828 VR P
14.0 1.0 75 13014 7.08 GD 07186 VR T
15.0 13.0 75 150.08 1.23 GD 0.681 R P
18.0 14.0 120 184.39 -7.5% GD 0.830 VR |
138 90 85 111.02 4.7 Gv 0.703 " P
13.0 10.0 65 11927 £.90 GD 0.688 R P
10.6 65 (X 85.16 B4t D 0.762 R P
108 8.5 70 110.11 678 0 0819 VR P
18.0 14.5 100 176.14 746 D 0.728 A T
126 90 7.0 114.02 6.8 B 0.738 SR [
a0 15.0 11.0 186.0 -7.54 GD 0.727 A P
13.0 2.0 6.0 108.17 876 8 0.875 [ \]
10.0 a0 45 .79 652 V] 0.633 [ T
70 .5 40 60.21 -5.91 o 0.798 ] T
1.8 8.0 5.0 4.4 £.56 GD 0.648 A b
1.0 85 6.5 101.2¢ 5.66 G0 0.688 SR P
0 6.0 85 81.29 636 0 0.82¢ VR (]
8.5 7.0 40 80.62 £33 o 0.645 VR P
14.0 106 6.0 120.93 £.92 [0} 0.628 VR P
75 8.0 a0 67.08 £.07 G0 0.585 VA T
135 10.6 5.0 116.30 886 Gh 05681 A P
9.0 7.0 45 83.22 6.38 Gh 0.6885 Sk p
7.0 65 3.0 71.59 616 D 0.583 VR T
1.8 9.0 4.0 98.40 .62 GD 0.537 SA P
a0 8.0 35 69.48 $.12 GD 08634 R P
§5 4.5 3.0 54.08 -5.76 ] 0714 VR 1
2.5 7.0 45 a2 ] GY 0.673 VR P
6.5 45 25 51.48 -5.69 0 0.598 R P
16.0 100 6.0 116.62 .87 GD 0.608 VR P
7.0 5.5 4.0 68.01 -6.09 G7 0.748 R T
7.0 5.0 40 64.03 .00 AG 0.770 A T
8.5 65 a8 65.19 6.03 D 0.7a0 SR T
a8 7.0 45 83.22 £.38 ] 0.698 SR P
11.0 1.0 85 139.01 792 o 0.842 VR N
9.0 7.5 45 87.46 £.45 o 0.669 ] T
118 8.0 .0 94.34 £.58 G0 0.648 VA P
12.0 9.0 65 11.02 879 G0 070 VR T
120 10.0 65 119.27 680 GD 0.706 VR P
13.0 12.0 7.0 138.92 SA}] GD 0.680 VR T
90 7.0 35 78.26 .29 n 0.579 VR P
12.0 75 8.0 98.05 .59 GD 0737 VA P
165 11.0 8.0 136.01 -7.00 B 0708 A P
98 7.7 6.0 97.62 .61 o} 0.787 ] P
18.0 10.5 7% 129.03 -7.01 GD 0.694 A T
26.0 15.0 14.0 205.18 -7.68 GD 0.795 VH r
10.0 75 40 85.00 B.41 GT 0.598 [ T
120 a0 65 103.08 £.69 G0 0.761 VR 2
1.2 8.5 6.0 104.04 £.70 b 0.723 VR T



3

Auial aimenaions {cm) Casi/siove  Clasi/siove Maximum VSl oy o
. (] ] Sphenclly’ Class
Y] 20 30 04.07 57 ar oen VR P
10.2 00 88 106.00 N 3 082 vR Y
7.0 . 28 5.4 500 G 0.583 R Y
184.0 199 70 147.685 A G0 0.618 VR [ ]
w8 1.0 s 130.00 212 av 0.708 VR P
10.0 . 30 54.08 578 8 0.55 VA Y
s 30 23 37.20 -2 [ 0.828 R Y
80 80 50 10 +20 ap n.808 vR T
0 .5 .0 0.2 591 D 0.840 VR Y
8o 50 «“ 0.3 12 0 oan ) T
88 85 .8 7008 430 ar o8 " Y
e 138 20 19098 % a0 0.707 ;m )
180 .8 s 12091 a0 Gp 0.A28 VR P
80 6 38 7.6 -n ap 0.856 n )
80 53 34 6207 508 B 0.714 SR P
108 20 .2 ) 463 B osn A Y
10.6 7.0 (X3 95.44 4.58 n onz VR A
7.0 5.8 348 60.34 412 GD 0.700 VR Y
10.9 8 58 30.38 o4 D 0.78 VR p
AR 8.0 4.3 73.82 4.21 A 0.648 SA A §
120 10.0 8.5 11413 4.8 -] 0.632 SR (o]
8 58 50 76.58 428 GD 0.8 A p
00 8.5 4.0 7692 £26 D 0876 8A Y
18 55 .5 71.08 .15 60 0.780 R P
20 6.0 50 7810 420 Gp 0.805 R Y
. 56 26 842 50 ) 0.851 vR P
1.0 56 25 1.0 -5.04 n 0.542 R A
[.X} 4.0 30 80.00 -5.64 B 0.708 VR -]
74 85 32 #3.83 £.00 an 0.831 VR p
9.6 [.X ) 4.0 93.04 4.54 GD 0.5608 R -]
8.0 8.2 3.0 60.03 -6.01 GD 0.600 SR A g
X a0 8.0 84.08 4.4 ] 0.088 SR Y
05 4.0 3.7 54.49 577 GD [+RA} R T
14.0 11.0 4.8 120.02 4.91 D 0.50 SR A g
8 68 .5 51.54 835 GD 0.708 VR 0
a1 4.0 R4 48.28 -5.69 GD 0.480 8|A P
7 5.3 20 #0.42 £02 D 0.807 vA P
70 8.3 62 772 824 Gp 0797 VA T
108 7.2 50 8768 445 GD 0880 R P
10.0 8.7 5.0 aden 4.30 B 0.720 SR Y
102 a0 5.0 0949 £.58 (<4 0.874 VR ]
0.2 8.0 LX) 10%.08 £4.60 GY 0.43 SA P
a8 5.0 50 70N $.14 GD 0.028 A [
a0 8.0 38 60.48 412 -] 0.604 VR T
16 6.0 4.5 75.00 $.23 [»] 0.783 R P
(X3 50 4.0 64.03 $4.00 D C 838 VR P
150 a8 4.5 e5.18 £.59 B 0.542 R \
108 X [.X.} 11568 £.86 GY 0.766 R T
1.0 8.0 70 114.02 £4.83 D 0.79¢ VR \ i
40 200 8.0 215.41 -7.78 B 0.511 VR P
1.2 10.8 3.4 11037 4.70 AG 0.462 VR ]
10.4 7.2 54 20.00 $.40 GY Q.73 R -]
14.0 10.8 80 132.00 -7.04 GD 0.768 VA T
108 X ] 4.0 3.4 £.585 GD 0.504 VR P
18.0 10.0 as 131.24 -7.04 GD 0.738 VR ]
14.0 11.0 4.0 117.05 -£.87 AD 0.470 VYR T



Axia) dimensions (cm) Maximum Vieus

s m c":,',/.'."::, Uihology'  Prolection  Roundness Gl e

. o Sphencily* Clase’

1.0 08 70 118.00 48 [ o VR Y
20 65 88 8518 44 ap 0.603 " p
158 128 1.8 100.85 7.6 ap 0.800 VR (]
X 8.0 'Y 75.00 493 AG 0.804 sA Y
00 78 30 0.n 4% AD 051 n r
100 1.0 80 138.01 -7.00 ap 0.008 n r
130 06 00 130.88 -7.09 ] 0.080 n P
180 13.0 a0 152.64 -7.9% ap 0.848 n
200 120 80 144.02 747 8 0.044 n [
2.0 70 4.0 80.62 43 ] 063 n P
140 106 8.0 118.30 488 8 0.5564 ] r
20 18.0 100 128.68 -1.88 GD 0.608 VR p
£11] 230 100 298.33 422 aD 0.765 ] P
1.0 100 80 128.08 7.00 GD 0.770 VR p
15.0 120 70 128.02 .12 ] 0.48 VR T
130 6.0 70 108.30 47 aD o078 VR P
15.0 1.0 8.0 128.00 -7.00 GD 0.720 A T
100 16.0 20 183.58 7.52 Gn 0.856 vR \ |
280 200 14.0 20493 -7.03 G0 0.708 1] ]
12.0 28 8.0 124.20 408 an 0.026 n Y
"0 70 45 832 4.38 Gn 0.641 R T
100 100 1.0 210.84 7.78 D 0.608 VR N
15.0 14.0 13.0 191.06 -1.58 GD 0.030 VR \
1o 70 5.0 88.02 4.6 GY 0.887 ] P
"0 2.0 45 100.62 6.65 D 0.580 (1] T
120 0.0 6.0 102.08 £.60 a7 0.61¢ R T
130 10.0 6.0 116.62 .87 0 0.652 VR P
§0.0 35.0 28.0 48.00 an GD 0.728 " T
20 2.0 170 278.03 4.2 G0 0.743 VR P
a0 26.0 230 9.7 4.4 GD 0.708 R P
ano 230 18.0 20018 413 ap 0.711 ] \{
00 280 2.0 ana.7s 4.5 G0 0.008 VR 0
no 21.0 120 20107 7.0 Go 0.633 ] Y
£0.0 28.0 250 353.56 447 ] 0.704 SR A {
9.0 25.0 210 228.50 4.35 ] 0743 n ]
5.0 120 240 400.00 .64 GD 0.80 VR P
200 26.0 2.0 3.2 4.3 0 0.7%2 SR P
21.0 18.0 16.0 219.32 2.78 Gh 0.878 VR P
120 13.0 6.0 14318 7.8 8 0.538 SR P
1086 2.0 8.0 mne7 4.78 GY 0.728 R [
123 10.2 2.0 120.63 -7.02 G0 0.778 VR T
128 10.2 80 18.4 £.80 ] 0.820 " 2 {
178 70 5.3 87.80 .48 o] 0612 VR 1
10.3 a0 6.8 103.08 4.60 GN 0.800 VR A\
13.0 100 8.0 116.62 .87 ] 0.662 VR [
138 9.0 78 17248 4.7 GD 0.774 VR 4
0.8 70 4.5 81.22 418 GD 0.688 '] \]
1.0 100 a8 110.02 870 G7 0.504 VR A\
"e 10.8 8.0 123.58% 6.85 o] 0.662 VR P
145 100 (X3 11413 483 B 0.509 SA P
14.0 85 5.0 28.62 .62 0 0.504 VR [
210 0.0 20 219.32 -7.78 GD 0.578 SR 2]
"7 108 7.8 133.22 -7.08 G0 0.784 VR P
130 11.0 9.0 14213 7.8 GD 0.827 VR T
1.2 13.0 a0 152.64 -7.26 GD 0.720 VR A
122 8% 8.8 107.00 84.74 [+] 0.741 VR T



Axial dimenaions (cm) Cuasi/siove  Clasi/siove Maimum ViUl ooy o
ue' (mm)  sze () ANOiody’  Polection  Roundnest oo
s () Sphericy’ Claas'
) o 20 YY) 550 ) 0.483 n Y
Q18 (11023 Im)
20 180 130 209.04 an ap 0.759 VR Y
s 0 100 206.01 780 D 0.880 VA '
103 80 65 100.08 489 0 0.800 VA Y
105 02 . 00.5¢ o84 D 0.531 VA Y
140 120 106 150.45 . o 0.080 n p
120 100 30 104.40 o v 0.422 R Y
9.0 78 30 80.78 44 [ ] 0.61¢ 8A h g
80

140 s 104.0¢ 4% ap 0.671 A )
190 130 120 178.02 24 s 0.835 n p
80 ) 5 00.08 440 D 0.887 VA \
113 70 0 #0.62 £ D 0.587 n p
14.0 90 920 127.28 £.99 0 0.883 VR [
"2 70 5 0.2 63 G 0637 R
"8 80 .5 01.70 652 8 0.604 8 Y
186 120 70 128.02 242 0 0.628 VR Y
179 130 8.0 143.18 7168 o 0.837 ] T
108§ 6.8 38 77.00 $.28 [»] 0.687 R T
133 79 57 08.81 £50 ap 067 VR Y
130 a3 4.0 02.14 4.83 ] 0.520 VR A §
14.0 M58 11.0 169.14 -7.3¢ (<1 4 0.000 VR [
108 78 86 N.01 454 [<{s) 0727 [} A
100 7.4 4.8 8820 8.48 [»] 0.678 VR [
6.0 38 28 406.04 -5.82 (<} § 0.687 VR \
(X 87 2.4 61.88 -5.08 1] 0.538 VA [
95 70 70 98.00 48 ap 0.509 A 0
107 9.0 6.5 .00 on 0 0.760 A Y
110 7.2 3.4 79.62 £.32 [»] 0.627 R T
19.0 120 1.0 170.20 241 ap 0.788 VR 0
14.5 136 78 154.43 7.7 D 0.680 VR T
140 18 8.5 93.01 .64 8 0.680 VR P
:X.3 85 R X 71.50 £.168 D 0.548 VR T
0.0 70 30 76.16 £25 0 0.623 VR T
10.0 8.0 3.8 8n.87 $.47 1] 0.588 R A\
16.0 14.0 128 187.68 -7.88 GD 0.887 VR P
12 5 38 §7.01 589 0 0.802 R P
08 (. %] 30 71.60 4.16 ] 0.528 VR 2]
as 8.5 5.0 82.01 4.3 -] 0.788 n \
a8 6.5 25 60.64 412 [»] 0.434 VA [
160 128 8.0 148.41 7.2t (<) 8 0.684 VR P
14.5 138 4.0 140.80 -7.14 8 0.434 R A
9.0 8.5 4.5 79.68 4.0 GD 0.702 VR P
7.0 6.0 3.6 69.48 6.12 GD 0.683 SR T
15.0 10.6 7.0 126.19 6.98 GD 0.678 R P
17,0 140 60 162.92 225 G 0.533 VR T
8.0 5.0 kX 61.00 -5.93 GD 0.674 R P
7.5 8.0 20 53.86 -8.78 D 0.474 R T
11.8 0.0 35 o8.57 6.50 ] 0.401 VR P
100 0.0 80 108.17 8.78 GD 0.737 VR P
100 8.0 4.0 80.44 845 8 0.605 VR T
14.5 %] 6.5 116.11 -8.85 8 0674 VR T
1.0 140 10.0 172.05 -7.43 GD 0.608 VR 2]
110 8.5 6.0 104.04 $.70 D 0.727 VR [



3

AxiaJ dimangions (cm) Ciast/ueve  Clast/siove Maximum VIl ooy gaxe

we' (mm)  wzet (g)  Molooy’  Prolection Oreniation®

s b [ Spherclly’ Cass®
0.8 90 35 057 850 B 0.508 () »
" 70 80 0.0 .8 ap ons VA v
14.0 13.0 00 158.11 2.3 ar 0.783 " v
s . 20 ©.2¢ 562 0 0618 n P
100 78 s 82.78 - 0 0.547 ) )
120 08 0 118.00 o aD 0.756 VR Y
"s 70 50 .00 .6 o o877 R P
Q19 (16309 km)

0.4 00 60 100.00 P Gp 0782 VR Y
2.8 13.0 1.0 17020 7.6 a0 0.780 VA T
"3 70 0 .00 463 GD 0.055 R p
P 70 3 "% 420 0 0.606 VA )
0¢ 10 80 02.20 489 0 088 R p
142 ) Y 0.0 852 ap o R T
53 8 P 0154 .35 Gp 0.711 VR \
10.2 74 o7 #7.68 845 G 0.8 A P
10.5 80 50 .24 558 Gp o088 R T
8 a8 23 “e 547 ) 0.580 SR p
08 72 5 24.01 840 a7 0.668 sA T
8 70 o 0.2 38 D 0.728 A N
70 2 50 70.66 832 B 0.832 SR p
02 56 .0 88.01 £.00 GN 0.708 SR P
0.8 86 3 7.4 528 B 0.002 SR \
0.0 8.0 38 .32 645 o 0.564 VR T
57 3.9 22 .78 560 GD 0.602 R p
57 o 25 53.24 £7 ) 0818 VA \
6.1 .2 2.2 .6 557 Gp 0574 R T
87 33 10 W48 £11 D 0.378 vA T
53 53 .0 65.60 604 G 0.788 VA p
70 o7 Y 56.08 583 D 0.678 VR v
5.1 .5 285 1.6 560 GD 0819 vA T
53 0 28 .03 581 0 o718 VR p
82 .3 32 53.60 £.7¢ ) 0727 SR T
57 5 20 .24 562 8 0.52 VR p
54 5 18 @47 560 8 0611 VR p
57 55 18 §7.00 589 8 0.394 VA p
58 38 32 4068 .69 D 0.776 SR P
5.2 50 17 52.81 572 D 0.459 VA T
55 a0 28 an 558 Gp 0676 VA p
70 o5 00 #0.21 £01 ap 0.708 R p
1.0 8.5 3.8 66.19 4.0) [:] 0.847 SR A
80 50 36 61.09 593 8 0.742 A T
10.0 8.0 .5 75.00 &2 Gr 0.608 A P
5.7 38 28 4383 545 B 0.673 SR P
55 .4 20 w3 550 GD 0.540 R p
8.0 36 26 Q80 £.46 8 0.685 VR T
1.0 85 50 95.62 862 GD 0644 A p
8.0 50 35 #1.03 593 Gn 0742 R P
8.8 4.0 2% 47.17 -5.56 GD 0.6687 SR 2]
7.8 4.0 3.0 £0.00 -5.64 GD 0.669 R P
75 5.0 as 61.03 593 8 0689 VA P
6.0 36 25 43.01 543 G 0.668 VR P
80 5§ 35 66.19 603 8 0.653 R p
16.0 9.5 7.0 118.00 £.848 GT7 0.6468 VYR 2]
05 70 .5 83.22 638 G 0873 A P



imensions (cm
Auni g em) f,‘::'.’m e Unciogy’  Projection  Roundness S vee
[ [} [ Sphericity’ Clans*
52 <0 20 w72 ¥ 8 CX 72 2 VR Y
95 55 .0 68.01 400 B 0.67¢ R P
80 50 as .03 503 D 0.742 vR \ {
80 . 1.6 a6 587 8 0.437 VR \{
70 s 1% .08 5.6 8 0.451 VR Y
50 €0 28 @8 581 GD 0.7% vR \ g
80 . s 7.00 583 () 0.788 VR \{
80 30 25 30.06 $.20 aD 0.70% ETy P
55 as 18 38.08 526 8 0.480 ;n 4
52 «0 28 an 558 aD 0.670 s \{
70 68 30 8285 507 6o o818 SR P
170 Py .0 #0.91 50 6o 0.708 R P
78 85 50 82,0 438 aD 0.700 VR \ {
Q30 (14.50 km)’
120 00 75 17.15 48 ) 0.806 VR
130 1.0 05 145.34 718 6D 0.858 VA
18.0 16.0 7.0 122.07 £4.63 B8 0.648 R
a0 195 130 234.38 2.8 D 0.678 R
23.0 170 155 230.08 2.5 B 0.850 VR
14.0 120 76 141.61 794 GD 0.604 VR
17.0 120 10.0 166.20 2.2 B 0.788 R
140 1.0 20 138.01 7.00 B 0.7 SR
17.0 120 55 132.00 .08 B 0520 VR
220 15.0 1.8 189.01 .58 G0 0.726 VR
20 18.0 120 200.00 .04 D 0.742 VR
17.0 12.6 105 163.26 7.36 B 0.804 VR
18.0 116 as 143.00 2.8 D 0.732 VR
130 "o 75 133.14 2.08 6D 0733 VR
100 120 100 156.20 220 L) 0.780 A
17.0 13.0 10.0 1684.01 -7.38 [s] 0.7890 VR
17.0 150 1.8 189.01 -7.58 GD 0.003 VR
2.0 160 100 180.28 740 Gv 0.682 VR
18.0 130 1.0 17020 T4 6D 0.803 VR
20 185 145 235.05 708 GD 0. VR
17.0 130 2.0 158.11 .30 GD 0.718 VR
150 1.0 70 130.38 7.09 ] 0.687 SR
28.0 190 160 26207 79 Gn 0.781 R
17.0 120 100 184.00 738 0 0.783 R
12.0 1.0 10.0 140.08 a2 Go 0.888 VA
180 1.0 70 12028 7.03 8 0.653 VR
15.0 120 10.0 156.20 7.20 Gp 0.822 VR
17.0 14.0 20 166.43 7.28 GD 0.608 VR
15.0 1.0 7.0 130.38 -7.03 8 0.687 SA
130 1n.o 75 103.14 -7.08 D 0783 VR
10.0 14.0 8.0 161.26 2.3 B 0.622 VR
190 180 14.0 228.04 2.83 6o 0.831 VR
18.0 12.0 65 136.47 7.09 ) 0.580 R
19.8 16.0 0.0 174.93 -7.48 GD 0.862 VR
16.0 10.0 6.5 110.27 4.80 B 0.688 VR
18.5 1.0 2.0 142.13 718 aAQ 0.764 R
20 180 1.0 194.18 -7.80 6D 0.630 VR
1.8 10.5 7.0 128.19 408 GD 0.740 VYR
125 100 7.8 125.00 897 Gb 0.747 VR
12.0 108 7.0 128.19 408 8 0.730 R
15.% 10.0 7.5 125.00 6.97 GD 0.713 VR



278

Axial dimensions (cm) Maximum Visual
opfuen CHSS sy min e St
(] ] ¢ Spherciy® Cilass®
e Y3 50 107.95 .75 GD 0.612 VR
155 9.0 80 108.17 Y’ 8 0.6 VR
"0 s 58 101.2¢ ™ ap 0.8 VR
0§ 18 'Y 20.26 483 ap 0.840 VR
120 108 18 120.09 7.0 0 0.784 SR
208 0.0 Y "o an ) 0812 VR
130 120 06 183.08 7.28 ] 0.639 n
130 as 8.0 104.04 470 ) 0.688 VR
120 'Y 10 118.00 480 D 0.758 VR
158 28 8.0 107.35 $.75 D 0.55¢ VR
120 15 5.0 20.14 P ap 0.852 VR
150 106 8.0 120.03 .0 ) 0.611 VR
"o 100 18 136.00 497 8 0.800 SR
15 130 05 161.01 EXY) ] o VR
120 a0 80 100.00 804 ap 0.7 R
1.0 130 100 164.00 738 0 0.753 VA
10 80 70 108.30 47 ] 0.623 VR
2.0 150 130 198.40 183 GD 0.747 VR
200 18.0 150 219932 .78 GD 0.089 VR
Q3 (0.7 ¥m)
147 20 55 105.48 472 ) 0.611 VR T
Y 70 30 76.18 £.26 p 0.527 R P
12 &5 .0 76.32 626 ) 0.699 v T
7.6 [X) 30 62.65 -5.97 [»] 0.680 VR T
12 8.0 20 83.25 -6.98 D 0.452 R P
8.3 5.4 Y ) 68.00 6.0 ) 0.753 SR P
8.3 55 LY ) 60.85 408 a 0.7¢7 " N
55 @ 20 6.52 5.54 B 0.567 5A P
58 as 20 " 5.60 AG 0.761 ) 1
08 80 as 8.7 445 8 0.656 R P
'Y 22 26 0 534 n 0.a80 A T
0.0 'Y 20 00.62 £.64 8 0.457 VA N
1.2 8.0 75 100.88 878 ) 0.058 A P
08 15 8.0 98.06 £59 ) 0.788 VR P
70 .6 34 §7.20 -5.84 B 0.711 SR P
5.5 4.0 a2 51.22 -5.69 D 0.77% VR 0
76 4.8 4.4 65.12 602 GD 0810 VR T
84 12 as 80.08 532 8 0.587 R T
108 84 50 97.76 £.61 8 0.656 SR p
8.3 45 a7 58.28 -5.88 ) 0.785 SR Y
8.0 55 10 82.66 -5.97 8 0.580 VA T
"y Y 84 107.20 674 B 0.741 VR T
70 70 43 8216 838 GT 0.723 VR N
79 as 30 @10 5.69 AG 0713 VR P
150 18 10 150.14 231 ) 0.880 VA P
160 8.0 45 21.79 £52 8 0.569 VR T
as 50 a8 1.03 6.9 o 0.858 SR P
8.7 % 1.8 §7.0¢ -6.83 [s] 0416 VR T
10.9 25 64 104.60 8.7 ar 0.583 VR T
146 0.4 4.0 102.16 6.67 [»] 0.489 YR T
8.0 5.8 8.0 76.58 £.26 o] a4 YR T
10.0 12 30 78.00 6.20 ! Q.600 R T
97 20 a5 87.32 645 8 0.540 SR T
10.0 7.0 45 83.22 4.38 GD 0.651 VR 2]
10.3 70 4.5 3.2 438 8 0.65% YR (4]



' em Maximum Visuw
T
s Y Sphenchy® Class®
8 Y3 30 71.69 rXT) AG 0.526 VR il
72 6.2 3¢ 70.71 414 AG 0.697 n ]
8.0 s 22 @0 5.40 (] 0.607 VR \{
"y 100 'Y 120.93 .02 ] 0.008 "] [
18 5 . 70.00 41 an 0760 vR ]
63 58 a3 6414 400 Gp 0.680 VR
0.1 78 58 %81 487 ® 0.700 " v
0 .7 2.3 52.33 £ GN 0.562 SR P
.0 .0 16 @n 542 n 0.454 sn P
80 40 Y 8547 57 GD 0.044 VR ]
. 'Y .7 72.38 419 ar 0.8%0 vA \ {
Y 78 “r #0.38 <0 ] 0.681 R \{
17 o Y] 57.60 -5.88 AQ 0.652 VR ]
108 20 a5 n.n Y D 0.0%2 VR Y
"e 6.8 56 ar.48 8.45 n 0.727 VR o
12.5 02 as 125.28 897 AG 0.858 VR o
6.2 .5 38 50.90 5.6 D 0.881 VR v
20 6.0 .2 73.2¢ $.10 G0 0.680 VR P
5.0 40 3.3 51.88 $.70 AG 0.773 8A P
105 Y 20 130.08 7.03 f 0.7 R v
18 5.5 3.0 62.65 597 G 0.504 R P
6.5 .7 20 55.78 5.80 8 0.885 VR \4
'Y 5.4 a2 .77 597 ) 0.5%4 ] \ {
Y 20 80 100.47 478 GY 0.7%0 VR 4
8.1 40 23 .14 553 ar 0.601 R P
70 55 a8 66.85 4.08 A 0.721 SR v
.0 as 20 “©Mn 539 D 0.650 VR r
a0 .5 3.0 54.08 5.78 B 0830 SR p
8.0 58 28 $1.33 5.04 ) 0.519 VA T
05 75 55 93.01 554 B 0752 ] T
18 6.5 30 71.50 £.16 B 0.580 ] P
130 100 +5 100.08 478 ) 0.538 A P
8.0 Y ) 25 45.40 £.51 Gb 0.650 n P
0 28 21 35.00 513 ) 0.739 R T
70 . ae #0.00 501 ) 0.728 VR p
6.4 45 28 53.00 573 8 0.648 VR T
20 105 2.0 138.20 EXT n 0.718 vR P
8.2 4.0 LY 57.60 5.86 D .70 SR 7
50 3.0 28 20.70 5.3 6D 0787 vA P
72 55 21 50.67 580 n 0.481 sn T
130 80 42 20.35 460 6D 0.5564 ) P
08 6.0 25 65.00 4.02 B 0.474 VR v
78 8.5 €0 76.32 825 Gb 0.681 VR P
"s 8.0 5.8 106.00 &7 ) 0.705 VA P
120 a0 5§ 97.08 £60 ) 0.880 VR P
60 LY ) 30 @0 -5.80 ) 0.734 vR P
Y a2 14 1872 520 8 0.530 VR P
58 .2 26 49.40 5.69 () 0.652 R P
0.8 8.0 85 10°.08 869 ) 0.788 VR P
20 58 .8 74.0 421 n 0.740 A T
as 7.0 48 83.78 839 D 0.708 R P
2.8 85 28 ango 447 D 0.433 VR T
50 42 25 4808 5.61 8 0.889 SR T
15.0 138 920 162.26 734 GD 0.737 v T
6.2 5.4 25 58.51 -5.80 ) 0.572 a p
55 35 25 43,01 5.43 G1 0.687 A P



3

Axial dimensions (em) Clasi/siove  Clasi/siove Maximum Vol o aane
s’ (mm)  sze' () NGOy’ Projection Orientajion®
[} b ¢ Sphercly’ Clase’
113 2.8 65 100 AT o 0.567 VA 1
120 o . 1819 . ap 0718 A Y
128 s Py 70.08 s . 0.0 = p
108 . 55 101.2¢ o0 ap 0.807 VA Y
o8 80 Y 00.35 4% ap 0.608 R Y
120 10 80 120.09 o o 0.650 VA T
108 70 0 0o 43 0 0.002 VA p
s 54 28 00.89 593 8 0.586 n v
12 50 30 58.31 587 " 0.630 R p
o e 8 .08 528 0 0.530 VR Y
. 3 . %" P » 0.688 R p
s .2 Py 5487 &7 ap 0.888 VA p
81 .2 a §2.90 70 ar 0.731 A Y
30 28 13 .18 22 GD 0.000 VA v
63 5 " §7.57 588 8 0.67 VA p
8.2 R X ] X ] “.4 -5.47 B on2 ] P
52 30 28 "o 538 0 0.706 A v
37 s 30 4620 -5.53 1] 0.888 SR \
30 38 20 41.18 -8.38 AG 0.658 VR \
. 28 23 .24 518 B 0.754 A T
12.3 8.3 7. 108.68 £.76 2] 0.783 VR T
08 (%] 5.4 04.50 -6.40 GD 0.77 VR P
[.X.] 48 4.0 62.48 -5.97 B 0.788 SR ]
(X ] 25 22 . -8.08 8 0.740 SA A §
32 2§ 20 20 500 G 0.704 VR T
%9 4.0 30 50.00 -5.64 AG 0.72% R P
a8 4.8 32 856.22 -8.79 GM 0.708 SR T
(X} 4.5 20 49.24 -§.62 ] 0.513 SR T
8.1 4.4 1.7 4717 -5.60 D 0.508 S8R T
029 (80.63 bm)

24.0 140 a0 178.80 -7.48 GR 0.560 VR A
180 13.0 7.0 147.68 -7.21 D 0.618 VR A
14.0 8.0 8.0 -7 ] ) 6.56 B 0.607 R T
140 1.0 70 130.08 203 B 0.609 SR T
10.0 88 4.0 .94 4.56 GR 0.57% VR T
12.0 9.0 5.0 102.28 £.69 B 0.614 VR 2]
170 16.0 130 203.18 2.60 G 0.053 VA N
170 120 80 16422 297 ) 0.670 VR p
100 70 4.8 02 4.8 8 0.801 R P
1.0 7.0 30 76.18 4.26 B 0.400 YR ¥
15.0 1.0 7.0 13038 -7.03 1] Q.687 R P
a0 6.0 [.X.] a41.30 $.356 GD 0.857 VR A
130 8.0 8.0 4.4 £.58 GD 0.622 VYR T
0.0 14.0 7.0 168.52 -1.20 (<] 0.550 SR P
11.0 7.0 4.0 80.62 433 [»] 0.582 VYR P
2.0 4.0 3.0 §0.00 -65.64 GB Q.60 VYR 2]
27.0 1.0 1.0 231.07 -7.89 GD 0.588 VR P
18.0 12.0 1.0 138.92 712 GD 0.634 VR P
13.0 7.0 4.5 83.22 £.38 GB 0.6086 VR P
8.0 6.5 3.0 71.5Q 618 :] 0.667 R T
11.0 8.0 8.0 100.00 464 GD 0.742 VR P
120 .0 80 108.17 4.78 GD 0.69) YR T
100 85 4.5 79.08 430 GD Q.678 YR T
1.0 as 8.5 107.00 |.74 GT 0.767 YR [
160 9.5 55 100.77 PN B 0.584 VR P



3

Axial gimentions {cm) Maximum Vausl
z‘;:!/m c"&/:,"(: Uihclogy’  Frojection ] m
s ) < e e Spherichy’ G’ —
80 130 00 84,01 .38 G0 0.763 VR »
128 75 "0 08.08 6590 8 077 A P
130 100 20 136.54 207 0 0.854 VA Y
1.0 1.0 .8 130.01 212 a0 0se vA N
10 79 0 .02 .6 . 0887 VA Y
"o 70 48 3.2 4% aD 0.841 VR [ ]
20 80 30 "5 0 s 0.500 VR v
2.0 190 70 202.48 708 o 0480 V) Y
0.0 as %0 (7Y -] 49 ap X ] R \
1.0 00 80 108.97 &7 ) 074 R \{
Y] 130 120 178.00 14 ap 0835 VR P
"s 10.0 . 100.68 on as 0.581 VA Y
1086 60 5.8 "9 4385 an 0.783 VR [ ]
14.0 1.0 70 130.39 703 an 0.889 VR p
1.0 90 70 11602 £89 ap 0.791 VA Y
17.0 12.0 20 150.00 223 GR 0.736 VR Y
128 100 55 1413 48 an 0.823 n Y
00 0.0 300 Q438 A 6D 0.754 VR P
s0 30.0 200 380.58 849 ap 0718 v P
133 1.0 s 0.7 7.00 an 0.881 VR 0
120 100 50 111.80 440 80 0.503 VR p
170 106 50 116.30 S48 8 0510 VA Y
"o 05 80 124.0 808 av 0.840 VR p
00 88 28 8084 a2 ] 0.40¢ VR \
240 180 80 165.98 262 D 0520 VR p
12.9 100 50 111.80 .80 GB 0.588 VR P
10.¢ 102 50 13.80 £.83 G 0818 R N
80 70 50 26.02 643 GB 0.784 VR p
"o 65 5.0 82.01 £.38 Gp 0.70¢ VR Y
00 70 5 0.2 £.38 ey 0.685 VR P
68 80 0 72.11 817 ap 0763 vR \
a0 20.0 190 31038 $.40 0 0880 va Y
00 26.0 16.0 208.82 a2 GD 0.600 VR Y
31.0 2.0 17.0 204.11 $.20 av 0.730 VR p
2.0 15.0 130 108.40 783 ] o VR P
17.0 12,6 20 154.08 a ap 0.726 VR P
8 53 .3 .28 400 Gp 0.788 VR p
) s 23 4108 £30 D 0717 VR T
a2 27 23 .47 £18 6o 0.849 VR P
58 36 30 6.0 5.5 ar 0.783 VR Y
58 .0 386 53.15 £73 Gp 0.823 vR P
65 €0 30 50.00 584 GD 0.702 R P
5.2 50 23 56.04 578 B 0.588 SR P
0.0 8.0 60 100.00 .64 B 0.704 R p
80 57 a8 68.51 410 ap 0.7%0 SR A\
82 48 as 80.00 501 GB 0.758 VR P
87 50 10 83.14 573 ) 0.450 8a P
04 25 18 0.8 408 GB 0686 8 Y
146 82 50 70.85 632 8 0883 VA p
5.1 22 18 27.20 “m 8 0.811 sA Y
a 27 1.6 31.38 4.97 Gp 0.674 SR T
8.0 5.8 3.0 02.65 507 Gp 0.640 SR T
55 30 21 16.62 £19 GB 0.644 R
34 1.9 1.4 23.60 <58 GB 0672 VR T
“ 39 28 ®32 £.59 Gv 0.604 R p
52 3.3 17 art2 £21 B 0.652 SR T



3

i

Auia) dimensions (cm) Cust/siove  Cusi/iow W m Clast s0xd

sze’ (mm) size’ () y  Orienialion®

s » ¢ Sphericly’ Class

“ a0 38 X[ %7 G oa8Y VR —v
.2 .0 8 an 543 ar 0.612 " Y
8 87 .3 7.0 .18 ° 0.758 " v
83 80 . 75.00 n a0 0.7¢1 VA )
e 80 as 81.09 5. G0 0.750 VR \
e 30 25 TS 545 ao o718 VR Y
) .0 20 “n 548 ) 0.581 " v
87 50 0 4.0 800 GY 0.782 VR P
30 28 17 32.78 509 ar 0.701 ) .
7] 32 24 €0.00 532 Go 0.620 VR \
.0 38 28 3.0 543 ) 0.784 va »
0 30 23 37.00 53¢ ar 0.707 VR (]
74 50 “ 80.31 412 [ Y™ ®w Y
s¢ 20 20 35.93 514 aN 060 n Y
27 20 T3 25.00 <84 P 0.7¢7 s P
53 38 27 w8 'y 6o o.713 R P
. 28 13 28.18 a2 " 0.559 SR »
00 70 . 83.22 438 oY 0.6as sA P
10 70 50 86.02 46 GD o.687 SR \
80 .0 20 “wn 548 G. 0.500 R T
.0 30 10 31.62 498 Gu 0.437 SR r
50 as 20 0.3 53 8 081 SA P
50 30 15 33.54 507 Gp 0.53 SA )
.0 26 18 20.15 YY) GD 0.608 SR p
5.0 .0 28 @97 558 GT 0679 8A T
18 .5 38 57.01 583 Gn 0713 R P
80 80 .5 75.00 823 ) 0.750 8A v
1.6 20 60 108.17 47 Gp 0.700 VA T
20 78 5% 03.00 454 G0 0.788 VR Y
24.0 20,0 140 20413 7.09 e 0.742 VA Y
0.0 70 80 as.02 £43 G0 0.738 A p
0 80 s 80.48 812 GT 0663 R P
80 70 50 85.02 04 67 0.764 R T
140 12.5 1.0 168.51 2.8 0 0.a94 VR T
180 13.0 8.0 152.64 7.28 G0 0.675 VR T
a8 8.0 6.0 78.10 8.20 GD 0.7a8 VYR [
62 .0 18 «3.08 545 ] 0507 SR )
a8 6.5 6.0 18.48 847 GR 0.084 VA p
8 80 50 70.10 820 GT 07% VR T
80 8.0 30 87.08 807 Gh 0572 VR p
) 32 13 34.84 511 n 0.470 88 Y
130 70 0 8082 43 ) 0.580 VR \
150 14.0 70 158.52 P GD ome VR Y
95 78 0 87.08 £.45 GR 0.600 VR T
80 33 30 4480 548 B 0.760 VR T
4.0 30 28 39.05 -8 GD 0.e05 R T
50 42 20 652 5.54 GB 0.575 VA P
17.6 14.0 105 175.00 746 G8 0.768 VR P
70 65 .5 79.08 630 0 0.763 VR N
120 9.5 8.0 112.08 481 -] 0.651 VR T
180 8.0 8.0 4.2 H.58 GB 0.59) R -]
64 .1 17 .38 547 B 0.470 VR P
20 65 . 79.08 420 GD 070 SR P
. 34 22 40.50 £.34 GB o0.a88 VR P
a7 32 26 a2 £37 GB 0.830 VR T
5.4 42 32 52.80 472 GT 0.787 R T



Axia) dimensions (cm) Cust/vove  Cusi/sow o, ,,,""""“"'m o Visusl Cast s-axe
0.1 57 20 80.¢1 Y Gb 0411 VR g
'Y .0 28 @8 46 GD o.778 R »
00 55 EY) 83.63 400 14 0818 VR P
') . 33 50.08 0 (1] 0580 VR A {
1. 'Y .0 104.92 an [ 0.401 n »
o8 13 50 20.1¢ .0 ap 0.708 ) ’
53 X 28 50.04 591 ap 0.854 VA N
o 30 20 28.08 517 ar o.eas n ]
16. 19 00 15.11 7.9 ap 0.738 VR ]
. a8 30 «€10 4.8 ap 0.09¢ VA »
180 128 0.0 102.95 .34 0 0.003 VA 4
'Y 50 3 5.9 580 GD 0.884 VA »
£.3 24 23 " 558 av 0.8 vR Y
80 70 as T0.88 432 ap 0.6%8 VA Y
120 Y] as 77.90 2 GY 0.561 VA -]
8.0 130 20 152.64 7.28 ar 0.649 VR p
150 128 8.0 156.02 7.2 D 0.681 VR N
139 108 as 13500 -7.00 an 0.708 VR A {
74 13 54 1450 440 G0 0.8%9 VA P
20 72 (13 20.00 450 an 0.778 n T
78 80 40 nn 417 on 0.708 VA p
12,0 108 a0 132.00 -7.04 an 0.708 VR T
14.0 1.0 100 14088 2] an 0.888 v Y
05 8o 5.5 97.08 4.0 p 0.718 VA P
1.0 2.0 55 105.48 472 ap 0.674 VR T
190 120 05 161.01 -7.38 @D 0.8 VR T
1.0 160 8.0 152.32 .26 L) 0.533 VR T
270 200 1.0 220.25 -7.89 GD 0.607 VA \ {
200 180 70 16313 1.59 ) 0.514 v P
18.0 126 1.0 188.51 EXT] ) 0.848 VA p
100 140 120 184.90 -7.59 an ons vA 4
20 180 170 247.59 7.05 GD 0.70% VR P
200 108 100 210.30 n ) 0847 VA T
72 88 as 7302 49 GY 0.840 v P
82 40 as 53.18 573 n 0.720 VA A 4
52 .0 20 54.00 578 ) 0729 VA p
77 8.0 a7 70.40 414 aD 0.857 VA P
Y 8.0 45 91.70 452 ) 0.680 VA N
2.4 70 55 se.02 .48 Gp 0.772 vA P
26.0 15.0 2.0 174.03 -7.48 6D 0.800 VA T
0.7 25 8.2 112.44 6.09 6D 0.723 VA n
200 120 70 12892 742 GD 0.599 R 0
8.0 Y 7.0 108.30 473 GY 0.01% VR y
10.0 50 25 55.00 -5.80 n 0.500 SR T
115 80 8.0 160.60 584 8 0.731 VR \ ¢
200 180 s 213.00 an D o718 vA T
Y 85 40 2 $35 a7 0.831 n T
104 80 34 8,03 444 Gp 0.518 A r
2.0 70 a6 70.20 420 GB 0.809 VA v
0 130 120 176.02 7.47 ) 0.7¢8 v T
Y] 80 as 7.3 445 ) 0.539 n \ {
180 1.0 a0 13801 -7.09 GD 0.720 VR T
1.5 10.0 a0 128.08 7.00 ) 0.823 VR T
18.0 1.3 8.2 120.62 E XL a8 0719 VR c
12.2 103 78 127.01 800 G0 0.766 VR T
80 6.4 25 68.71 410 B 0.488 R P



8

A AN A A A A TV VAT A DA 4D DT ADDA~A~d A A4 ADDAA DDV AT AV A XTI DA~~~ 2« Of

Axia) dimensions (om) Cust/siove  Clast/sove Maximum VUl ey pa
. " T owtiom s ORI e Orieniaton’
Y] %0 5.0 76.10 X ) GO 0.708 v
170 14.0 1.0 178.06 7.4 G0 0.708 VR
128 2.3 65 12012 292 ar 0.850 VR
EY ) 188 120 204.02 e G0 0.001 VR
1. 100 80 128.08 700 ] 0.737 SR
140 "s 50 126.40 o7 GD 0837 vA
"ns 65 80 0201 £.38 0 0.60¢ VR
100 150 100 180.28 .40 ao 0.708 VA
180 1.0 80 138.01 700 Gh Y™ )
00 18 50 0.14 440 ao o VR
20 190 1.0 210.84 an ar o.em v
100 " 80 100.3 T ® 0.680 VA
120 'Y .0 103.08 -m » 0.590 1)
100 00 50 ™10 420 Gn 0747 VA
80 50 as #1.03 599 [ 0.742 VR
70 60 30 o7.08 807 av 0.508 VR
80 50 .0 54.09 400 B 077 SR
100 80 .5 0.7 852 8 0.639 R
12.0 00 5.0 102.08 480 () 0816 VR
12.0 00 60 108.17 876 D 0693 VA
16.0 120 70 138.92 712 GD 0.6 VR
20 17.0 8.0 187.08 -7.58 6o 0.556 VA
78 .5 .0 0.2 501 an 0.780 VR
100 140 80 161.25 2.23 Go 0.633 VR
as 80 .5 75.00 623 D 0.73% VR
100 80 50 7810 420 ar 0.747 A
1.0 0.0 8.0 108,17 47 a0 0.714 vR
1.0 80 20 85.44 642 ) 0.488 R
"s 05 6.0 12.38 40 8 0.60 R
80 6.0 .0 7211 447 Gn 0.693 VR
14.0 1.0 80 136.01 -7.00 Gn 0.748 VR
14.0 80 70 108.90 473 8 0.750 R
108 18 40 #6.00 44 ] 0.588 VR
12.0 10.0 65 1927 £.00 Gn 0.708 VR
12.0 8.0 50 .34 458 [} 0.830 VR
100 70 30 76.18 $.35 f 0.506 VR
as 70 5.5 80.02 P 8 0.798 SR
17.0 10.0 70 122.00 693 Go 0.681 VR
18.0 100 80 1802 Py D 0.600 R
18.0 120 70 1002 742 6o 0.634 VR
1.0 8.0 8.0 100.00 Y Go 0.742 vR
80 85 45 70.08 430 ap 0.730 vR
8.0 00 30 s0.00 584 ) 0.721 VR
20 17.0 00 192.36 -7.50 6D 0.601 R
180 10.0 Q.0 134.54 -7.07 D 0.768 VR
1.0 76 40 85.00 641 ) 0.579 vA
80 74 .0 84.12 £.30 Go 0.647 VR
9.0 85 65 107.00 674 ) 0.820 VR
15.0 05 70 118.00 888 GD 0.701 R
2.0 80 50 .34 656 GT 0.703 VA
23 8.0 as 87.32 645 Gp 0.548 VR
70 53 40 88.40 805 8 0.7%8 A
18.0 1.0 8.0 126.01 700 GD 0.6a8 VR
200 1.0 2.0 14213 718 Ga 0.n7 VA
100 70 6.5 96.52 858 Gv 0.845 R
14.0 11.0 90 14213 718 GD 0.807 VR



Axia) dimensions (cm) Ciagi/siove  Clasl/siove Maximum VUl oy pans
slzo'/(mm) m/o' @ Umoioey’  Prolection  Roundne®d oy one
[ b [ Clasy
Y3 EX] 0 ~85.00 ¥y ar 0.608 A ®
190 120 00 14z an (14 088 R »
2.0 1.0 1.0 185.88 an [ 0819 VR P
'Y s (Y 101.2¢ T G0 0.7 R \{
140 100 s0 e Py Gs 0.638 VA 4
190 130 70 147.08 an Ge 0.50¢ " P
178 1.0 ) 138,14 708 G0 0.88¢ R p
19.0 17.0 130 214.01 2.7 6o 0.008 VR 0
12.0 106 00 132.00 .08 6o 0.708 VR [
120 100 78 128.00 -0 () orm " \{
8.0 80 . 7.0 -2 () 0813 VR N
"ns .8 85 107.00 PN " 0758 ) v
120 10.0 100 141.42 244 G0 0.041 VR Y
190 13.0 80 143.18 798 6o 0.538 VR P
12.0 120 8 141.81 794 ap 0.731 VA N
15.0 100 8 125.00 Y (7)) 0.7 va P
20.0 140 13.0 101.08 258 6D 0.868 VR
200 18.0 12.0 200.00 .84 ap 0.7 va P
20 8.0 50 710 420 ap 0.77¢ VR P
120 8.0 .5 91.70 65 60 0.506 VR T
80 85 .5 70.08 630 Gr 0.7%0 VR \
8.0 0 a0 50.00 5.04 GY 0.721 VA p
190 14.0 00 161.26 2.3 Go 0822 VR \
20.0 16.0 20 174.99 748 ) 0.048 VR \
10.0 18.0 80 178.00 7.0 8 0.808 VR Y
14.0 1.0 8.0 126.00 4.97 [¢12] 0.616 n T
12.0 20 6.0 108.17 878 D 0678 VA p
210 1.0 70 130.38 7.08 6D 0.508 VR Y
190 1.0 70 130.39 103 B 0617 R v
18.0 120 80 144.22 an 6D 0.609 vR p
14.0 120 .0 128.40 Y [ 0.457 va \
20 70 50 8802 8.4 6D 0.738 a8 p
70 50 a0 8.9 587 " 0.638 R \§
20 15 .0 #5.00 841 GD 0.810 VR Y
80 8.0 45 75.00 823 Gp 0.750 VA p
70 50 38 1.0 508 a7 0.708 VR \
130 9.0 8.0 120.42 891 GT 0018 VR T
240 17.0 10.0 197.23 82 6o 0.628 VR Y
17.0 10.0 70 122.07 £$93 [<]a] 0.681 VR P
170 1.0 7.0 130.38 7.0 6o 0.840 R T
20 70 5.0 88.02 443 D 0.735 VR P
15.0 1.0 80 126.30 407 6o 0.a02 va )
120 0.0 50 102.08 680 8 0.508 SR T
00 8.0 20 63.25 5.99 8 0420 VA T
120 8.0 50 78.10 820 6D 0.703 VR p
QF (38.35 tm)

11.0 78 7.0 102.59 4.65 GD 0.841 VR A g
10. 58 30 2.5 597 B 0.538 R T
78 70 .8 84.88 &4 GT 0.760 R N
80 78 .5 .06 840 GT 0.088 R p
2.2 a0 4.7 9278 £.54 GB 0.504 VR ]
10.0 e 58 106.39 a7 GD 0.728 VR P
87 .2 256 .88 561 GD 0.608 R T
s 6.4 26 68.71 £.10 ) 0.484 VR T
9.4 65 02 7.39 .27 " 0.681 3R P



8

Axial dimenaions (cm) Cast/siove  Clasi/siove Maximum VU oy s ar
sze' (mm) sz’ (@) MOy’ Projection Orientation®

[ ] ¢ Sphercly’ Clans®
70 5.5 20 8.8 587 Ge 0.470 T VA ]
"s 85 .0 03.04 455 8 0.547 n Y
"o 7.0 8 92.20 FY) 8 0.7 VR ”
78 6.0 s 09.48 412 G 0.840 VR ’
100 18 8.0 6.08 450 GD 0.783 VA »
78 50 s 1.0 5.93 8 0.880 VR Y
188 100 100 100.42 e GD 0.848 VA P
as 83 Y $3.94 8.55 GB 0.650 VR T
s 60 5y ° Y D 0.820 VA »
102 'Y .5 70.08 40 Gv 0.873 VA Y
100 70 50 Y. 4.6 GD 0.700 VA »
" 00 80 100.00 a8 ar orn sn P
70 50 30 8.3 587 [ 0.638 % Y
53 3 30 52.43 el ap 0.734 VA P
(X ] 4.0 30 §0.00 -5.64 GD 0.742 VR [
102 as 50 20.48 664 GB 0.659 VR P
87 as 22 “.3 £37 8 0.501 R v
78 56 40 8.01 £.00 GD 0.728 VA Y
59 'Y «0 60.21 591 GD 0.050 VR T
138 20 70 11402 483 Gb 0.730 VA Y
10.2 55 30 62.85 5.97 GB 0.543 VA T
1"s 8.0 6.0 100.00 664 GY 070 A T
a5 75 20 .69 428 0.397 VR T
1.8 Y a0 71.50 610 8 0.404 A P
28 8.0 a5 00.48 412 GD 0.590 A T
1.0 as 50 22.01 838 6B 0.704 R P
X 20 0 7.1 817 Go 0.708 SR ¥
10.8 9.0 65 11.02 4.79 n 0.765 VR T
8.0 6.5 . 79.08 430 Gh 0.730 VR Y
12.0 1.0 8.0 126.30 497 a1 0.631 SR P
a8 50 25 55.80 5.80 a 0.528 vR T
100 70 5.5 8.2 840 ar 0.758 A T
100 8.8 7.0 "on $4.78 GD 0.032 R P
05 8.0 as 69.48 £12 8 0.599 R \
100 80 5 91.79 £.52 B 0.639 R P
200 17.0 5.0 180.28 .49 n 0.473 SR P
80 70 a0 76.16 £.28 GD 0.544 R \
8.0 40 25 717 5.8 8 0839 VR r
as 40 as 53.16 573 6D 0.770 SR p
1.8 100 85 19.27 420 GD 0710 VA T
70 5.0 35 $1.03 593 8 0706 vA Y
70 8.5 40 76.32 £.25 GT 0.708 VR T
20 40 3.0 50.00 5.64 n 0630 SR P
10.8 5.0 .0 £4.03 £.00 A 0673 SR T
4.0 60 4.5 75.00 6.23 GD 0.760 VR R
5.8 4.0 30 50.60 -6.64 GD 0.742 R A\
7.0 8.8 4.9 71.08 618 GD 0.807 YR T
14.0 8.0 6.0 100.60 464 1] 0688 VR ]
20 6.0 4.5 75.00 4.23 G7 Q721 R P
18 10.0 70 122.07 493 GD 0.752 VR P
65 55 4.0 69.01 6.09 6D 0.766 VA T

024 (38.09 bm)

8.0 5.0 4.0 64.03 $.00 GY 0.737 R 2]
98 6.5 88§ 85.1% 6.4 [+] 0.788 R P
8.0 4.0 30 80.00 -5.64 8 Q721 SR 2]



24
Axial dimengions (cm) Casi/sive  Clasi/siove Maximum VISl gy vaxie
we' (mm)  sae(g) ANoeqy’  Frolediion ' Oreralion®

L ] ¢ Spherioly* Clags'
N A e R 4
%0 38 30 40.10 Y] oY 0.750 " Y
50 (% ) 28 51.48 4.08 ] 0682 L] [ J
(X ] 36 18 368 428 (<]+] 0.623 SR [ J
18 120 as 126.00 P " 0.413 R ]
50 36 20 «wNn 433 an o n [ ]
$0 (X ] 20 €0.3¢ 4.62 <1+ 0.589 n [ ]
50 .0 as 83,18 573 o 0.840 R ]
5.0 4.0 20 %0.00 5.64 <14 0.768 A v
8 30 1.0 ne 4.08 ] 0.467 SR A 4
s 38 20 40.3¢ 4.3 ] 0.680 1] N
20 80 5.0 8.0 420 (1] 0.805 VR P
6.0 ¢85 20 40.2¢ -5.62 (<24 0.620 SR [
[ X £ X 1 X ] Q0 543 GD 0.688 SR r
Y .0 as 5318 47 G 0.893 n N
as 30 20 a6.00 517 GY 0.728 n T
48 30 20 38.08 817 0 0.687 ] ]
80 20 28 3006 520 8 0.703 A P
8.0 4.6 25 §1.40 -§.00 <14 0.852 [ ] A
(X ] 8.5 6.0 a548 £.47 (<} 4 0.887 VR \ s
100 o8 28 00.64 412 8 0.458 A T
126 100 8.0 11662 487 (3 0.880 ] P
18 [ X3 40 70.32 428 <) 4 0.680 SR A §
55 Y ) 25 51.48 580 (34 0.81 SR P
(X} 35 25 Q.01 -§.43 ] 0.7 SR h g
55 45 30 54.0 576 GY 0714 R T
as 30 25 30.06 520 GY 0.604 R T
8.5 55 .0 £8.01 400 D 0.708 VA P
a0 20 19 27.60 <79 B 0044 A \ {
55 . .0 8248 507 6D 0.048 8n \{
55 22 22 ann 408 P 0.7 A T
%] h X ] 1.3 4016 4.3 ()4 n.432 R \
126 Y 1) 1.0 470 0 0.703 8A T
. .2 27 49.0% 504 ar o720 R N
82 8.5 18 67.45 508 Gh 0.920 v v
a0 45 .5 8364 509 6D 0.825 A P
140 56 a6 68.04 508 B 0.510 R P
a0 30 26 39.05 530 D 0.888 VA N
59 33 20 28,50 £27 8 0.612 VA P
43 38 20 2. 542 8 0.628 sA T
57 .0 248 Y 581 GY 0.701 VR \§
as 8.0 ao ar.08 07 (14 0.681 VR P
80 53 .2 67.62 $08 GD 0.747 ] P
8.0 30 25 20.05 520 ar 0.703 SR o
45 30 18 24.90 513 GD 0.821 SR ]
63 30 248 41.04 -§.38 8 0.748 ] T
10.0 8.0 50 78.10 8320 ar 0.747 VR T
s a7 20 4208 -6.20 8 0.542 VR T
.0 Y 13 .18 539 B 0.440 A P
82 5.8 23 6230 5,88 GD 0.481 A v
53 30 8 4208 530 8 0.544 VR P
1.2 20 25 23.41 456 6B 0.398 sA P
8.0 5 as 57.01 589 [ 0.768 VR P
7.2 7 30 55.76 -5.80 GD 0.643 R T
5.8 a5 as 49.50 5,63 GD 0.856 R P
70 5.2 47 70.00 €13 6T 0.047 VR T
132 53 40 68.40 £.05 B 0612 SR P



B

Axial dimenaions (cm) Clasi/siove  Clast/siove Maximum VR oy garl
e’ wm)  sae (¢ CAnoleqy’  Prolection S Orentation?
. » Class
5% 45 25 5.0 560 34 0.6 (7Y v
038 (35.14 Im)
08 78 50 90.1¢ 40 a0 0.708 VA Y
1.8 [ X ] 70 110.11 478 [<{»] 0.704 n 4
108 20 80 10847 o ap 0.7 VA Y
10.3 . 12 100.12 an D 0.880 VR Y
138 128 00 184.09 a9 av 0.789 A 3
109 08 58 100.77 on 0 o8 R P
180 "s 020 148.09 299 ap 0.781 VR p
128 Y 70 1e.00 Py o 0.7¢¢ " ”
"o o8 10 110.19 an an 0.808 VA P
20 10 10 9.2 48) ap 0.000 VR P
128 100 10 122.07 499 D 0.7 R r
16.0 18 7.0 148 1.07 GD 0.643 VR [
14.0 8.0 8.0 34.05 Py GY 0.75¢ 8A o
08 79 50 88.02 84 Gp 0722 VR T
10.7 o 85 111.89 Py GD 0.787 VR p
4.0 90 4.5 100.62 4.66 (34 0.454 [ P
1.0 130 8.0 130.28 -7.12 aQy 0.481 R 4
200 180 120 200.00 764 Gp 0.788 88 P
20 18.0 10.0 206.91 20 GD 0832 VA P
17.0 140 100 172.08 2.4 6D 0.740 VR T
158 10 08 145.34 218 Gn 0.800 VA P
133 12.0 70 12802 292 GT 0678 R T
25 19.0 8.5 0815 170 [<]s) 0.563 R
200 130 8.0 152.84 228 0 0827 R Y
220 18.0 1.0 210.06 an Go 0.67¢ n Y
a0 150 10.0 180.28 -7.40 GD 0.682 VR T
" 1.8 .3 122.78 o0 Gp 0.519 vA N
17.8 1.0 5.4 122.54 .04 A 0633 A p
14.0 8.0 a0 n314 482 G 0.830 VR p
18.0 100 6.5 near 600 D 0.642 A p
098 (37.48 bm)

14.0 100 8.0 128.08 -7.00 [¢]:] 0.0 VR A
128 s 40 93.84 655 P 0.602 VR p
16.0 14.0 70 188.62 -1.80 GV 0.603 YR T
14.0 11.0 10.0 148.08 1% Go 0.088 n T
21.0 16.0 10.0 180.20 740 GT 0.892 A P
16.0 11.0 9.0 142.13 AL ] Gn 0.772 R Y
15.0 "0 80 126.30 897 6o 0.68% A P
1.0 8.0 70 108.30 &7 GT 0.623 VR p
15.0 LS 6.0 126.20 £.97 D 0.602 R T
19.0 ‘4.0 10.0 172.05 -71.43 GD 0.722 R A
2.0 i 7.8 i00.68 £.78 G7 0.9 YR ]
14.0 8.0 6.0 108.17 4.76 GD 0.650 VR -]
16.0 1.0 10.0 14808 -1.22 GD 0.828 VR A
17.0 13.0 80 168.11 -7.30 GD 0.716 VR P
800 13.0 2.9 188.11 7.0 [»] 0.678 VR T
140 2.0 a0 120.42 4.9 GD 0.7%4 YA [
21.0 160 6.0 170.88 242 GD 0.475 R T
14.0 11.0 70 130.28 -7.03 [»] 0.68) YR T
100 a0 80 100.00 4.04 GT Q.7a88 VR T
13.0 1.0 9.0 142.13 718 o] Q.827 YR Y
200 14.0 8.0 161.26 1.3 B Q.611 VR P
15.0 1.0 10.0 148.68 -1.22 GD 0848 VR T



86

Axial simenaions (cm) Maximum Visusl
rol i ity Umcogy  Woleston nauncress oLl

e L) ¢ Sphencly’ Clans
148 { X ] { 1] 108.7 4.7 ad 065 L] Y
130 10 (1] 0.2 4.3 4] 0.008 VR r
14.0 [ 1.} %0 .10 4.9 ] 0.en VR A §
120 00 .0 10817 4.7 an 0.003 L] A
130 100 0 1160 48 [ ] 0682 1] ]
140 "o 00 14213 BAL) ar 0.007 L] [ ]
AL X ] 80 [ 1] 113.1¢ 48 an 0.8 R v
14.0 100 70 12207 4.9 ] 0.708 7] \{
100 80 50 YRV Fy 6D o R
190 120 80 13416 .07 an o5 "
20 2.0 140 20413 7.09 ] 0.807 va T
130 20 80 102.08 4.60 ap 0.408 ] P
16.0 130 30 13342 7.08 (] 0.907 VA Y
100 10 §.0 80 44 an 0.700 ] ]
"o 0.0 80 10817 . [] 0716 SR  {
100 'Y 80 100.00 484 ar 0.788 VR Y

I SRR e

Clast/siave 8129 (3) In mm: ¥ @ V(' + o), where ciast D-axip and c-axis dimensions are converied lo mm.

Clast/siove site (1) in ¢ ¥ » (-lag,.x)/(ag,).

tinsiagy:  AD. andesiie; AG. argiiife; i, metahasan; D, diame; GB, ganbr; GD, granadiorfie; GN, gneies; GT, granite; GY, greywacke.

Sphenichy:  Valuss calculaled using Maximum Projaction Sphericity (7, Snead and Follk, 1088).

Rounvinsss: Dale coliscied i the fomm of visual roundness classes (Rowars, 19583). Caiculslions in the Tahls 5.6 are bated on (ke
geomsine maans (GM) of Ihe visus) Foundness classes. VR, very reunded (GM » 0.84); A, raundad (GM = 0.60); 8R,
submounast (GM = 0.41); 84, subanguiar (GM = 0.30); A, angular (GM e 0.21); VA very anguiar (GM » 0.14).

Oneniatian: Orisniation of the ciast s-axis with respact 1o the orentation of the maximum dip of s ab-piane. N, no obvious a-axis; O,
#-avis oblique: P, a-axis paralisl; T. 8-axis iransvarse.

No 8-avis onsniation data avaliable for pit Q30



APPENDIX §

Fabric data! from grave! facies and structures within the Harricana glaciofiuvial complex, Québec?.

O1/1-3RNE (Plana-bedded grovel)
o m § 38 316 40 M5 64 %0 7 S0 IT 0 ¢ G0 82 A6 3 o6 4% W 62 M
0 W WO 6 WS 0 § 38 855 15 65 48 MO 62 45 00 M5 8 88 & % 206
20 7 1078 36 ¢ NG &1 306 13 50 % & 8 1% 42 06 % 26 s 8 8%
3 S0 90 35 26 17 I665 45 55 13 65 66 45 15 70 &0 I 22 o6 @ 100 66 ]3O
350 ¢2 M5 88 188 7 MO0 83 20 3 X0 N 0 27 355 18 IS0 16 MA@ JE2 €2 208
Q1/1-3LKS (Plane-bedded grevel)
MO 22 18 0 § 3 20 38 65 08 16 28 20 53 254 4R 6 16 6 R 386 N 136
150 §7 3% ¥ @ %0 0O 3 95 3 15 32 205 42 85 15 335 40 A5 4 W W 08
50 30 360 31 W86 6 M5 14 105 30 A5 22 8% 1A NG ¥ Ne § 8 MHE M "
950 33 QA7 38 350 SB 110 48 386 12 276 46 35 38 165 2 05 I 6D 0 305 a8 N
300 S8 115 13 9 &7 0 32 2065 30 M5 28 M0 ¢ M8 M 355 27 A B 46 R M
Q28/3-% (Imurieate, polymodsl gravel with in-phase wave surtaces)
A8 97 286 3 248 10 130 2¢ 326 32 200 16 268 25 326 40 M7 17 275 & 30 10 208
R0 22 35D 3D 55 Y7 AN O M5 32 28O Y1 270 & 30N 10 WG K 0 65 M5 0 6
76 11 286 12 955 12 250 30 48 22 270 5 286 13 300 0 A5 10 303 ¢ 285 2 240
265 14 200 12 200 30 AND & 265 26 320 32 272 10 M5 A 146 11 262 20 6 4 M
65 12 260 22 254 O 240 O 64 18 3?3 16 350 5 370 0 4D 2 00 24 J08 1§ W
Q3/3-4LHS (Alemating oblique sceretion avalanche hed macrolarm - sast sel of sllemating ssquence, Ylipped’ clasts only)
270 10 § 60 130 68 GO0 54 320 26 NP 14 10D A5 N6 A5 06 24 206 22 1M 4 &
350 I 200 20 § 17 10 A0 320 3 A6 3 2R 34 10D 14 25 I8 270 184 206 44 208
106 a0 100 10 10 48 33 40 MG 15 206 50 320 2@ 6 46 08 I &0 M 276 N an
Y 27 158 V8 130 30 230 30 MO A5 206 45 200 24 260 I ME V6 110 @ 6 2 I56
218 6 00 €0 MO 51 30 65 30D 7Y 326 18 MG K4 326 A0 NG 32 246 22 26 68 1]
09/34RHS (AHamsting abliqus soorstion Gvalanche st mecrafarm - wasl ast of slemating caquance, Slippss’ elgste anly)
70 30 a5 27 45 38 3D 11 85 34 70 SN A5 26 A 46 65 M 4D W 45 B e
34 0 S5 0 BD 14 6D 30 40 48 35 44 48 32 40 42 126 33 130 40 V10 36 K]
80 31 68 48 6D 22 AN 74 35 46 70 46 Q6 62 85 22 M N 66 2 60 M 70
7 11 125 1@ 42 ¢ 68 4 73 17 &5 80 &) 28 106 1@ 36 3 A2 M4 66 N a6
70 30 66 62 75 39 65 €0 20 46 A6 65 15 26 95 46 356 26 86 46 64 64 0h
B4/5-9 (Bhlique ceerstion evalanche ksd maeralarm - dipping to the cest, full sample)
105 10 110 24 & O 00 16 25 24 1156 12 § 32 N0 27 W5 35 MS 14 286 A 10
390 10 11§ 18 110 O 16D @ 150 37 110 20 8D 23 85 318 200 40 126 & @) 2 70
256 35 65 30 10 22 S5 14 50 22 MS A A5 32 285 20 164 3 260 28 #0410
280 16 KD 33 05 @& 53 20 180 15 NG 3 120 27 20 28 N6 4 42 7 5 D M0
€3 28 288 15 85 22 76 23 ©D 30 35H 3D 85 32 12 ¢4 142 M 0 W 106 A »ne
04/2-3 (Obliqus esoretion svalancha bed macrafam - dipping to the east, ‘paraliel’ clusts anly)
105 10 £8 28 110 264 115 14 G5 20 &0 3 € 9 10 90 N0 R a5 8 85 2 o
100 8 55 1¢ 53 20 75 28 25 2¢ £0 22 @0 W 116 12 10 20 1§ W0 80 A as
120 27 A5 32 85 A8 28 28 115 24 142 4 154 37 126 & 20 0 am 75 20 108
10 46 70 21 110 28 180 W7 § 32 12 &
94/33 (Obligua soerction avalanche ked macraform - dipping to the east, Yiippad’ clasts anly)
210 10 355 25 280 14 268 15 180 15 345 @ 358 2 310 27 286 20 NG I 200 49 M

250 28

22 7 26 B

00 2 40 60

Mo 8

238%2

Esag8
s

B3I S

RS

a7
14
b1

48

oB8R2

14



G6/1-8 (Bimads!, massive, clast-supporied gravel fram large-scele, downfiow-dipping, myihmically-graded, tabulsr heds -

Wipped® clasis onty)
20 88 25

76 62 330 7 90 &8 S5 8¢ 185 85 195 S8 95 &8 135 35 I54 45 -
30 67 €2 27 100 '8 Q0 80 230 2B 20 35 M5 ¢4 125 42 35 76 H18& 70 30 %0 40
S S¢ 108 S¢ 130 26 255 23 G5 €4 85 70 S5 7¢ 150 45 65 S5 100 49 Q0 24 62
G0 67 170 S8 335 17 45 37 35 80 245 &7 170 ;8 45 18 1156 82 &5 38 100 @40 158
5 77 190 70 80 60 185 43 Q0 37 35 30 68 S8 320 3 335 W W2 I 130 ¢ o5
Q/1-1LNS (Pasudaantiolingl macrolorm - east side)
130 S7 &5 64 OD ¢& 100 78 135 35 100 32 170 3E 115 35 306 4 60 I 28 I} 08
110 68 66 S8 70 27 100 57 05 40 90 67 08 54 135 58 65 22 A2 '8 &8 68 128
196 €2 70 80 180 & 230 28 100 60 100 77 104 3B 108 6§ 70 a8 N 20
100 84 150 68 105 43 76 35 110 88 135 12 102 SF S0 0 02 42 68 70 210 28 268
135 38 70 68 63 32 120 68 100 44 120 54 4% 4B 46 35 100 40 35 48 1§ W 8
QA/1-1 (Heterogenanus, unetrstified grave)
200 00 000 ¢ 230 4¢ M5 20 2765 83 256 16 300 M I56 I8 I5H 4B S M 46 42 198
A66 93 205 12 275 5 280 4 200 3 M0 5 350 46 285 22 29E 42 262 25 260 28 L]
206 17 233 34 302 32 40 10 336 18 Q40 22 325 22 J04 45 262 18 J25 66 25 20 65
M0 M 227 62 00 44 280 ¢ 280 I M5 50 335 28 e 56 276 28 2384 M0 70 45 8
200 84 335 32 330 2¢ P80 12 280 10 200 12 I0E 18 10 34 360 18 206 35 456 28 10
011/1+1 (imbrisate, palymedal, matrix-rich gravel with tabuiar geamaelry)
70 10 20 48 115 88 65 27 27 I 270 &8 7§ 48 110 26 35 28 a5 35 120 3§ 120
8 18 362 22 70 32 110 28 65 N 14D J0 26 22 10 28 68 42 04 ¢ W 28 74
a6 B e M 0 16 7% 7 80 48 65 57 08 a0 120 72 M0 4 /B 28 26 18 18
100 83 110 685 A0 22 80 6§ 0 15 N6 28 65 M o5 64 65 45 100 2 8 28 120
70 67 36 27 60 W A0 20 35 25 10D 54 330 &5 256 38 6 32 226 35 24 18 1580

012/1-19RHS (Large cross-hedded gravel or sauth-dipping avalanche hads of macrofarm - east sids, full sample)
210 18 105 16 240 ¢0 200 25 210 10 280 6 230 28 210 184 180 35 220 45 208 28 220
20 & 230 6 115 50 106 45 40 28 § 18 226 22 16 28 18D 42 I 12 85 64 WIS
I0 44 150 18 80 4B 46 26 320 10 M0 88 6§ 16 200 35 M5 38 200 M N5 2 6
40 43 100 B8 333 S8 20D 47 105 20 348 43 216 26 15 45 26 £ 1856 28 U6 18 390
5 48 200 10 200 K8 20D 27 45 65 100 32 105 22 350 22 175 38 N5 4§ 110 26 240

£512/1-0RHS (Large cross-hedded gravel ar gouth<dipping avelanche hede of macraform - gast side, ‘paralisl’ elaste aniv)
210 18 20D 25 105 22 18D 42 6 45 216 2D N0 6 200 10 10 18 17 I8 165 A4 40
105 16 240 40 245 25 23D 28 6 28 220 4§ 235 32 MO & N0 4 200 7 26 2 ™0
200 34 285 28 150 18 200 S8 210 10 215 26 16D 26 186 25 220 2@ 280 I8 260 47

©13/9-12RKS (Large cross-bedded graval or sauth-dipping avelanche bsde of macrolarm - @ael side, Ylippad’ claste anly)
W 4 § 18 15 45 345 16 100 &6 100 32 40 43 40 28 340 82 WS I 235 14 108
106 5 55 48 320 10 248 43 25 60 320 1§ 11§ § 110 26 §0 48 48 6§ § 1§ n

Ns 58

012/9-16LH8 {Large crss-bedded aravel ar south-dipping avalanche hede of macroform - wast side, full esmpla)
45 44 IS0 4 70 08 230 3 40 28 220 S8 20 12 106 16 1856 8 146 25 165 &) a8
0 § IS 8 03 I 4 3/ 0 W 4 N 42 16 32 186 28 26 10 106 40 178
40 § 180 16 185 18 40 67 200 58 6§ 28 100 28 205 16 A5 12 215 28 185 45 0
0 43 223 S0 A5 17 386 23 335 33 0 44 170 30 165 22 26 38 105 28 145 3§ 198
5 17 M2 W 40 87 E N 2 0 35 &) 2D 258 210 B 170 28 10 10 25 1§ 195

012/1-1aLNS (Large crogs-bedded grevel or south-dipping avalanche bade of macrofarm - wast side, ‘parelial’ claste anty)
120 28 165 22 145 26 185 35 223 S0 200 S8 170 30 210 34 185 28 175 32 145 16 220
200 26 195 @& 165 G0 196 M 175 1§ 186 28 195 40 206 17 230 I7 206 18 170 26 18§
180 16 140 28

£3828 sser sReesE

3 -

"

15
26

28a8a

&8



013/1-18LMS (Large srass-heddad gravel or southipping svalanche hede of masrolorm - wesl side, Wippad elasie only)

4 & W ¢ VO MWW B0 OWW W1 WS X0 W ¥ 0 2
2 10 90 €& 4 5§ 0 8 JB I3 I 4 N5 Q2 NS N 6 M 08 0N WM
$ 90 1 ¥ 1010 &6 17 30 ¢ 40§ WO 0 D 4 W12 N

Q13/1-10LNS (Large srass-baddad grevel or souih-dipping svalanche beds of macrafomm - wael slde, full sample)

900 22 3 & % B WG N W 7T 3 2% 0 4 & 20 10 15 16 104 2 06 0
20 ¥ 0 ¢ o N W &N 0 6 1908 N QY N2 18 M 5N MG
MO W0 5 45 170 15 206 38 100 8 023 168 26 WE W@ 35 & 3 12 46 “ 0
200 3 306 28 0 W 30 0 178 20 10 ¢ 100 45 10 W FWON M & & & 105 4
140 100 47 173 00 002 08 228 X5 MO 17 108 X6 AR 0 17R €2 8B X5 76 2% L

Q13/1-1bLHE (Large erass-hadded gravel or sauth-dipping avalanche bads of macroform - wael side, ‘pareliar slasie only)

200 22 '8 ¢8 085 08 100 25 102 45 AR 20 168 35 108 4@ 10 M4 160 47 N6 &4 08 W
22 08 104 98 900 35 170 16 J06 28 2980 6 102 3 220 N 04 6 180 32 28 X2 M2 8
100 30 S €8 178 42 08 38 100 40 173 X3 6 47 18R X 0 W M M 2 S R N

Q13/1-10LNE (Large cross-baddad gravel o7 south-dipping avelanche heds of macrmiorm « waet side. Ylipped’ elaste only)
M0 I 20 8 1014 X §F 55 8 35 8 48 13 M0 17 16 6 5 2/ 6 8 73
9 10 28 12 5 & W8 N o6 0 5 7 8 5 2% [ )] 023 2010 1% 18

Q16/4-3 (Helarogansaiis, unstretified grevel)

4 30 190 8 164 12 35 11 7O 27 164 45 40 28 12D 24 A% 16 I6 I8 110 46

60 39 136 4 390 72 0D 65 258 54 M5 48 55 4D 110 A2 70 I 120 20 26 1§ 106 1)
15 68 TR6 65 3 8¢ 35 A0 M6 30 M0 A0 145 26 356 26 20 126 65 96 12 @
a5 &0 130 23 M7 % 8 26 266 18 338 83 B M B MO 1B 20 8 120 28 35 8
105 20 80 34 80 '8 206 20 85 6 70 20 40 0 100 10 36 08 12 86 3 15 10

Q17/1-TRHS (Bimadsl, magsiva, clast-supponed gravel from large-scale, dounfime-dipping, mythmically-graded, tabular hade -
Ylippad’ clsste anly)

xa8g

NS ) N0 6 20D 45 ME & QD J6 5 12 A5 I8 M6 18 156 12 356 16 a0 34 205 3B
210 20 980 38 330 12 236 32 45 M &) 6 200 16 6 IS 310 65 A5 5 46 BN V4G 10
45 G5 980 38 226 63 350 M4 55 65 335 18 10 ¢4 3E 22 1365 ID NS I /WO 6 M 20
210 §2 08 P ME M 5 18 M6 10 65 45 75 AD 36 42 175 54 M0 36 V5 € 10 35
/D <8 MG 24 I55 23 280 48 135 165 26 22 260 4 ISE 5 28D 24 226 26 M6 40 20 2%

a18/1+1 (Hetaragensaus, ungiratitied gravel)
10 48 0 3 a0 A2 282 40 283 12 185 2¢ 170 16 336 42 55 4 155 48 10 2 2% &
386 23 M0 I 120 34 365 48 103 B 6 I8 322 62 177 59 O 10 6D 28 A5 22 366 W7
175 34 10 64 48 12 60 A5 20 18 232 24 170 30 335 14 28 22 202 I/ M6 W N2 1§
135 10 32D 24 M8 25 355 26 25 S5 170 42 275 28 A8 46 2 18 M¢ 68 200 ¢ W5
05 4 066 19

G18/1-4 (Hetersgangaug, unstretified grevel)

220 15 200 40 6 ¢0 9D &0 12 68 265 38 205 26 26D 18 AD & 230 &4 W W M0 &
O 5 170 84 220 15 226 32 350 14 18D 2 80 0 35 10 3% & 65 & 20 3 a0 10
10 20 120 44 A5 28 MO '8 270 28 95 26 3D 45 33D 26 255 45 20 48 10D A0 36 10
50 24 180 8 40 34 75 25 326 34 WD I 0 45 255 23 N0 43 8D 60 ISH 40 220 10
M0 23 240 28 240 18 326 55 270 55 320 40 325 14 3D §4 M 22 4S5 B3 M0 S 86 1§
155 0 30 ¢ 325 684 286 62 336 24 35 28 30 24 A0 18 5 16 IN6 25 2% 2 N 26
200 34 285 28 10 I 40 64 SO 21 320 W4 20 62 30 8 U0 62 5 40 R 4 0 @
M0 70 15 S0 326 48 286 33 280 45 00 S5 330 40 10 10 140 165 16D 18 #D 20 330 A
0 18 350 S§4 320 €8

021/1-8 (Imbriogte groval lag)

359 46 32 13 65 18 280 <0 S5 14 60 25 15 62 A5 41 350 46 320 A0 230 A9 356 W
10 322 @& 3 A S5 0 10 IS0 2¢ 65 SO 85 6 15 14 N A9 10 56 25 70 @85 12
§6 11 &3 8 8 4 10 ¥ 9 55 20 180 § 2% 68 A $ 8 66 13 30 es

/O 14 10 20 15 85



021/8-1L48 (Ohiigue sssretion svelsnshe bad masroiorm dipping 10 the south-sautnasst - full sample)
" » o 130 190 30O Y WG & 10 1S 30 12 980 € 110 3B ¢
1 3% 0 & Mo e 0 '¢ W0 3 35 & 0 100 3 230 7 W0 3 MW
45 20 150 @0 85 VY 276 40 200 10 NO & 7% 180 43 186 6 276 M4 108
176 10 SA0 68 170 37 138 16 00 ¢ 200 &6 176 $1¢ 100 3¢ 102 S5 O
0 3 20 0 140 63 18D 0 N6 QO 108 66 ¢S I 16 W 0N 0

Q21/6-1LS (Obiique sasretion svaisnshe had masraiorm €ipping 18 the soulh-eouthesst - parsiiel’ slssis anly)
G W 1T 18 00 W 1806 110 3 210 62 20 0 185 M 10 U3 NG
30 47 100 &6 48 43 V7F 18 135 1'% 200 &5 17 &5 186 '8 06 48 Y66 M 0
100 45 146 18 100 3¢ OB 44 YD 11 190 10 108 40 ME M 100 M W B R0

ommu«commmunwmﬂmummmumfm-m
ME M 76 40 30 € M NS I3 MO ¢ MO N $ ¢ N0 0 I 98k
MW W MW MWW § 10 206 @ 38§ 3 200 a8 0 ¢ 3% & 0900

Qn/1- mmmm « full sample)

146 18 370 % 3 10 180 21 30 3 280 3

vwmmum 166 38 188 3 S 12 3§ 3B

330 30 0 19 200 N3 & 56 10 138 47 136 W7
]
88

afR88

»
M8
0
178
80

1“* N

e
¥ 0
u 10
17 %00

148

3 6§ 100 ¢ 20 90 7 100 2% 0 & 18
M0 22 105 16 N8 P S 138 7 78 13 N0

Q23/1+1 (Large erags-haddad grevel - ‘narelis? clasis only)

148 18 0 ED 185 38 3R 17 %6 13 00 35 IR0 10 120
200 46 155 38 195 17 110 &5 V8D 21 18D 10 200 18 15§
106 18 180 38 78 12 138 38

0Q73/1+ (Large cross-badded gravel - Tlipped’ clasts only)

sBaad

s::ss
.

288
288a2

180 7 o8

118

=8
a®

138
200 3 1o 3

a 3a8& 3sEE8N

-
-

WO I A0 IO Y N3 14 0 200 11 W5 § N2 6 M5 12 I06 33 M0 &8
MD 6 280 37 33D 6 275 28 IED IS 270 26 286 SO 26D 16 M5 16 JIED 4 MO 18
0 0§ WS I WO Y O/ W W N8 W W

023/12 (irolingt, plans-hadded grevsl)

§ 7 W @ 0 60 M5 & 285 S5 208 22 308 26 28D 16 MO 12 330 7 N0 V¢
205 2¢ 250 34 330 ¢ 20 17 38D A% 265 I2 45 42 IO 25 MS I 30 & 85 N
10 ¢4 InD 322 %D 29 B0 8 MO 58 40 €0 M0 JF RS 14 A5 27 33D 0 W8 D
8 B W W0 WD B 0 33 5 27 278 a0 WA I 03 W W M 4 M B
/O 24 MO T2 15 33 210 A6 340 ¢4 WM M) 0 15 282 46 200 a0 A0 89 S N4
270 33 ARD 35 303 &8 0 82 AnD 32 M6 49 D 46 335 4 326 V6 S 48 6 ¥
M%7 20 25 275 3D GE 22 0 48 MO £ 5 A3 N0 47 10 I MO 43 8% 38
1% ¢ 0 33 235 30 10 86 A) 40 315 ] MO 28 o8 § 25 € 12 01§
220 78 160 16 23D 8 0§ 30 330 25 300 28 70 35 D A3 305 1§ 275 1 &5 v
40 35 A58 16 225 5 255 35 0D 18 10 28 205 S0 270 42 I 1§ W0 47 110 2D
& 70 285 48 N5 O 10D 34 33D 13 O 20 IEN 16 M0 M 285 27 W) 27 N5 18
150 82 16D 15 M0 40 M5 28 340 42 280 3 276 48 2D 10 MO 2 30 12 0 3B
5 ¢ S5 38 WD S NS A N0 A2 178 22 M0 S2 102 11 D 56 255 T8 288 3D
8 a8 45 23 N0 43 18 N

023/2-% (Wsteragensaus, ungtrstificd arevel)

85 B 1518 102 1WVWB® W 5§82 S5 Y § 42 M0 18 0 8% WX
s @4 0 3D 3O E3 338 30 185 12 38D 34 NS A5 SO 2 33D 21 M5 &4 8 8
285 42 20 16 16 40 0 ¢ R0 356 40 D 18 NG 46 WD 27 MO0 SO0 76 0
A 32 SO X2 205 3D 245 8 110 15 M5 32 6 18 220 2 0 52 IO 50 0D 1§
326 24 255 5D M5 62 10 55 30 4 310 5 140 16 M5 32 M0 37 206 65 210 44

20

168
100
140

£d
8s

88828:8:8B8323

10

15

2=z @B

10
1?2

1"

i

588
2

(1]
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19
18
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18
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2558



Q385/1-10 (Bimodsl, massive, sissi-suppariad gravel fram large-scale, downfiow-dipping, Mmyihmicsily-gredad. tabulsr hads -
Yippad’ clssts only)

0 3 0 W N W
MO O 3¢ 30N N0 W 08 N

Q98/1-1LNE (imbricate, palymodal, matriysrich coares gravel m poorty defined conves-up badding surfsess)

100 32 35 40 @0 ¢ 200 ®

10 37 138 43 N6 73 10 0 110 M 20 §
WY Y & 0 0 30 W NS W W
8‘0"&‘.“““”””8"“
30 16 10 90 X5 I 30 ¥ MO N MO X
M0 X 45 80 208 6 26 M NF W NG 18
109 16 66 20 ¢ 30 O 0 6 06 0
Q38/1-3 (Wetsragenanus, unetretified grevel)

0 60 30 46 6 T¢ N0 42 M2 W S O
M ¢ W W W0 06 06 &4 YO @
ME 14 25 0 MO 2 MO 54 8 44 NS &
S 6 G 83 W0 0 45 2 W6 W 0
UO B WG S0 I B W I W04 107
20 18 37 @ I 38 ¢ 0N Q9 65
14 3 & 68 4 86 J5¢ 12 60 45 M €
150 &1 300 38 J91 ¥ X7 24 08 2 W7 M
2 14 327 10 41 12 354 26 3¢ 10 301 48
My 8 N8 0

' Date formal: azimuih dip of clant ab-piane (in dagress).

no

ss28%
eBE

&s83&¢%

8<¢<3ed

]

7% 32 0 0 WS @ WO
030 200 3 M5 40 OF 8 MO N N

gs8s.2838

aeBe

23

\LJ

' mt fabrics reparied In Tahie 8.3 were calcuiated from the above dala sals as:

Q1
R

= Q1/1-3RHS ¢ O1/1LHS

v Q2B/3

Qs/1-2

Qa/1-1
1 /11

Q168/4-2

Q29/1-2

Q8/1-1L.H8

Q17/1-7TAKS
Q18/1-1 + Q18/14
G21/1-6 + Q21/61LHS (fippad’ clasls)

Q26/1-1b
Q28/1-1LK8 + QO28/1-2

QY/2-4LHS + QI/2-4RHS
Q4/3-3 ('paraliet clasts)

1

3888

828388328

.
0
“
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12
»
1§
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L[
\L

$ubsEEERE BE8sa

ags3¢g t

a88332888

Q12/1-1aRNHS (‘paralier clasts) + Q12/1-1aLHS (‘paralief ciasts) + Q12/1-1DLHS (‘paraliel’ clasis)
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APPENDIX 9

Paleofiow direction measurements from cross-bedded and cross-laminatsd sand
within the Harricans giaciofiuvial complex, Québec.

P number  Sedimeniary sroiure Massuremants (in degrens)

Qt Cross bedding 376 276 248 205 085 270 260 24§ 26D 308 233 243 268 3N
0 265 338 200 240 312 308 214 14N 200 3O 240 W W0
06 208 200 206 200 A5 M3 I I8 08k N6 I NG I
64 205 285 206 J80 270 WD 270 ME 276 370 W6 O S
272 284 6 X0 6 51 M0 N0 MO 20 M0 98Y 60 268
263 23 NI 3¢ M

QA Cross bedding 170 180 176 140 176 80

Qs Cross bedding 20 936 0 96 220 3 235 0 W 0

Cross aminstion 200 310 %08 200 0 200 N0 10

Q3 Cross hedding 160 168 160 170 169 140 185 300 170 1§ 200 140 108 V7%
165 165 100 103 165 100 205 150 16 100 160 185 IO 180
N6 NG 230 10 00 16 NG 06 10 0§ 0 0 Ny W6
210 107 200 100 200 145 146 165 168 160 14D 186 A8 183
166 180 1R5 208 100

5] Cross bedding 186 105 17§ 100 1Q0 176 190 J00 1AD 18G 105 190 Y40 100

Qs Cross badding 190 06 228 200 N6

Qo Cross isminstion 258 70 383 80 203

n Cross hedding 1056 303 100 186 235 205 106 215 230 100 210 200 00 148
145 186 153 160 165 108 145 174 102 180 136 18D A% 200
133 120 130 10

(4] Cross kadding 20 08 10 17 W0 00 N6 1§ 237 2128

Qs Crags hedding 220 200 145 180 186 188 186 176 210 100 105 160 100 148

1585 140 130 160 140 170 188 170 160 Vﬂ 185 165 135 186
08 10 200 10 180 103 208 305 1485 108 20D 188 176 170

68 105 16D 10 307 300 297 212 104 20D 220 14 23 A
Cross iaminstion W0 W3 17 30 M

114 Crogs hadding 148 170 176 172 270 160 208 172 218 235 130 148 180 108
160 185 200 175 170

Cross laminatian 135 145 18D 110 145 135 140 140 158 155 168 155 145 16§

160 145 165 138 136 185 158 176 170 135 166 170 170 165
160 1356 160 146 180 168 16D 16D 140 180 170 18D 140 162
145 140 167 165 165 135 16D 140 119 188 176 145 162 18D
105 148 180 180 188 185 165 163 185 16D 17§ 148 48 178

189 185 10D 156 173 165 16D 156 18D 213 204 185 188 200
o0 Crags laminglian 200 165 180 185 105 105 16D 172 163 216 210 210 180 305
220 935 180 235 930 180 34D IAD 185 210 298 39 I 230
200
o Craes hadding 226 210 205 208 210 170 230 143 200 18D 18D 18D 18§ 180

187 300 180 167 188 135 215 205 185 170 14D 1G5 105 178
180 180 220 108 10 240 285 260 255 245 285 245 286 245

170
175
188
"

140

138
168
148
173
183
182
FL]
ne

188
178
a5




