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PREFACE

Part of the Geological Survey’s work in the field of marine geoscience is directed towards research on
the surficial deposits of the continental margin. Such studies are important aids in delineating potential
routes for offshore oil and gas pipelines to the mainland.

This report describes the submarine surficial deposits of the eastern Gulf of Maine, Scotian Shelf and
Grand Banks of Newfoundland. The surface of the bedrock of the continental shelf in these areas forms a
submerged coastal plain that has been modified by subsequent glacial erosion, and is covered by a thin
blanket of surficial deposits that formed during the Wisconsinan, the last glacial stage of the Pleistocene
Epoch in North America.

A Huntec deep-towed high-resolution seismic system was used in this study to provide stratigraphic
information throughout the entire surficial section. Piston cores were collected in the glaciomarine
formations, the core sediments were analyzed, correlated with the seismic stratigraphy, and dated by
radiocarbon techniques. This approach has provided new insight into the nature of the glacial environment
on the shelf.

R.A. Price
Director General
Geological Survey of Canada

PREFACE

Une partie des travaux de la Commission géologique dans le domaine de la géologie marine porte sur
I'étude des dépots en surface de 1a marge continentale. Ces études aident énormément a délimiter les tracés
possibles des pipe-lines et des gazoducs en mer jusqu’au continent.

Le présent rapport décrit les dépdts en surface sous-marins de la partie est du golfe du Maine, du
plateau de Scotian et des Grands bancs de Terre-Neuve. Dans ces régions, la surface du socle de la plate-
forme continentale forme une plaine cdtiére submergée, modifiée par une érosion glaciaire ultérieure, qui
est couverte d’'une mince couche de dépdts superficiels accumulés au cours du Wisconsin, dernier stade
glaciaire du Pléitocéne en Amérique du Nord.

Un dispositif sismique Huntec & haute résolution, remorqué en profondeur, a été utilisé pour obtenir
des renseignements stratigraphiques sur I'ensemble de la section superficielle. Des échantillons ont été
prélevés dans les formations glacio-marines au moyen d’une carotteuse a piston. Les carottes ont été
analysées et les données ont ét€ mises en corrélation avec la stratigraphie établie a 'aide des appareils
sismiques; I'dge des échantillons a été déterminé par datation au radiocarbone. Cette méthode a fourni de
nouveaux renseignements sur la nature du milieu glaciaire sur la plate-forme.

Le directeur général de la
Commission geologique du Canada
R.A. Price
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WISCONSINAN GLACIATION OF THE ATLANTIC
CONTINENTAL SHELF OF SOUTHEAST CANADA

Abstract

On the Scotian Shelf, eastern Gulf of Maine, and the Grand Banks of Newfoundland, the surficial
succession occurs as a thin blanket (approximately 50m thick) across the submerged coastal plain surface,
and is composed of five formations: Scotian Shelf Drift (glacial till), Emerald Silt (glaciomarine), Sambro
Sand, LaHave Clay, and Sable Island Sand and Gravel.

The Scotian Shelf Drift was derived from subglacial meltout debris from a neutral to negatively
buoyant active ice shelf in direct contact with the seabed. Emerald Silt formed from subglacial meltout
debris from a pinned but floating ice shelf. The debris is thought to have settled through a water column of
variable thickness to form the conformable, rhythmically banded deposits which mimic a highly irregular
substrate which is recognized over very broad areas. Horizontal migration of the ice-seabed contact
(buoyancy line), induced by changes in ice thickness and changes in relative sea level, leads to the
development of thick regional moraines (regional subglacial ice shelf moraines) interbedded with the
glaciomarine deposits. Wedge-shaped till deposits (till tongues) are often formed at the distal side of the
moraines through advance and subsequent retreat of the buoyancy line. The configuration of the seabed
beneath an ice shelf is another important factor in the stratigraphic development of these marine deposits.
We have used the Carey and Ahmad ice model as an aid in interpreting the seismostratigraphy of the
surficial sediments on the continental shelf and integrated these studies with sample data to postulate the
glacial history. This stratigraphy is correlated with the adjacent land area.

In late Early Wisconsinan time the entire shelf was occupied by an ice sheet (the Scotian Shelf-Grand
Banks advance). This wasted to an ice shelf which became buoyant in the deeper basins at about 46 000 BP.
At this time a till blanket with numerous discrete ridges (lift-off moraines) on its surface and associated
glaciomarine sediment was deposited. During the period 46 000 to 32 000 BP the buoyancy line oscillated
intermittently, resulting in the development of till tongues at the periphery of the banks and outer edge of the
inner shelf which were intercalated with glaciomarine sediments in the basins. At the western end of the
Scotian Shelf the ice may have receded along the Bay of Fundy re-entrant to deposit the Salmon River beds
(38 000 BP) north of Yarmouth. During the laster part of the Middle Wisconsinan and Late Wisconsinan
(32 000 to 16 000 BP) the buoyancy line receded to the coastal areas except in the eastern Gulf of Maine
where the ice shelf again grounded to deposit till in the areas peripheral to Georges Basin, the southern
flank of Browns Bank, and the Fundian Moraine of Sewell Ridge. The youngest moraine (= 17 000 BP)
occurs on Truxton Swell. Subsequently the buoyancy line receded to the coastal areas of Maine and New
Brunswick, and the resulting glaciomarine deposits emerged through glacioisostatic rebound. Evidence
for the Late Wisconsinan sea level, which we date within the range of 15 000 to 14 500 BP, and for the Late
Wisconsinan-Holocene transgression is well expressed along the entire shelf.

Résumé

Sur le plateau de Scotian a I est du golfe du Maine et des Grands bancs de Terre-Neuve, la succession
des couches superficielles couvre en une mince couverture (d’ environ 50 m) la plaine cétiére submergée et
se compose de cing formations: moraine du plateau de Scotian (till glaciaire), till Emerald (glaciomarin),
sable Sambro, argile La Have et sable et gravier de I'tle de Sable.

La moraine du plateau de Scotian s’ est formée a partir de débris de fusion sous-glaciaire déposés par
suite du contact direct d’une plate-forme active de glace a flottabilité de nulle a négative avec le fond
océanique. Le silt Emerald s est formé a partir de débris de fusion sous-glaciaire provenant d’ une plate-
forme de glace fixée mais flottante. Les débris ont dii se déposer au fond d’une masse d’eau de hauteur
variable pour former les dépits concordants a zonage rythmique qui imite un substrat trés irrégulier et que
I’ on observe sur de trés grandes étendues. Le déplacement horizontal du contact glace et fond océanique
(ligne de flottabilité) causé par des changements d’ épaisseur de la glace et du niveau relatif de la mer a
entrainé la formation d’ épaisses moraines régionales (moraines régionales de fusion sous-glaciaire de
plate-forme de glace flottante) dans lesquelles s'intercalent des couches de dépots glaciomarins. Des



dépots de till en forme de coin (langues de till) sont fréquents dans la partie distale des moraines par suite
de I'avancée et du retrait subséquent de la ligne de flottabilité. La configuration du fond océanique situé
sous une plate-forme de glace flottante constitue un autre facteur important pour expliquer la stratigraphie
de ces dépéts marins. Le modéle glaciaire Carey et Ahmad a été urilisé pour interpréter la stratigraphie
sismique des sédiments superficiels du plateau continental; les données résultantes ont été combinées aux
données d’ échantillonnage de facon a établir I hypothése de I histoire glaciaire. Cette stratigraphie est
mise en corrélation avec les zones adjacentes.

A la fin du Wisconsin inférieur, tout le plateau continental était recouvert d’une cal[otte glaciaire
(I'avancée du plateau de Scotian et des Grands bancs) qui s’ est transformée, vers 46 000 BP, en une plate-
forme de glace flottante dans les bassins profonds. A cette époque, se sont déposés une couverture de till
comportant d sa surface de nombreuses crétes bien définies (moraines soulevées) et des sédiments
glaciomarins. Entre 46 000 et 32 000 BP, la ligne de flottabilité a oscillé de fagon intermittente entrainant
la formation de langues de till a la périphérie des bancs et a la limite extérieure du plateau intérieur,
lesquelles comportaient des intercalations de sédiments glaciomarins dans les bassins. A I’ extrémité
occidentale du plateau de Scotian, la glace peut avoir reculé le long de la baie de Fundy contribuant au
dépét du lit de la riviére Salmon au nord du Yarmouth (38 000 BP). Au cours de la fin du Wisconsin moyen
et du Wisconsin supérieur (de 32 000 a 16 000 BP.), la ligne de flottabilité a reculé jusqu’a la céte, sauf
dans la région orientale du golfe du Maine ou la plate-forme de glace flottante s’ est, une fois de plus,
échouée formant des dépéts de till dans les zones périphériques du bassin Georges, le flanc méridional du
banc Browns et la moraine Fundian de la créte Sewell. La moraine la plus récente (17 000 BP) se trouve sur
la créte Truxton. La ligne de flottabilité a par la suite reculé jusqu’ aux régions cétiéres du Maine et du
Nouveau-Brunswick; les dépots glaciomarins qui en ont résulté sont attribuables au soulévement
glacioisostatique. Le plateau continental, tout au long de sa bordure, porte des indices révélant le niveau
de la mer au Wisconsin supérieur que I’ on situe entre 15 000 et 14 000 BP ainsi que la transgression datant

du Wisconsin supérieur-Holocéne.

SUMMARY

Areas of the eastern Gulf of Maine, Scotian Shelf
and Grand Banks of Newfoundland were examined
using the Huntec deep-towed, high-resolution, seismic
system, together with piston cores, collected in the
glaciomarine formations using the high resolution seis-
mic control for the selection of key sites. Radiocarbon
dates at several horizons in each core and sediment
analyses were correlated with the seismic stratigraphy,
together with regional surficial geological formations.
This approach provided new insight into the nature of
the glacial environment on the shelf, the relationship
between the glaciomarine and glacial sediments, the
depositional processes which led to the formation of
these units, and the extent and age of glaciation of the
shelf and its relationship to the glacial history of the
mainland. The glaciomarine section appears to be com-
plete and represents a time interval from within the
Early Wisconsinan to the last influence of floating ice
on the shelf during Late Wisconsinan time.

The major factors dominating the Late
Pleistocene and Holocene geological evolution of the
Scotian Shelf, and possibly that of the whole of the
eastern Canadian shelf were: (1) the morphology of the
bedrock surface which, to a large degree, was inherited
from a former coastal plain environment, (2) the
advance and retreat of the continental ice sheet and its

SOMMAIRE

Les zones situées a I'est du golfe du Maine, du plateau conti-
nental de Scotian et des Grands bancs de Terre-Neuve ont été
étudiées par méthode sismique (systtme Huntec haute résolution
remorqué 2 grande profondeur) et par prélévement de carottes
(carottier a piston) dans des formations glacio-marines dont les
emplacements ont été choisis par suite d’'un controle sismique haute
résolution. Les datations au carbone radioactif de plusieurs hori-
zons présents dans chaque carotte et les résultats d’analyses de
sédiments ont ét€ corrélés avec la stratigraphie sismique ainsi
qu’avec les formations géologiques superficielles régionales. Cette
fagon de procéder a permis d’obtenir des renseignements supplé-
mentaires sur la nature du milieu glaciaire du plateau continental,
sur les relations entre les sédiments glacio-marins et glaciaires, sur
les processus de dépdt qui ont entrainé la formation de ces unités
ainsi que sur I'étendue et I'age de la glaciation du plateau continen-
tal et sur le lien de cette glaciation avec I'histoire glaciaire du
continent. Les renseignements relatifs aux dépdts glacio-marins
semblent complets; ces dépdts remontent & un intervalle de temps se
situant entre le début du Wisconsin et '’époque au cours de laquelle
le plateau continental a subi les derniers effets de la glace flottante,
c’est-a-dire la fin du Wisconsin.

Les principaux faits qui ont marqué, au cours de la fin du
Pléistocéne et au cours de 'Holocene, I'évolution géologique du
plateau continental de Scotian, et peut-étre celle de tout le plateau
continental de I'est du Canada, ont été: (1) le modelé de la surface
de la roche en place qui est attribuable, dans une large mesure, a la
présence d’une ancienne plaine cotiere, (2) 'avancée et le retrait de
I'inlandsis dont la bordure était en contact avec 'océan, et (3) la



boundary relationships with the ocean, and (3) the low
stand of the Late Wisconsinan sea level at about 120 m
and its subsequent transgression.

Through the interpretation of the high resolution
seismic reflection profiles of glaciomarine deposits and
the employment of a mode] for a marine ice shelf
(Carey and Ahmad, 1961), we have developed a con-
ceptual model regarding the mechanism of deposition
of glacial and glaciomarine sediments. The most infor-
mative seismic reflection profiles are those that exhibit
boundary relationships between the various sedimen-
tary facies and glacial features; specifically, (1) in an
area of till tongues (wedge-shaped deposits of till inter-
bedded with glaciomarine sediments) which occur on
the distal side of prominent moraines on the inner
Scotian Shelf, (2) in an area of till occurrences, includ-
ing till tongues, on the periphery of the outer banks, 50
to 75 km to the south of the moraine complex across
Emerald Basin, and at the same seismostratigraphic
horizon within the Emerald Silt as the till tongues, and
(3) in an area of lift-off moraines (parallel ridges of
till), which are of common occurrence on the surface of
many of the till deposits. Studies of the seismic reflec-
tion profiles from these areas and the compilation of
maps to define sediment distribution and depositional
geometry not only serve as a source of ideas for deposi-
tional mechanisms and thoughts concerning the origin
of these particular features, but they enable an evalua-
tion of the relevance of the Carey-Ahmad (1961) model
to the offshore Wisconsinan environment of southeast
Atlantic Canada.

Using our conceptual model for the mechanism of
deposition of glacial and glaciomarine sediments, and
a chronological framework based on a study of the
piston cores, the history of the area is divided into five
stages.

Stage 1 covers a period prior to approximately
50 000 to 46 000 BP as indicated by extrapolation of
the radiocarbon dates to the blanket till deposits at the
base of the section. Based on the correlations with the
general chronostratigraphy on land, as well as with the
North Atlantic stratigraphy, stage 1 may have begun as
early as 70 000 BP. During stage 1, the shelf was
covered by a dry-base continental ice sheet which prob-
ably extended to the shelf edge. This event, up to the
time of recession, appears to have been dominantly
erosional except for the possible deposition of a thin
layer of basal till (Scotian Shelf Drift) at the base of the
section overlying bedrock, and for subglacial deposi-
tion at the margin of the ice sheet, at the continental
slope.

The early recessional stage, stage 2, probably
occurred at about 50 000 to 45 000 BP and represents
the period of deposition of the uppermost part of the
blanket till, the development of lift-off moraines at the
top surface of this early till, and the deposition of very
early glaciomarine sediment between the lift-off mor-

faible hauteur du niveau de la mer qui se situait a environ 120 mala
fin du Wisconsin et sa transgression subséquente.

L'interprétation de profils de sismique réflexion haute résolu-
tion de dépots glacio-marins et I'utilisation d’'un modele s’appli-
quant a I'analyse d’une plate-forme de glace marine (Carey et
Ahmad, 1961), nous a permis de mettre au point un modele théori-
que portant sur le mécanisme de dép6t des sédiments glaciaires et
glacio-marins. Les profils de sismique réflexion qui fournissent le
plus de renseignements sont ceux qui portent sur I'intersection de
divers facies sédimentaires et de formes de relief glaciaires qui se
situent notamment: (1) dans une zone de langues de till (dépdts de
till en forme de coin intercalés dans des sédiments glacio-marins)
observés dans la partie distale des moraines proéminentes a I'inté-
rieur du plateau continental de Scotian, (2) dans une zone de till,
langues de till y compris, située a la périphérie des bancs exté-
rieurs, a une distance de 50 a 75 km vers le sud par rapport au
complexe morainique traversant le bassin Emerald et correspon-
dant au méme horizon établi par stratigraphie sismique dans le silt -
Emerald que les langues de till, et (3) dans une zone de moraines
soulevées (crétes parallgles de till), qui sont fréquentes a la surface
de nombreux dépdts de till. Non seulement les analyses portant sur
les profils de sismique réflexion de ces zones et la compilation de
cartes pour déterminer la distribution des sédiments et la géométrie
des dépots servent-elles a établir des hypothéses relatives aux
mécanismes de dépdt et a 'origine des ces formes de relief particu-
lieres, mais encore, elles permettent également de faire une évalua-
tion de la pertinence du modele de Carey-Ahmad (1961) en ce qui
concerne le milieu existant au Wisconsin au large du sud-est de la
cote atlantique du Canada.

Si nous utilisons notre modele théorique portant sur le méca-
nisme de dépot des sédiments glaciaires et glacio-marins, et sur un
tableau chronologique établi & partir de I'étude des carottes, I'his-
toire de cette région se subdivise en cinq phases.

La premiere phase couvre une période antérieure remontant a
environ 50 000 a 46 000 BP., comme I'indique I'extrapolation des
datations au carbone radioactif de dépdts de till de couverture situés
a la base de la coupe étudiée. Si I'on se base sur les corrélations
établies avec la chronostratigraphie générale du continent, ainsi
qu’avec la stratigraphie de 'Atlantique nord, la premiére phase peut
avoir commencé des 70 000 BP. Au cours de cette premicre phase,
le plateau continental était recouvert d’un inlandsis de glace solide
qui s’étendait probablement jusqu’a la bordure du plateau continen-
tal. Jusqu’a son recul, ce glacier semble avoir eu des effets princi-
palement érosifs, a I'exception du dépdt possible d’une couche
mince de till de fond (moraine du plateau continental de Scotian) a
la base de la coupe surmontant la roche en place et d’un dépdt
subglaciaire au pourtour de I'inlandsis se situant au talus continen-
tal.

La deuxieme phase, qui correspond au premier recul du
glacier, a probablement eu lieu entre 50 000 et 45 000 BP, ce qui
coincide avec la période de dépdt de la partie supérieure de la
couche de till, 1a mise en place des moraines soulevées a la surface
de ce till plus ancien et le dépot de sédiments glacio-marins entre
les moraines soulevées. A cette époque au cours de laquelle le



aines. At this time of early recessional deposition in the
basins of the Scotian Shelf, deposition of glaciomarine
sediment probably continued beyond the shelf edge,
but the ice remained grounded on the bank areas.
Limited biological activity in the basins was initiated
during or immediately following this stage.

Stage 3 represents the period between 45 000 and
32 000 BP during deposition of Emerald Silt, facies A.
During the early part of this stage, the recession
reached a maximum. The Scotian Shelf moraine com-
plex was beginning to develop as a major feature and
remained in contact with the ice shelf in accordance
with our model throughout the period. The greater part
of stage 3, was characterized by minor surges and
retreats of the buoyancy line. This oscillation resulted
in the development of till tongues along the main
moraine, as well as at the periphery of the outer banks.
Glaciomarine deposition was continuous in the basins
throughout this stage and was characterized by a con-
formable style and cyclical pattern of sedimentation.
Sedimentation rates ranged from 1m/1000a for Emerald
Silt to 4m/1000a for the till (Scotian Shelf Drift) with
respective rates as high as 10 and 30m/1000a over short
periods. The faunal abundance remained at a low but
more or less constant level. It appears that the ice shelf
maintained its integrity throughout the period,
grounded as wet-base ice and depositing till over the
banks for at least part of this stage, and as a floating,
active ice shelf across the basins.

Stage 4 represents a general retreat of the ice shelf
from the central area of the continental shelf to the
present land areas, except for one short advance, and
covers the approximate period of 32 000 to 16 000 BP.
It is represented by Emerald Silt, facies B. Early in this
period open water conditions developed on the shelf
propet, and bottom currents exercised a greater influ-
ence in the distribution of sediments and were responsi-
ble for the development of a widespread unconfor-
mity by approximately 32 000 BP. Sedimentation
rates in Emerald Basin decreased to approximately
1.1m/1000a. In general, the environment of the shelf
proper evolved to one with a proglacial aspect, and the
evidence for a strong ice influence suggests that the ice
did not retreat far inland from the present coastline.

In the Gulf of Maine and Bay of Fundy regions,
events during the first half of stage 4 appear to be
significantly different. A grounded ice shelf returned to
this area by 31 000 BP to deposit the Fundian Moraine
(31 000 to 26 000 BP) and tills to the south of this
feature around the periphery of Georges Basin and the
northern flank of Northeast Channel adjacent to
Browns Bank. Lift-off then advanced north to Truxton
Swell.

During the stage of final retreat (stage 4), possibly
as early as 30 000 BP, the crust had more or less fully
rebounded except for the influence of the remaining ice

glacier en recul laissait des dépdts dans les bassins du plateau
continental de Scotian, des sédiments glacio-marins ont probable-
ment continué & se déposer au-dela de la bordure du plateau
continental bien que la glace soit restée fixée sur les bancs. Au cours
de cette phase ou immédiatement apres, une activité biologique

limitée a pris naissance dans les bassins.

La troisitme phase représente la période se situant entre
45 000 et 32 000 BP au cours de laquelle s’est dépof le silt Eme-
rald, facies A. Au cours de la premiére partie de cette phase, le recul
devait prendre fin. Le complexe morainique du plateau continental
de Scotian commengait a prendre de I'importance et restait relié au
glacier conformément a notre modele qui s’applique a toute cette
période. La plus grande partie de la troisiéme phase se caractérise
par des avancées rapides et des retraits mineurs de la ligne de
flottaison. Cette oscillation a entrainé la formation de langues de till
le long de la moraine principale ainsi qu’a la périphérie des bancs
extérieurs. Tout au long de cette phase, les sédiments glacio-marins
se sont déposés dans les bassins en couches concordantes et cycli-
ques. Les vitesses de sédimentation ont été de 1 m/1000 ans pour le
silt Emerald et 4 m/1000 ans pour le till de 1a moraine du plateau
continental de Scotian avec des poussées de vitesses respectives
aussi élevées que 10 et 30 m/1000 ans. Le peuplement faunique est
demeuré faible bien que plus ou moins constant. I1 semble que la
plate-forme de glace n’a pas subi de changements inhérents au cours
de cette période, reposant sur le fond marin et déposant du till sur
les bancs pendant au moins une partie de cette phase et flottant au-
dessus des bassins.

La quatrieéme phase correspond a un recul général de la plate-
forme de glace depuis le centre du plateau continental jusqu’aux
régions continentales actuelles, a 'exception d'une courte avancée;
ce recul se situe approximativement au cours de la période com-
prise entre 32 000 et 16 000 BP. Elle est représentée par le silt
Emerald, facies B. Au début de cette période, des conditions
propres a la pleine mer se sont formées sur le plateau continental et
des courants de fond ont exercé une influence accrue sur la distribu-
tion des sédiments et ont contribué a la mise en place des couches
non concordantes sur une grande étendue vers 32 000 BP environ.
Les vitesses de sédimentation dans le bassin Emerald ont diminué
pour atteindre environ 1,1 m/1000 ans. En général, le plateau
continental a évolué en adoptant un relief proglaciaire et il semble
que la glace n’a pas reculé tellement vers I'intérieur des terres par
rapport a la cote actuelle si I'on se reporte aux marques glaciaires
observées.

Au cours de la premiére moitié de la quatriéme phase, les
régions du golfe du Maine et de la baie de Fundy semblent quant &
elles avoir connu des événements sensiblement différents. Vers
31 000 BP, une plate-forme de glace fixée recouvrait cette zone et y
déposait la moraine Fundian (31 000 225 500 BP) et des tills au sud
de cette moraine autour du bassin George et du flanc septentrional
du chenal nord-est adjacent au banc Browns. Des moraines sou-
levées se sont alors formées vers le nord en direction de la créte
Truxton.

Au cours du dernier recul de la quatriéme phase, peut-étre dés
30 000 BP., la crofite a subi un relevement plus ou moins complet, a
I'exception des régions adjacentes ol subsistaient des restes de



sheet on the adjacent land areas. A well defined sub-
marine terrace at a depth of 115 to 120 m on the Scotian
Shelf and approximately 100 m on the Grand Banks of
Newfoundland, occurs across large areas. This corre-
lates approximately in time and magnitude with the
Late Wisconsinan maximum lowering of eustatic sea
level. Its uniform depth of occurrence over such broad
areas strongly suggests that glacio-isostatic rebound
had fully recovered and stabilized before the low sea
level stand was recorded; otherwise, tilting and dif-
ferential warping would possibly be in evidence.

Stage 5 (16 000 to 10 000 BP) covers the period of
lowest sea level, its subsequent transgression, and the
disappearance of the ice influence in the offshore.
Evidence for the low sea level stand and subsequent
transgression is widespread. The trace of the terrace is
indicated by the boundary between the Sambro Sand
and Sable Island Sand and Gravel

This paper emphasizes the fact that ice margins,
when dominated by ice shelves, result in broad
regional synchronous deposits, not characteristic of
short terminal events. Major glaciotectonic features and
the limits of strong isostatic effects are probably more
useful in defining ice sheet limits.

glacier. Une terrasse sous-marine bien définie a une profondeur de
115 a 120 m dans le plateau continental de Scotian et & environ
100 m dans les Grands bancs de Terre-Neuve traversent de larges
étendues. Des corrélations approximatives de temps et d’ampleur
du phénomene font correspondre cette terrasse avec I'abaissement
maximal du niveau de la mer au Wisconsin supérieur. La profon-
deur uniforme de la terrasse sur des étendues aussi grandes laissent
supposer fortement que le relévement glacio-isostatique s’est ter-
miné avant 1’abaissement du niveau de la mer; sinon il serait
possible d’observer des basculements et des plissements différen-
tiels.

La cinquie¢me phase (de 16 000 a 10 000 BP) correspond a la
période au cours de laquelle la mer a atteint son niveau le plus bas
avant de donner lieu & une transgression et la glace a cessé de
modifier le relief situé au large des cotes. Les traces indiquant le
niveau inférieur de la mer et sa transgression subséquente sont
largement répandues. La présence de la terrasse est révélée par la
zone limite séparant le sable Sambro et le sable et le gravier de I'fle
de Sable.

Le présent article met l'accent sur le fait que les marges
glaciaires, lorsqu’elles sont composées surtout de glace flottante,
entrainent la mise en place de dépdts synchrones sur une large
échelle régionale, non compatible avec des événements pro-
glaciaires de courte durée. L'analyse des principales formes de
relief glacio-tectoniques et des limites d’effets isostatiques impor-
tants sont probablement plus utiles pour délimiter les calottes
glaciaires.

INTRODUCTION

In eastern Canada, during the Wisconsinan glaciation,
the Laurentide ice sheet, and the local ice caps of the
Appalachian region advanced and retreated several times.
According to Dreimanis (1975) and others, the general pat-
tern of major glacial fluctuations in eastern Canada has led to
a subdivision of the Wisconsinan glacial stage into three
substages in the Great Lakes and Interior Plains regions.
These are: Early Wisconsinan (approximately 120 000 to
65 000 BP), Mid-Wisconsinan (65 000 to 23 000 BP), and
Late Wisconsinan (23 000 to 10 000 BP). The chronology of
events to 50 000 BP was based on radiocarbon dating, but
timing of the earlier substage boundaries was established by
correlation of the observed stadials and interstadials with the
major fluctuations in the oceanographic record. The most
detailed classification including several stadials and inter-
stadials is best developed in the St. Lawrence-Lake Ontario-
Lake Erie-Lake Huron region. The ice marginal positions can
be correlated with levels of proglacial lakes which were
controlled by the opening and closing of the lake outlets by
glacial retreats and advances. In the northeast portion of the
region a correlation with sea level changes is also possible.
Dreimanis (1975) further suggested that east of the Great
Lakes, the Mid-Wisconsinan retreats were either less pro-
nounced or even absent from the stratigraphic records, and
the main interstadial (St. Pierre) is assigned to the Early

Wisconsinan.

According to Prest (1977) both interglacial and inter-
stadial deposits are known from Cape Breton Island and
mainland Nova Scotia, but neither has been recognized from
Newfoundland nor Prince Edward Island. The stratigraphy of
eastern Canada pertains only to the last major glaciation with
the exception of organic deposits that predate the last glacia-
tion reported from the Magdalen Islands and from the Eastern
Townships. In Nova Scotia, organic deposits buried beneath
one or more tills are widespread, and are generally beyond the
range of radiocarbon dating. Pollen analyses from the organic
deposits provide evidence of a warm interglacial environment
and are tentatively referred to the Sangamon. The organic
deposits indicate a cool climate and are tentatively referred to
the St. Pierre Interstade, although they may in part represent
very late Sangamon or earliest Wisconsinan time. Stea
(1982a,b) described the Quaternary lithostratigraphy of cen-
tral Nova Scotia and found evidence for three nonglacial
intervals, overlain and underlain by tills. The lowest organic
bed in the sequence is exposed at East Milford, has a pollen
signature indicating a climate as warm or warmer than today,
and is believed to be of Sangamon age (Mott et al., 1982).
Buried organic sites at Noel and Miller Creek have pollen
signatures that indicate a climate cooler than today (Stea,
1982a,b). These sites are all beyond the range of radiocarbon
dating, but palynological evidence and correlation of till
sheets suggest that the Miller Creek and Noel sites are youn-
ger than the “warm” organics at East Milford, and are
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tentatively correlated with the St. Pierre Interstade. Overlying
these organic beds is a red, silty till formed by a regional
southeast ice flow named the East Milford Till (Stea,
1982a,b). Alteration of the East Milford Till and widespread
rhythmite beds on top of it suggest a minor ice retreat before
the final emplacement of several late Wisconsinan till sheets.

Grant (1980, 1981) suggested that the Sangamon is
represented by a widespread elevated wave cut platform with
associated littoral and fluvial gravels that locally grade to
organic beds. He further suggested (personal communica-
tion, 1984) that this interglacial period spans a long interval
between 125 000 and 75 000 BP, which accordingly com-
presses the Early Wisconsinan substage. The best known
Mid- Wisconsinan deposit occurs along the Salmon River in
southwestern Nova Scotia (Grant, 1976; Nielsen, 1974) and is
of glaciomarine origin and dated at 38 000 BP, although this
is somewhat in dispute (Grant, 1980).

Glacial till is by far the most widespread of all the
surficial deposits in Nova Scotia. This ubiquitous layer can be
subdivided on the basis of colour, direction and mode of
transport, and its relationship to underlying local source
rocks. Grant (1963, 1972), on the basis of lithology, recog-
nized three distinctive till sheets on the Atlantic slope of
mainland Nova Scotia; the composition, thickness and tex-
ture of which vary according to differences in the erodability
of the local source rock. Rock fragments within the till are
generally of local origin, but a distinct proportion (up to
20%), are derived from northern Nova Scotia and New Bruns-
wick. Till colour was influenced strongly by a source of
bright red sediment from the Minas Basin and Bay of Fundy
which at times contributed to the formation of local hybrid

tills, but sometimes was transported over distances in excess

of 100km, maintaining its distinctive red colour. Nielsen
(1976) emphasized the importance of the source and mode of
transport to explain variations in lithology and colour and
recognized distinct basal, englacial, and ablation phases.
More recently, Stea and Fowler (1979, 1981), Stea (1982C),
and Stea and Grant (1982) used the above mentioned param-
eters, together with geochemical data, to produce a series of
Quaternary lithostratigraphic maps covering much of main-
land Nova Scotia.

The regional southeastward trend of ice-flow features
(glacial striae, drumlins, eskers, and end moraines) across
Maine, New Brunswick, southern Nova Scotia, and the Sco-
tian Shelf, is well documented (Prest and Grant, 1969) and is
believed by Grant (1980) to be of Early Wisconsinan age.
Subsequently, a redirection of glacial flow from southward to
westward and northerly toward the Bay of Fundy, is consi-
dered to be the result of drawdown as a consequence of
marine invasion in the Fundy basin or the buildup of a
separate ice cap (MacNeill and Purdy, 1951; Hickox, 1962).
The southeastward flow pattern contributed to a generally
held concept of a regional radial flow of Laurentide ice across
the Maritime Provinces. The absence of the southeastward
trends that might be expected from a major flow of Laurentide
ice across the entire area of northern Nova Scotia, Cape
Breton Island, Prince Edward Island and eastern New Bruns-
wick was attributed by Goldthwait (1924) to erasure by later
ice influenced by drawdown to the Gulf of St. Lawrence. This

ice produced easterly flow patterns in Prince Edward Island
and for the most part northeastward patterns in Cape Breton.
Stea and Finck (1984) believed, however, that the eastward
flow patterns are related to the earliest flow event. Prest and
Grant (1969) concluded that at the last glacial maximum the
Maritime ice and the Laurentide ice were confluent, but the
latter was not as influential in the region as was formerly
assumed. The Laurentian Channel effectively served to draw
down the Laurentide ice and allow its greatest influence,
especially erosion in Newfoundland. In the Maritime Provin-
ces the Laurentide ice was not as pronounced as it was toward
the continental interior, but was locally influenced by an
Appalachian ice complex. During the Late Wisconsinan
recessional phase there were several active centres throughout
the Maritimes. In the offshore area King and coworkers
(King, 1970; MacLean and King, 1971; Drapeau and King,
1972; MacLean et al., 1977; Fader et al., 1977; Fader, 1984
and Fader et al., 1982) mapped the lithostratigraphy of the
Scotian Shelf, eastern Gulf of Maine and Bay of Fundy, and
the western Grand Banks of Newfoundland using acoustical
data to define the boundaries of major formations and then
qualified them in terms of their gross sedimentary charac-
teristics using bottom samples. They mapped the distribution
of glacial till, the occurrence of a submarine moraine com-
plex and associated glaciomarine deposits (King, 1969; King
etal., 1972), and later formations associated with the decline
of glaciation and an associated low sea level stand. They
suggested that the end moraine complex was formed at the
buoyancy line of an ice shelf. Evidence was not available to
determine if it was formed during retreat of the ice from the
edge of the continental shelf or if it represented a terminal
position for the last advance on the shelf.

A study by Alam and Piper (1977) and Alam et al.
(1984) of cores from the tops of seamounts close to the
continental shelf provided evidence of the earliest ice
advances in the Atlantic region. The cores contained
sequences of alternating clays and foram-nanno ooze repre-
senting glacial and interglacial events to the Pliocene. It was
inferred that the Illinoian glaciation was most intense, and
was associated with a strong influx of red sediment which
indicated extensive erosion of the Gulf of St. Lawrence and
Laurentian Channel.

The mapping methods for the earlier offshore work
included the use of echograms which provided stratigraphic
information on muddy bottoms and the lithological character
was interpreted from the echograms using an estimate of the
degree of signal pulse stretching. Across the harder bottoms
the airgun profiles provided the stratigraphic data, but the
resolution was not sufficiently good to resolve the details of
the Pleistocene-Holocene section. Since 1975 a Huntec deep-
tow high-resolution seismic system (DTS; see Hutchins et
al., 1976) was employed which provides resolution to about
0.25m and in most areas provides stratigraphic information
throughout the entire surficial section.

A number of the more interesting and critical areas of the
shelf were re-examined on an opportunity basis using the
DTS system, and piston cores were collected in the
glaciomarine formations using the high resolution seismic
control for the selection of key sites. Radiocarbon dates at



several horizons in each core and sediment analyses were
correlated with the seismic stratigraphy. This approach has
provided new insight into the nature of the glacial environ-
ment on the shelf, the relationship between the glaciomarine
and glacial sediments, the depositional processes which led
to the formation of these units, and the extent and age of
glaciation on the shelf and its relationship to the glacial
history of the mainland. The glaciomarine section appears to
be complete and represents a time interval from within the
Early Wisconsinan to the last influence of floating ice on the
shelf during Late Wisconsinan time.

Field work in support of this study involved several
cruises: Hudson 75- 009, 76-016, 77-011, 78-012, 79-011,
and 80-010. The Huntec DTS track plots used in this inter-
pretation are shown in Figure 1.

OFFSHORE SURFICIAL SUCCESSION

Regional setting

This discussion draws on a large number of studies on
the bedrock and surficial geology of the Scotian Shelf and the
Grand Banks of Newfoundland which were summarized in
King (1980).

A diagrammatic cross-section of the surficial succession
on the Scotian Shelf from an area south of Halifax across
Emerald Basin and Emerald Bank is shown in Figure 2 and a
surficial map showing the areal distribution of the formations
is shown in Figure 3. Bedrock underlying the surficial
lithostratigraphic units consists of Cambro-Ordovician meta-
sediments (Meguma Group) which continue offshore from
mainland Nova Scotia and form the basement for a thick
prism of Mesozoic-Cenozoic sediments filling the East Coast
Geosyncline. The latter beds dip gently seaward and show a
marked erosional unconformity with the surficial succession.
The surface of the bedrock forms a submerged coastal plain
which has subsequently been modified by glacial erosion. Its
shape controls to a high degree the bathymetry of the present
shelf. The surficial succession occurs as a thin blanket
(approximately 50m thick) across the submerged coastal
plain surface, and is comprised of five formations: Scotian
Shelf Drift (glacial till), Emerald Silt (glaciomarine), Sambro
Sand, LaHave Clay, and Sable Island Sand and Gravel.

The major factors dominating the Late Pleistocene and
Holocene geological evolution of the Scotian Shelf and possi-
bly that of the whole of the eastern Canadian shelf were: (1)
the morphology of the bedrock surface which to a large
degree was inherited from a former coastal plain environ-
ment, (2) the advance and retreat of the continental ice sheet
and its boundary relationships with the ocean, and (3) the low
stand of the Late Wisconsinan sea level at about 120m and its
subsequent transgression.

The Scotian Shelf is a typical example of a formerly
glaciated shelf characterized by a well defined, rough inner
shelf which is an offshore continuation of the land area, an
area of longitudinal and transverse depressions with adjacent

isolated banks forming the central shelf, and a chain of large,
shallow banks with intervening saddles along the outer edge
of the shelf. The morphology of such shelves is often thought
to have resulted from glacial scour, but a study of seismic
reflection data indicates that the major landforms are bedrock
controlled and represent cuestas and mesas with adjacent
lowland areas developed to varying degrees of maturity on the
bedrock surface. These landforms are typical of a coastal
plain environment developed by subaerial erosion across
gently dipping strata of variable lithology. In general, they
bear little relation to glacial landforms. Cuesta development
is most prominent on the outer banks of the Scotian Shelf and
the mesas are dispersed as isolated banks throughout the
lowlands of the central shelf. The longitudinal troughs, par-
ticularly well developed along the Labrador Shelf, are formed
on relatively soft Mesozoic- Cenozoic strata. The troughs are
parallel to the contact with the more resistant rocks of the
inner shelf (submerged Piedmont province). The troughs gen-
erally coalesce with transverse depressions forming lowlands
or basins. The troughs appear to be analogous to the lowland
areas of the emerged coastal plain south of New Jersey where
the rivers flowing off the Piedmont at the fall zone change
course and run for some distance subparallel to the inner
margin of the coastal plain before crossing it to the ocean.

The coastal plain landforms are of Late Tertiary age but
in some areas inheritance from earlier Tertiary erosional
cycles influenced the development of the surface. Sub-
mergence of the coastal plain along the Canadian margin is
probably a result of tectonic subsidence caused by thermal
contraction and sediment loading of the crust following the
opening of the North Atlantic Ocean. Sedimentation during
much of the Quaternary probably was slow because of the
cover provided by the continental ice sheet. Consequently,
the pre- Pleistocene topography was not completely masked
by subsequent sedimentation and its impression is commonly
evident in the present morphology of the eastern Canadian
shelf. During times of glacial deposition, especially during
recessional phases, sedimentation rates were high but proba-
bly not of sufficient duration to fill the depressions on the
coastal plain surface.

The best evidence for modification of the coastal plain
by glacial erosion is the degree of overdeepening observed in
the lowland areas, which varies from areas of little modifica-
tion to an extreme where the dominant landforms are
obviously the result of glacial scour. The fiord-like features,
such as the Laurentian Channel and its tributary hanging
valleys which incise the western Grand Banks of New-
foundland and originate in the fiords along the south coast of
Newfoundland, are examples.

The distribution (Fig. 3) of till and lag deposits of
reworked debris signify that at least one ice sheet or ice shelf
covered the greater part of the Scotian Shelf. Evidence for the
last major ice advance on the shelf is clearly indicated by a
submarine end moraine complex (Fig. 4; King et al., 1972)
and evidence from the present study indicates that the main
complex was fully developed in Middle Wisconsinan time at
approximately 26 000 BP. The complex is more or less
continuous over a distance of 840km, from the central part of



the Gulf of Maine to the Laurentian Channel. East of the

PRESENT SEA LEVEL

T Laurentian Channel the moraine complex occurs south of the
Burin Peninsula (Fader et al., 1982). Several lobes which
probably belong to the same system were described east of
Newfoundland (Dale and Haworth, 1979) and on the
Labrador Shelf (A.C. Grant, 1972; van der Linden et al.,
1976; Fillon and Harmes, 1982).

Following the period of glacial deposition the glacial
and glaciomarine deposits were in part eroded and reworked
to form the geological formations representing Late Wiscon-
sinan and Holocene history (Fig. 2, 3). During this period the
shelf environment was influenced by isostatic adjustment of
the crust and the glacioeustatic lowering of sea level. Appar-
ently, the ice had receded from the shelf and isostatic adjust-
ment was complete well before sea level reached the mini-
mum still stand. Except for the approaches to the Bay of
Fundy (Fader et al., 1977), the submarine terrace which was
cut during the minimum sea level stand (115-120m) is
unwarped and occurs at the same depth across the entire
shelf. The present study has helped to define the age of the
terrace, indicated in Figure 3 by the contact between the
Sambro Sand and the Sable Island Sand and Gravel. Emerald
Silt and glacial till in the peripheral areas of the basins were
reworked to form the sublittoral Sambro Sand, while the bank
areas were subjected to subaerial erosion. During the Late
Wisconsinan-Holocene transgression all sediments between
the old and present shoreline were modified in response to a
high energy beach environment. As the transgression pro-
gressed it produced large areas of clean, well sorted, sands
and gravels (Sable Island Sand and Gravel) across the outer
banks, leaving underlying truncated deposits of Emerald Silt
and glacial till. The winnowed fines were deposited in the
adjacent basins to form the LaHave Clay. On the inner shelf
between the end moraine complex and the present shoreline
of mainland Nova Scotia the gradient was sufficiently steep to
allow undercutting of the glacial material by the advancing
sea. Consequently, the glacial and glaciomarine deposits of
this area were almost completely removed and most of what
remains is coarse gravel confined to depressions on the bed-
rock surface. This, to a large degree, isolated the offshore
glacial and glaciomarine section from the mainland glacial
deposits except along the ancient river channels.

km
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SABLE ISLAND SAND AND GRAVEL
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EMERALD SILT
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The sedimentary distributions (Fig. 3) established dur-
ing the Late Pleistocene and Holocene are still preserved at
the present seabed indicating that much of the surface is relict
except in shallow areas or areas of extreme exposure where
deposits of Sable Island Sand and Gravel are still being
reworked. The occurrence of relict iceberg furrows on the
glacial till surface (King, 1980; Fader et al., 1982) demon-
strates that these surfaces are indeed relict and have only been
slightly modified (Fig. 5B).

- LATE PLEISTOCENE SEA LEVEL — — — = = — — = — = — — — —

s
Figure 2. Diagrammatic cross-section of the Scotian Shelf across Emerald Basin and Emerald Bank showing the

distribution and relationships among surficial formations, bedrock, and the last low sea level position (King, 1980).

SEISMOSTRATIGRAPHY OF THE SURFICIAL
FORMATIONS AND ASSOCIATED FEATURES

B

07

] VERTICAL EXAGGERATION X 160

The surficial formations are described in terms of their
seismic reflection characteristics as they appear on the Huntec
e DTS profiles. These characteristics include the presence

100
300



‘PUBIPUNOIMAN JO SHUBY PUBICD) UIBISBM By} pue
[oUUBYD UBIUSINET ‘}|9YS UBNODIS ‘SUIRA 40 JIND) ‘ApUn4 JO ABg 8} WO} SUOIJBLLIOY [BIDIUNS JO uolNguUlslg "€ ainbBi4

& & ¢ o & ¢ 4 Qo 9 4 2 \.w \.n
3 2 2 3 d . k
’ ’ ! ! U . g Vi T3AVHO 3 ONVS
141HQ 473HS NVILOOS 1S atveana [Z55) anvs odawvs B AVID 3AVHV) e Se ke

\yg
z<:uOu

e
)

b
o<y

11



*UOIIBLIIO} 118Y} JO uopeUR|dXS 10} X8} 899G "SAUIRIOW }|8Ys 8] ‘|je1oe|Bgns ‘jeuoibal se pajaidisiul Mou ale saulelow
ayl "(zZel “|e 18 Buy) ease yueg sab1095) pue J|ayg ULI0IS 8U) UO ([9ABLE %01 UBY] 8IOW YLM SBSIR) SBIUDIINII0
|[aAelb uesijiubis pue ||13 UMOUY JO SallepuUNOC( UIBYINOS ay} pue xa|dwod aulelow pus J|ayg uenjoog ayl “p ainbi4

.85 409 29 ) .99 89

R4

STUN 10N 06
i ool

000w

% 473HS NO S3ON3YYNIO0 TT3AVYO LNVOIHINOIS 40 LINIM NYIHLNOS ***f-eenveee

8~ INIVSIN

A AJ e
N(Wﬂmﬂv.\\v g s 2
$\\x .\QN”\U ﬂnx N1y sOn INIVEOI
'
/-

T 7 4 o
0
0

SHILIWN NI Hid3Q ———r

473HS NO S3ON3YHYNOO0 TIL NMONM 40 LINM NY3IHLNOS < ~~we=<
INIVHOW (N3 e iy

4,039 Keid
Gl
o %7

INYE
NYILSIM

Lo

, . S

Q TIOMS - N¥ILSV3 XV g fnﬁn&.
o g i >

. 4 .‘ ,Ju)n xe»x:z»/\

<%

<

FATHSdNYH

BmZ\
/

ol

12



or absence of coherent internal reflections, their amplitude,
continuity spacing, relief, structural form, and boundary
relationships. Table 1 shows the relationships between the
seismostratigraphy, lithostratigraphy and thickness of each of
the formations together with a brief description. Figures 6a to
6g (in pocket) illustrate the distribution and stratigraphy of
the surficial succession from the Gulf of Maine to the North-
east Newfoundland Shelf. Column sections, interpreted from
the Huntec DTS profiles, were chosen at piston core locations
and in areas where significant relationships between forma-
tions exist. This format consolidates the many line kilometres
of data on the seismic profiles. Only those formations (Sco-
tian Shelf Drift and Emerald Silt) and associated features (till
tongues and lift-off moraines) essential to the development of
the glacial model are described in detail.

Scotian Shelf Drift

At the base of the surficial succession overlying the
bedrock surface is the Scotian Shelf Drift (glacial till). It
appears on the Huntec DTS profiles as a uniform dense grey
pattern of incoherent reflections (Fig. 5). Where the till is
thick (i.e. > 60m) and penetration with the DTS is limited,
small airgun seismic reflection systems define the till thick-
ness to bedrock.

The regional distribution of till at the seabed is shown in
Figure 3. With the exception of the inner shelf and shallow
bank areas, where the Late Pleistocene-Holocene marine
transgression eroded most deposits, till occurs in the subsur-
face as a continuous blanket of relatively uniform thickness
(i.e. 10 to 15m). The thickest deposits (>>100m) occur in the
moraines on the flanks of the basins. Numerous wedge-
shaped bodies of till situated on the distal side of the mor-
aines, are also found on the flanks of the basins and depres-
sions of the shelf. These features are referred to as “till
tongues” (Fig. 5). They are usually found at the stratigraphic
transition zones between the Scotian Shelf Drift and the
Emerald Silt. Figure 7a shows the known distribution of till
tongues from the Gulf of Maine to the Northeast New-
foundland Shelf. The column sections of Figures 6a to 6g also
serve to indicate variations in till tongue distribution and
thickness.

The surface of the till exhibits several variations in
morphological character. Its surface is conformable to the
underlying bedrock surface, where the till occurs as a contin-
wous sheet of ground moraine. Along the Scotian Shelf
Moraine Complex which occurs 30 to 40km offshore (Fig. 4),
the till exists as a belt of low ridges, which are up to 120m in
height, and are parallel to the present coastline. In contrast to
this large scale morphology is the occurrence of relict iceberg
furrows on the surface of the till formed by grounding ice-
bergs. These furrows have average depths of 2-3m and some-
times extend to over 200m in width. Figure 5 shows typical
iceberg furrows developed across the surface of the Fundian
Moraine. The surface of the till, as seen on the DTS profiles,
in many of the broad basins and isolated depressions of the
shelf displays a unique hummocky morphology. In most
areas these hummocks are buried beneath thick sediments;

however, at a few localities such hummocks have been found
exposed at the seabed. Sidescan sonograms revealed their
true morphology to be subparallel ridges (Fig. 8) which we
refer to as ‘lift-off moraines’. These features will be
described in detail later.

Emerald Silt

The Emerald Silt is subdivided into three seismic facies:
(A) high-amplitude, continuous, coherent reflections, (B)
medium- to low- amplitude, continuous, coherent reflections,
and (C) discontinuous coherent reflections (also referred to as
the transitional facies). The following acoustic characteristics
are common to facies A and B. Continuous coherent reflec-
tions are smooth, parallel and closely spaced at an average
distance of 0.3m. Throughout the vertical section individual
reflections may vary in intensity from weak to strong; how-
ever, in the horizontal direction individual reflections main-
tain uniform intensity over large distances despite changes in
their depth of occurrence within the section. Point source
reflections (hyperbolae) can occur within all the seismic
facies, but are largely confined to facies B.

The Emerald Silt varies from a few metres to over 100m
in thickness. The thickest deposits occur within the basinal
areas of the central Scotian Shelf, outer Gulf of Maine and in
isolated depressions on the eastern Scotian Shelf and Grand
Banks of Newfoundland. Isolated erosional remnants of
Emerald Silt are occasionally found on the inner Scotian
Shelf and bank areas and some are indicated in Figure 6.

Seismic facies A occurs mainly at the base of the Emer-
ald Silt and the characteristic high-amplitude continuous
coherent reflections in some places appear as a grouping of
reflections as discrete bands on the profiles. The facies attains
a thickness of up to 80m. A dominant characteristic of this
facies is the conformability of the reflections which parallel
the surface morphology of the underlying till. Reflections
with dips of 5° occur over the steepest till surfaces, but most
reflections range in dip from O to 2°. Facies A in some places
is characteristic of younger sections (B in Fig. 7b) but this is
not a common occurrence.

Seismic facies B consists of medium- to low-amplitude
continuous coherent reflections (Fig. 5). It overlies facies A in
the basins and depressions of the shelf and reaches a max-
imum thickness of 40m. The structural style of the facies
changes from a conformable character in the lower part of the
section to a more ponded style in the upper part of the section
with associated onlap on the basin flanks. An unconformity of
wide regional extent (in some places disconformable) occurs
at the base of facies B. The unconformity is best developed on
the flanks of the basins and appears on the DTS profiles as
truncations of continuous coherent reflections (Fig. 9). It is
often well developed locally around bedrock or till
topographic highs and is sometimes associated with a moat
(Fig. 9) surrounding positive features. Point source reflec-
tions appear to occur more frequently within facies B. Sec-
tions where they occur range in thickness up to 40m and are
largely confined to the southern Gulf of Maine and the
western Scotian Shelf. Seismic facies C of the Emerald Silt

13



swéanil T3AVHL

w‘IONVY

wy

'a|1yo4d uonoajyas s1wsias unbuae
juaoelpe ue wouy palaidialul sem aosepns 3201paq ayl jo uopisod pue ABojoydiow ay] ‘€-9L0-9/ 8109 JO YINOS WL’
pa1ed0] SI Baik sulepy JO §|ND 8y} 10§ U0(109s adA) sy} pue pajedlpu] ale sal0d uoisid ayi jo suoisod ay] -anbuol |1 e
Se 0} pa4Jajad Sl ‘}|IS pledsaw] y soatoey Buiesysuadisiul |13 Jo Apoq padeys-abpam ay] ‘yidap ul wg o0} dn smotiny 612qa9)
YHM palsA0D Si 3ujesoW 8yl JO |11 Y] JO 33BLINS BY] "WG’| JO 3JURISIP B 19A0 SUOIID3)84 1U8ISYOoI SNONUNUOISIP
-SNONUIJUOD JO 19)0BIBYD D1ISNOJE UB YLIM }|IS pleldw] 9 saloe} 0} sapelb y sajoe} ‘suleiow ay) jo doj syl Jesp
*30BHNS %201paq ay3 1suiebe 1no sayouid 31 1aym ‘W8 JO 9JURISIP B 10 BUIBIOW SY] JBPUN SPU3IXd pue aujelow ayl
1O |11} ylim pappaqg4alul S| ‘1|1 p|edawi] y 81984 "aulRA JO J|ND) ‘OUIRION UBIPUN 8} SSOJoe () Uoilelaidiaiul |eotbo|oab
pue ‘(g ‘D) a|oid §1Q 281uny sy Jo suoiloas pabiejue ‘(g) weisbouos ueasapis ‘(y) sjyosd §1Qg 281uny G 8.nbly

ot 6 8 Z 9 g v £ z L

0S¢

Moouda3ag
141G J73HS NVILOOS
(Vv S310vd4) 171S QIvH3wa
(g9 s31ovd) LS aivyawa
(2 Ss31ovd) 111S  ATvHINA
AVID 3AVHVI

SMOHHN4 ~ ©H3Ig3DI

oov

ooe

wHidaa JIVWIXOHdDY

14



consists of discontinuous coherent reflections transitional
between Emerald Silt facies A and the Scotian Shelf Drift
(Fig. 5, 10). The coherent aspect of the reflections is of limited
extent in both the vertical and horizontal dimensions and
reflections cannot be correlated throughout the deposits. This
facies is of limited extent and is best developed in the south-
ern Gulf of Maine where it attains a maximum thickness of
20m (Fig. 10).

Till tongues

Till tongues are wedge-shaped bodies of till interbedded
with Emerald Silt (Fig. 5¢, 7b, 7c). At the thin or feather edge
of the tongues, continuous coherent reflections of the Emer-
ald Silt, splay, and continue under and over the feather edge of
the tongues. Beneath the till tongues, and in a more proximal
position, the Emerald Silt section often terminates abruptly
against the till (root), but in some areas may continue beneath
the moraine complex. Figure 13 at the 24.5km mark shows
the termination of a 40m section of Emerald Silt beneath a till
tongue on the Scotian Shelf. The tongues vary in length from
100m to over 25km and the thickness of the till is highly
variable ranging from a few metres to over 40m. The rate of
thickening can vary from a maximum thickness of 40m over a
distance of 700m, to 8m over a distance of 3000m.

The distribution of till tongues from the Gulf of Maine
across the Scotian Shelf to the Northeast Newfoundiand Shelf
is indicated in Figures 6 and 7a. Where seismic coverage
allows, such as in the Gulf of Maine, correlation of till
tongues between adjacent ship’s tracks has been attempted. In
other areas the tongues have only been identified where they
occur along individual profiles. Also, in Figure 6 the strat-
igraphic position of the till deposits is indicated numerically.
These stratigraphic designations only apply along individual
profiles and correlation across the shelf is not implied. Most
till tongues are confined to the flanks of the depressions on
the shelf. Along the inner shelf, till tongues are generally
confined to the distal, seaward side of the moraine complex.

A complex stratigraphic section that includes eight till
tongues occurs in the northeastern corner of Emerald Basin
and extends on the northwestern area of Middle Bank. Figure
11 is a composite airgun and Huntec DTS interpretation from
north to south across the area. The cross-section is supple-
mented by DTS profiles (Fig. 12, 13) parallel to and normal to
the section. They illustrate details of the stratigraphic rela-
tionships. These eight till tongues are sequentially numbered
upwards through the section beginning with number 2 above
the base of the section. Till number 1 is a thin till which
overlies the bedrock surface as ground moraine. In order to
develop a three dimensional model of the distribution of the
till tongues in this study area, a plan view diagram showing
the extent of each till tongue is provided (Fig. 14). Proximal to
the feather edge of the till tongues near the Country Harbour
Moraine, till tongues 2 to 4 appear to grow out of, or are
rooted in the moraine at depth (Fig. 11, 14). In contrast, till
tongues 5 to 9 have been eroded at their rooted ends and the
intervening Emerald Silt between tongues has been exposed.
This provided an opportunity for samples to be obtained
throughout the section.

The relationship between the till tongues and the Emer-
ald Silt differs between the top and bottom surfaces of the
tongues. The bottom surfaces are generally smooth with little
or no relief and they are parallel to the underlying Emerald
Silt reflections. Where steeper dips and rapid changes in
structure occur within the Emerald Silt (Fig. 7b), the till
generally conforms with the underlying deposits. One
exception is shown in Figure 13 from the 10-16km mark where
till tongue number 7 shows irregularities with relief up to 10m
at its base, indicating an erosional contact.

In the vertical direction the till tongues terminate
abruptly and the contact between the Emerald Silt and the till
is clearly defined. However, in the horizontal direction along
the upper tongue surfaces, the transition is gradational. Indi-
vidual Emerald Silt reflections become discontinuous and
less defined, and eventually terminate within the till.

Lift-off moraines

As discussed earlier, lift-off moraines are parallel ridges
of till which occur on the surface of the basal till in the basin
areas. They are illustrated by sidescan data in Figures 8 and
15. These moraines commonly occur in fields or groups, the
distribution of which is shown in Figure 16a. The ridges vary
in height from a few metres to 20m, in width from 20 to 150m
with the average at 40 to 50m, and are spaced from 30 to
400m apart, but on average about 40m. Figure 16b shows
several DTS profiles collected over lift-off moraines from the
Gulf of Maine, Scotian Shelf and the Grand Banks of New-
foundland. They show variations in internal structure and
complex relationships with the adjacent and overlying Emer-
ald Silt. Lift-off moraines generally occur in association with
facies A of the Emerald Silt, and it is sometimes difficult to
define where the upper surface of the moraine ends and the
overlying conformable glaciomarine sediments begin. The
flanks of the ridges are very steep and are generally defined
by an abrupt termination of Emerald Silt reflections which
occur between the ridges. Figure 16b illustrates how discrete
bands of Emerald Silt can be correlated between ridges across
an entire field of lift-off moraines, and suggests contempo-
raneous deposition of the till and glaciomarine sediment. If
the glaciomarine sediment had been deposited later, it would
mimic the shape of the ridge. In contrast, the till ridges
sometimes occur at the seabed without any associated
glaciomarine sediment.

LITHOSTRATIGRAPHY AND CHRONOLOGY OF
THE GLACIAL SURFICIAL FORMATIONS

Previous studies (King, 1970, 1980) utilized information
from the seismostratigraphy of the surficial formations
including distribution, boundaries, structure and thickness,
combined with lithological information from samples, to
establish the lithostratigraphic classification which forms the
basis for Figures 2 and 3. Data from the piston cores collected
for the present study supplement the previous descriptions for
the Scotian Shelf Drift and the various facies of the Emerald
Silt. The results are summarized in Table I and discussed in
detail below,
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Piston core analysis

A total of 25 cores were obtained with a split piston,
Benthos corer to represent the various glacial, glaciomarine,
and postglacial units in the eastern Gulf of Maine, Scotian
Shelf, Laurentian Channel, and Grand Banks of New-
foundland. Their locations are indicated in Table 2 and on the
seismic column section maps, Figure 6a to 6g. Core sites
were chosen along high resolution seismic reflection profiles
which had been previously collected and interpreted, with the
objective to obtain maximum stratigraphic coverage during
sampling. In the process of sampling, the DTS system was
again employed to define precise site locations with respect to
stratigraphy. This technique was of particular value in areas
where the section was exposed at the seabed by virtue of an
unconformity. The use of standard navigational controls
alone could have resulted in the collection of samples with
stratigraphic errors as great as 15 to 20m.

The cores were split, X-rayed, subsampled for grain size
analysis, radiocarbon dating and micropaleontological analysis,

3 EASTERN  SHORE
MORAINE

and described in terms of lithology and structure. The
radiocarbon dates were based on total organic carbon in the
sediment after removal of carbonate carbon. For the paleon-
tological analysis only those parameters are reported which
are considered most significant in defining glacial and
postglacial environments (Vilks and Rashid, 1976), that is,
total abundance of foraminifera, percentage of Elphidium
excavatum and planktonic foraminifera. Foraminiferal abun-
dance is reported as the number of tests per 60ml of wet
sediment. Sand fractions remaining from the paleontological
analysis were examined microscopically. Each core was clas-
sified according to stratigraphic formation and seismic fac-
ies, and correlations were made with seismic events where
possible. Unfortunately, colour was generally not noted
because of the time lapse between sampling and examination;
however, most of the features enhanced by colour in core
descriptions, especially sedimentary structure, are preserved
in the X-radiographs (Fig. 17a) so that this detailed informa-
tion was not lost.
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Figure7a. Known distribution of titl tongues from the Guif of Maine, Scotian Shelf and
Grand Banks of Newfoundland based on an interpretation of Huntec high resolution
seismic reflection profiles. The arrows point in the direction of the thinning feather
edge of the till tongues interbedded with the glaciomarine sediment.

Figure 7b, Figure 7c. A suite oftill tongues as they appear on Huntec DTS profiles. See

text for detailed description.
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Figure 8.

Sidescan sonogram (A),
Huntec DTS profile (B), and
interpretation of Huntec DTS
profile (C), across an area of
lift-off moraines from the
northwestern Grand Banks
of Newfoundland. The side-
scan sonogram {A) shows
that the features are linear
ridges and not isolated
mounds or hummocks. The
lift-off moraines range in
height from 8-10m and are
spaced from 0.1 to 0.25km
apart. Note the consistant
character of the Emerald Silt
reflections throughout the
field of lift-off moraines.
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Table 1. Table of Quaternary Formations

Epoch Formation Lithostratigraphy Thickness Seismostratigraphy
H LaHave Clay Greyish brown, soft, silty, clay
grading to clayey silt, confined 0-70m Generally transparent without
mainly to basins and depressions reflections. Some weak
0 of shelf. Derived by winnowing of continuous coherent reflections in
glacial sediments on banks and base of section becoming
L transported to basins. Time stronger in nearshore sandy
equivalent of Sable Island Sand facies and on Grand Banks of
and Gravel and Sambro Sand on Newfoundland
o) banks
Sabte Island Fine to coarse, well sorted sand 0-50m Highly reflective seabed.
C Sand and grading to subrounded to rounded generally Generally closely spaced
Gravel gravels. Unconformably overlies veneer continuous coherent reflections if
Emerald Silt and Scotian Shelf deposit is of sufficient thickness
E Drift, and derived from these to resolve
deposits through reworking during
N Holocene transgression above
120m present depth. Time
equivalent of LaHave Clay in
E basins
Sambro Sand Silty sand grading locally to 0-20m Similar to Sable Island Sand and
gravelly sand and well sorted sand. generally Gravel
Deposited sublittorally with veneer
P respect to the Pleistocene shoreline
below 120m present depth. Time
L equivalent to basal LaHave Clay
and upper Emerald Silt, facies B
E Emerald Silt, Not well sampled 0-100m Discontinuous coherent
Facies C reflections; transitional between
facies A Emerald Silt and glacial
I till
S Emerald Silt, Darkish greyish brown, poorly 0-40m Medium to low amplitude
facies B sorted clayey and sandy silt with continuous coherent reflections,
some gravel. Poorly developed and to some degree a ponded
T rhythmic banding; proglacial in sedimentational style
origin
o Emerald Silt, Dark greyish brown, poorly sorted 0-100m High amplitude continuous
facies A clayey and sandy silt, some gravel. coherent reflections, highly
Well developed rhythmic banding; conformable to substrate
C subglacial in origin. Time irregularities
equivalent to parts of Scotian Shelf
E Drift
Scotian Shelf Very dark greyish brown, cohesive 0-100m Incoherent reflections, sometimes
N Drift glacial till composed of poorly with scattered point source
sorted sandy clay and silt with reflections
variable gravel
E

19




‘wesbeip ay3} uo 1)a| syl 01 PanullUOD ale Saide) J|WSIas pajaldialul oyl 810N S1uU8LIND
woNog YIIM PoaleID0SSE UOIS049 PUR S3)eJ UOIIRIUSLLIPAS JaMO| JO UolleUIquod B AQ pawlo) 8q 0] paAaljaq ale pue
pealdsapim ale sainjeaj asay] ybiy xo01paq ayy Buipuno.ins JeoW B O 80UsJIN320 34} 910N "9)qEBUWIO0JUOISIP SaW 093]
31 seale Auew U} 'SUOII08[4BJ JUSIBYOD SNONUIILOD JO UOIIBJUNJ] € S YJeWw WG| ayl Je passaldxa si pue 1fig p|elaw]
Vv Sa10e} j0 d01 8y} Jeau SIN320 Ajioju0IUN [BUISEq Y ‘AB)D) BABHET PUE ‘g PUB Yy S8198}1|IS pleJawg ‘|13 je1oe|6 “o0lpaq
Buowe sdiysuounejas oslydeabpedis syl Buimoys ‘Jjoys uenoog ‘uiseg plelawy wody ajyosd g1Qq d9uny g 94nbi4

S 14 € [4 1

[

'

AV1D 3

R e

: \( o - - —
A e ALV e, At

ALINHO4NOONN

I . 1 . 1 .

ERE A S ot et

4

=

. ¥O0HQ3g

Ivo01

P . ALINHOINOONN
, V . IVNISY]

JIVINIXOHddV

w‘Hid3a

20



sSw‘3anIL T13IAVHL

‘pageas pue 891 U} UsIMIa] 10BIU0I JusiliuLBIYl Buunp
PaWLIOS SEM SBI0R) BU | "}|IS Pie4aw ] v S819.) JO JUB[RAINDA UE S| S3I0B) AY) SHJIBW WG pue | aylie ‘9joid auyl Buoje yuou
pue yinos ay} 01 Jalem Jadaap ApyBi|s ul 1yl 910N "SUOIIO8|484 JUSIBLO0I SNONUIUOISIP JO SBUOZ YHM PaxIW SUO}03|43]
1UBIBYODUI JO SBA4E JO SISISUOD )] '}|IS P|RISWT PUE |1} 4O 18)ORIBYD D[3SN0JE 3Y] Ylog sAe|dSIp 1l SE S3]96) |RUOIISUR.) B8y}
pa||eo $i ) $8108 *||[9MS UOIXNJ] JO YINOS aUIBA JO JIND) 8y} WO |IS plelaw] D saioey jo a|youd § g o9wuny 0L ainbiy

w 9 S v

- 0 Lose

N 3 z t 0

I . i I A I A

w‘Hld3a 3IJIVNIXOHddY

21



wy

‘PUBIPUNOIMSN JO Syueg pueRlD
puE {[8YS UB109S 311U 8y} sSo10e sanBuoy || Jo awWdo|3Aap 1SapeOIq 3Ul pue sjuawipas |e1oe|b jo
SUOI109S 1880141 8y} JO SUO SUIBIUOD }|aYs S} JO BaJE SIY | "UO0I)}08S 8] SSOI0E aujelow a113ua ayj yieauaq
puaixa yosiym ‘g anbBuoy j|11 8Aoqge 3jig plesawi ] o siisodap snonuiluod syl ajop "Ybiy yooipag e uo payeso)
J0u sI pue sjeuajew |eoe|B Jo Ajainua pasodwios si (jueg 9|PPIA) duleiop JnogieH Aluno) ayi jo 1ed
sIy | -uoziioy oiydelBiels sy siuasaldal Ajuo paleaipul uoiysod syl pue s|ijoid siyi Buoje J1nd20 Jo0uU $80p
¥ anbuol ||iL WIS PlesswT ¥ S310e} UM pappaqualul a.e g-Z sanbuol (|11 (g-V ‘29 ‘Bly) uiseg plesawi3
UJ8]1SE3YLIOU SSOIJE ‘YINos 0} Yiou sa|iyoid g g 983unH pue djwsias unbije jo uonesadiaju) || 8inbi4

oy
i : %® 5 % . iy _

IN3W3sve OILSNOJY [ x ]

SNOIDVLIYO-AHVILEIL N N
MO0HAa3g

1413a@ 4713Hs Nviods R
(v S31ov4)1IS aivdawa [
(8 SIOVA)LNIS aIvHaIWI [ ]

INIVHOW
HNOGHVYH AHLNNOD

oov

-00¢

002

0ot

W'H1d3a 3JLVWIXOHddY

22



An index for the core description and the detailed logs
are shown in Figure 17b-17z (in pocket). They are grouped
according to area and stratigraphic position. The following
discussion of the various analyses generalizes and consoli-
dates the detailed descriptions of the individual cores in the
diagrams.

Gulf of Maine suite

The Gulf of Maine suite of samples is composed of five
cores (76-016-2 to 76-016-6; Fig. 17) that represent four major
stratigraphic units: Emerald Silt, facies A, B and C, and
L.aHave Clay. Facies A occurs near the base of core 76-016-5
and only includes the uppermost 2m of this unit. Facies B
occurs in cores 76-016-2, 3, 4 and 5; facies C in core 76-
016-6, and LaHave Clay in cores 76-016-2 and 3.

Lithology

Emerald Silt, facies A core 76-016-5, is characterized by
weakly rhythmically banded, gravelly muds. The rhythmic
bands arise from alternating bands of silt and clay, both of
which vary from 1 to 3cm in thickness, but the variations
between the thickness of clay and silt for any given couplet

Table 2. Core data

can be wide. The boundaries between the silt and clay layers
are distinct and undisturbed and the degree of contrast
between the layers appears to be a function of contrast in
textural composition. The gravel content is widely dispersed
and the clast diameters range from 0.1 to 2cm. The clasts do
not appear to disturb the regularity of the boundaries between
the clay and silt bands, and they appear to be uniformly
dispersed through both members of the couplets; although
the gravel content may vary over broader intervals involving
several couplets.

The average number of couplets or complete cycles/m is
approximately 25 for this section of core 76-016-5. Because
of the weak nature of the banding it is difficult to obtain an
accurate count and the number probably represents a mini-
mum value. There is no indication of bioturbation, which, if
present, would also tend to decrease the number of cycles/m.

Grain size analysis indicates an average composition of
3% gravel, 10% sand, 40% silt and 47% clay with a slight
increase in sand content upward through the section. When
plotted on a scatter diagram of mean grain size versus sorting
(Fig. 18), these sediments fall within the upper part of the
Emerald Silt grouping. Individual clay and silt members of
the rhythmic bands were not sampled so that the analyses also
represent an average of these variations.

Water Core
Core # Depth(m) Latitude Longitude Length(m)  Geographic Area
73-003-351 454 46°34.2'N 58°24.2'W 9.9 Laurentian Channel
75-009-21v 139 46°50.1'N 50°44.8'W 4.3 Downing Basin
76-016-2 198 43°03.25'N 67°03.0'W 4.3 Gulf of Maine
76-016-3 268 42°0.6'N 67°06.0'W 8.2 Gulf of Maine
76-016-4 241 42°41.9'N 67°06.2'W 3.1 Gulf of Maine
76-016-5 238 42°48.2'N 67°05.8'W 8.4 Gulf of Maine
76-016-6 194 43°00.0'N 67°04.1'W 4.6 Gulf of Maine
78-012-132 263 46°50.3'N 54°43.7'W 9.6 Placentia Bay
78-012-223 227 46°52.8'N 54°51.8'W 2.4 Placentia Bay
78-012-321 181 46°45.6'N 54°36.2'W 2.3 Placentia Bay
79-011-1 142 44°33.0'N 61°25.2'W 8.7 Northeast Emerald Basin
79-011-2 135 44°41.9'N 61°25.0'W 3.1 Northeast Emerald Basin
79-011-6 97 44°44 4'N 61°13.9'W 1.7 Northwest Middle Bank
79-011-7 91 44°43.5'N 61°12.6'W 1.2 Northwest Middle Bank
79-011-8 111 44°43 .4'N 61°18.0'W 1.9 Northwest Middle Bank
79-011-9 111 44°43.9'N 61°17.75'W 1.9 Northwest Middle Bank
79-011-10 133 44°42 .0'N 61°46.5'W 6.5 Northeast Emerald Basin
79-011-11 150 44°39.28'N 61°46.86'W 6.4 Northeast Emerald Basin
79-011-12 159 43°47.8'N 62°36.3'W 6.2 Southwest Emerald Basin
79-011-2v 124 44°44 . 1'N 61°24.5'W 3.1 Northeast Emerald Basin
79-011-3v 120 44°45.0'N 61°24.2'W 3.2 Northeast Emerald Basin
79-011-4v 117 44°46.25'N 61°25.4'W 1.7 Northwest Middie Bank
82-003-4s 135 44°38.48'N 61°25.12'W 2.8 Northeast Emerald Basin
82-003-6s 135 44°40.12'N 61°26.24'W 3.4 Northeast Emerald Basin
82-003-7s 135 44°41.24'N 61°25.06'W 34 Northeast Emerald Basin
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Figure 14. Map of study area A (Fig. 6¢c), northeast Emerald Basin, showing the
distribution of 8 till tongues within area B. The hachured areas are zones where till
tongues have been eroded at the seabed. The remaining till tongues are rooted at depth
to the main moraine complex {see cross-section Fig. 11). Till tongues 2-6 are rooted or
eroded in the north with the feather edge thinning to the south. Till tongues 7-9 are
rooted or eroded in the east, at the edge of Middle Bank, and the till tongues thin in a
westerly direction.
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APPROXIMATE DEPTH ,m

GULF OF MAINE

LIFT-OFF EMERALD SILT
MORAINES

GEORGES BASIN

EMERALD SILT FACIES A

MORAINES
0 1 2 3
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\‘N,,.\WMW
EMERALD SILT

' AT
N - Ak . W.\\g&\’dm\m _
\w \“s-‘v\'h« ™ S gy "\M\“\WLAHAVE CLAY LI AINES
EMERALD SILT N, D

o g

200

PLACENTIA BAY

LIFT-OFF
MORAINES LAHAVE CLAY

Figure 16b. Huntec DTS profiles across lift-off moraines showing a wide variety of shapes,
sizes and relationships with the adjacent and overlying sediments.
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() 5 10 cm

Figure 17. X-radiographic positives showing rhythmically banded (A); rhythmically
banded, wispy (B}; and laminated (C) examples of structure from piston cores. Note the
wispy aspect of (B) is best illustrated in the central part of the core.
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The sand fraction is dominated by quartz and feldspar
with minor quantities of lithic grains and foraminiferal tests.
A relatively high percentage of the quartz grains show a
glossy, secondary growth of silica, thus many are subangular
to subrounded.

In Emerald Silt, facies B (cores 76-016-2 and 76-016-5)
rhythmic banding is very weak and is barely visible on the
split core face but can be seen in X-radiographs. Otherwise,
the band thickness and distribution of gravel is similar to
facies A, but the clasts are slightly smaller (0.1 to 1.0cm in
diameter). The average number of cycles/m in the cores is
approximately 23 but ranges as high as 30 cycles/m in cores
76-016-4 and 5. The average textural composition (3% gravel,
13% sand, 47% silt, and 37% clay) is slightly coarser than
facies A, and the composite cumulative curves and frequency
distributions (Fig. 19) show a biomodal distribution. This is
interpreted as arising from bulk sediment analysis of sections
of rhythmically banded silt and clay layers so that the analy-
ses represent an average of these variations. Quartz and
feldspar are common in the sand fraction and significant
amounts of quartz show secondary growth. The biogenic
fraction consists of foraminiferal tests and variable amounts
of ostracods. Shells are sparsely dispersed throughout much
of core 76-016-3. Pyritized worm tubes are common near the
top of the section in cores 76-016-2 and 3, and in the lower
half of core 76-016-4.

Emerald Silt, facies C was sampled in one core, 76-
016-6. It is characterized by strongly laminated, sometimes
steeply dipping, beds grading to rhythmically banded wispy
beds. The average textural composition is 3% gravel, 7%
sand, 53% silt, and 37% clay, which is similar to facies B. The
sand fraction is also similar. These samples, when plotted on
the scatter diagram (Fig. 18), tend to group together in the
Emerald Silt facies A and B field; however, a few samples are
more widely displaced.

The LaHave Clay is a wispy-laminated, sandy silt; a
peripheral facies of the typical LaHave Clay of LaHave and
Emerald basins which is normally a silty clay. The average
textural analysis is 1% gravel, 27% sand, 55% silt, and 17%
clay. Fragile, woody organic fragments are often present in
the sand fraction.

Samples of till from the Gulf of Maine were collected
with bottom grab samplers, and represent only the surface of
the till at the seabed. Winnowing of the till surface by bottom
currents and the effects of iceberg furrowing are postdeposi-
tional processes that have modified the upper till section. The
till is a dark greyish- to reddish-brown, poorly sorted sedi-
ment, containing angular fragments of pebble to boulder
sized material. The average range for the median diameter of
the till is 0.18 to 1.5mm, and the average textural analysis,
based on approximately 30 samples, is 38% gravel, 41%
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reworking of the till during the late
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sand, 11% silt and 10% clay (Fig. 20). When plotted on the fraction is generally angular to subangular, but some frag-

scatter diagram (Fig. 18) these till samples fall within the ments are well rounded. The gravel material from the Gulf of
Scotian Shelf Drift field together with till samples from the Maine consists of fragments of sandstone, mudstone, meta-
western Grand Banks of Newfoundland. Striations and pol- morphic rocks, granite and basalt.

ished surfaces occur on many of the larger clasts. The gravel
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Figure 19. Composite cumulative curve envelopes and frequency distribution curves of samples of
Emerald Silt. Emerald Siit facies B from Gulf of Maine (A); Emerald Silt facies B from Emerald Basin
(B); and Emerald Silt facies A from Emerald Basin {C). Note the increased content of both sand and
gravel in the Guif of Maine samples compared to those of Emerald Basin. Note change of scale in (A).
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Figure 20. Composite cumulative curve envelopes and frequency dis-
tribution curves of samples of Scotian Shelf Drift (till) from Gulf of Maine
(A); till tongue no. 7, core 79-011-08 from Emerald Basin (B}; and western
Grand Banks of Newfoundland (C). The higher percentage of sand-sized
sediments in the Grand Banks samples is the result of glacial erosion of
sedimentary bedrock offshore Newfoundland. The samples (B) from the till
tongue in Emerald Basin plot similar to those of Emerald Silt {Fig. 19).
However, the till tongues appear structureless both on X-radiographic
positives and in their seismic refiection characteristics as compared to the
rhythmic banding of the Emerald Silt. Note change of scale in (A}.
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Micropaleontology 100,000 4 DELPHIDIUM  EXCAVATUM mo.ooof’ LANKTONICS

Emerald Silt facies A, recorded a low abundance of
foraminifera (10%) per sample, dominated by Elphidium
excavatum. In facies B the abundances increased upwards in
the section from 102 to 104, and are accompanied by an
increase in diversity dominated by Elphidium excavatum.
Facies C also falls in the intermediate range of abundances. 100
LaHave Clay shows high abundance (10° to 10%) and high 1
diversity of forams. The introduction of planktonic forams,
and a sudden decrease in Elphidium excavatum is also
evident. Ostracodes are present in variable amounts
throughout. The distributional trends of foraminifera from the ot g 3 °T = B <
Gulf of Maine compare favourably with the average distribu- FORMATION

tion between formations for the entire suite of cores (Fig. 21). FORMATIONS -
A — EMERALD SILT FACIES A

10,000 A 10.000 T

1,000

NUMBER
NUMBER

1.000#

100 -

AVERAGE
AVERAGE

Correlation of cores and radiocarbon dates B - EMERALD SILT FACIES B
C — LAHAVE CLAY

The correlation of piston cores from the Gulf of Maine is
mainly based on seismostratigraphic control by (1) tracing
specific reflections which can be identified as lithological
events in the cores, (2) tracing characteristic seis- 100 - JELPHIDIUM  EXCAVATUM 100 4 91PLANKTONICS
mostratigraphic units such as the high amplitude refiection ]
unit (facies A), and (3) by identifying on the seismic profiles J
the formational changes, such as the contact between LaHave 78 &
Clay and Emerald Silt, facies B, recognized in the cores on
the basis of lithological and biogenic changes. Using the sol
correlations of Figure 22 it is possible to compile a composite
of the piston cores, and core 76-016-3 was chosen as the 25
control core. The control core was selected from the suite of
cores because it contained the most complete stratigraphic . — [ ]
section, and was used as a reference to which the other cores A B c A 1 8 o C 1
were seismically correlated. It was important to establish the FORMATION
composite section of piston cores at a site where the section Figure 21. Distributional trends of foraminifera in Emer-
was most complete as indicated by the seismic profiles. The ald Silt facies A and B and LaHave Clay.
type acoustic section is normally chosen at the control core
site but in this case a more representative seismic section was
chosen 1.1km south of the control core location (Fig. 23,
1.1km south of core 76-016-3 position). Figure 23 shows that
approximately half the section was sampled.
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Table 3. Age determination

Formation and

Core no. Interval (cm) Facies Age (Ka) Laboratory no.
73-003-351 90-125 LaHave Clay 16.17 + 0.52 GX-6695
230-265 LaHave Clay 17.245 + 0.45 GX-6696
620-655 Emerald Silt 27.15 + 2.26 GX-6697
(facies B) - 1.77
880-915 Emerald Silt 30.26 + 2.5 GX-6698
(facies B) - 1.9
75-009-21v 160-190 Emerald Silt 22.015 + 1.35 GX-8803
(facies A) - 1.15
76-016-2 25-55 LaHave Clay 6.09 = 0.17 GSC-2947
130-160 LaHave Clay 1.1 £ 0.15 GSC-2944
224-249 Emerald Silt 17.0 = 0.9 GSC-2709
(facies B)
76-016-3 170-195 Emerald Silt 15.3 £ 0.39 GSC-2697
(facies B)
550-575 Emerald Silt > 19.0 GSC-2711
733-783 Emerald Silt 21.6 = 0.69 GSC-2735
(facies B)
76-016-4 40-80 Emerald Silt 19.0 £ 0.53 GSC-2939
(facies B)
275-300 Emerald Silt (8.0 = 0.99 GSC-2755
(facies B)
76-016-5 130-165 Emerald Siit 22.6 = 1.08 GSC 2967
(facies B)
207-232 Emerald Silt > 18.0 - GSC-2770
(facies B)
430-475 Emerald Silt 24.8 = 1.13 GSC-2962
(facies B)
519-544 Emerald Silt > 18.0 GSC-2789
(facies B)
735-760 Emerald Silt 26.6 = 1.6 GSC-2715
(facies A)
76-016-6 125-150 Emerald Silt 17.6 = 0.62 GSC-2810
(facies C)
415-440 Emerald Silt 17.4 = 0.67 GSC-2801
(facies C)
78-012-132 30-85 LaHave Clay 7.49 * 0.08 GSC-2933
810-850 LaHave Clay 14.1 £0.2 GSC-2926
78-012-223 15-50 LaHave Clay 14.8 £ 0.33 GSC-2874
160-195 Emerald Silt 22.2 + 1.45 GSC-2866
(facies B)
78-012-321 56-95 Emerald Silt 22.7 £ 0.73 GSC-2999
(facies B)
170-210 Emerald Silt 21.8 = 0.76 GSC-2890
(facies B)
79-011-1 15-55 LaHave Clay 6.48 + 0.07 GSC-3255
324-359 LaHave Clay 11.6 = 0.12 GSC-3258
650-680 Emerald Silt 15.1 £ 0.23 GSC-3260
(facies B)
807-837 Emerald Silt 16.4 + 0.18 GSC-3272
(facies B)
79-011-2 10-40 Emerald Silt > 34.0 GSC-3263
(facies A)
155-190 Emerald Silt 34.3 = 0.96 GSC-3264
(facies A)
262-295 Emerald Silt > 38.0 GSC-3265
(facies A)
79-011-6 115-155 Emeraid Silt 32.2 £1.03 GSC-3095
(facies A)
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Table 3. Age determination (cont.}

Formation and

Core no. Interval (cm) Facies Age (Ka) Laboratory no.
79-011-7 15-55 Emerald Silt 41.8 £ 1.79 GSC-2979
(facies A) ’
79-011-8 21-61 Scotian Shelf 37.8 £ 1.9 GSC-3271
Drift
124-165 Scotian Shelf 32,18 + 34 GX-8541
Drift - 22
79-011-9 25-65 Emerald Silt > 33.0 GSC-3138
(facies A)
135-175 Emerald Silt > 340 GSC-3068
(facies A)
79-011-10 25-55 Emerald Silt > 28.17 + 3.5 GX-8542
(facies A) — 2.4
180-210 Emerald Silt 30.545 + 4.2 GX-8543
(facies A) - 32
350-380 Emerald Silt 26.235 + 1.6 GX-8544
(facies A) - 1.2
550-580 Emerald Silt 36.3 + 0.98 GSC-3152
(facies A)
79-011-11 80-120 Emerald Silt 26.9 = 0.65 GSC-3164
(facies B)
220-250 Emerald Silt 27.31 £ 0.65 GX-8545
(facies B)
320-350 Emerald Silt 26.32 + 1.8 GX-8546
(facies B) - 1.35
560-590 Emerald Silt 30.9 = 0.54 GSC-3231
(facies B)
79-011-12 30-60 Emerald Silt 20.75 + 1.2 GX-8547
(facies B) — 1.05
190-220 Emerald Silt 17.715 + 0.8 GX-8548
(facies B) — 0.6
425-455 Emerald Silt 350+ 1.6 GSC-3251
(facies B)
570-600 Emerald Silt 27.3 = 0.6 GSC-3244
(facies B)
79-011-2v 40-70 Emerald Silt > 30.0 GX-8538
(facies A)
160-190 Emerald Silt 27.31 + 1.4 GX-8539
(facies A) - 1.1
233-280 Emerald Silt 36.5 = 1.37 GSC-2995
(facies A)
79-011-3v 60-90 Emerald Silt 245 + 1.7 GX-8540
(facies A) - 1.3
232-285 Emerald Silt 35.4 = 0.81 GSC-2987
(facies A)
79-011-4v 38-78 Emerald Silt 39.5 = 1.39 GSC-2983
(facies A)
82-003-4s 25-50 LaHave Clay 14.465 = 0.55 GX-8799
163-185 Emerald Silt 23.6 + 1.2 GX-8800
(facies B) - 1.0
235-255 Emerald Silt 19.0 + 1.05 GX-8801
(facies B) - 09
82-003-6s 25-55 Emerald Silt 24.82 + 1.4 GX-8796
(facies B) - 1.15
175-200 Emerald Silt > 37.0 GX-8797
(facies B)
275-300 Emerald Silt 30.8 + 3.0 GX-8798
(facies B) - 2.0
82-003-7s 60-95 Emerald Silt 33,1 + 5.5 GX-8793
(facies B) - 2.7
185-210 Emerald Silt > 37.0 GX-8794
(facies A)
280-320 Emerald Silt > 37.0 GX-8795
(facies A)
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Figure 23. Huntec DTS profile of the type section in the Gulf of Maine. The sections sampled by
the cores are bracketed. Emerald Silt facies A consists of medium-high intensity continuous
coherent reflections. Emerald Silt facies B consists of medium intensity continuous coherent
reflections with occasional dropstones. In this area LaHave Clay is coarser and has an acoustic
character similar to facies B Emerald Silt. The till consists of incoherent reflections and the till

tongue is interbedded with facies A Emerald Silt.

In Figure 24 radiocarbon dates (Table 3) are plotted
against their stratigraphic position at the composite section
(Fig. 23). Range bars indicate the analytical error on the age
determinations and an estimated stratigraphic error resulting
from core positioning and seismostratigraphic correlations.
All data are inctuded in the plot except those which did not
give a finite result. With the exception of samples 2801 and
2755 all points fall close to the line of best fit. Although it is
unfortunate that material other than total organic carbon was
not available to supplement the age determinations*, it is
promising that the dates show a systematic relationship to the
stratigraphy, and the straight-line relationship for samples of
glaciomarine origin (ages 17 000 BP) provides some justi-
fication for extrapolation through the lower, unsampled por-
tion of the section. It seems reasonable to accept the results as

a basis for regional correlation across the study area and for
establishing at least a relative chronostratigraphy for the
offshore, acknowledging the possibility that the ages are
likely to be old rather than too young because of the presence
of ““dead” (nonradioactive) carbon.

In Figure 24 significant stratigraphic events are plotted
against the chronology for the Gulf of Maine section. The
Emerald Silt, facies A deposition dates from 38 000 to
26 500 BP, facies B from 26 500 to 13 500 BP, and LaHave
Clay from 13 500 BP to the present. Both facies of Emerald
Silt show an average sedimentation rate of approximately
1.8m/1000 a. The sedimentation rate for LaHave Clay
decreases to approximately 0.3m/1000 a. The bulk of the
Fundian Moraine between its till tongue and top, appears to
have been deposited between 32 000 and 26 500 BP.

*More recently, six radiocarbon dates were obtained on shells, using the AMS technique, from the
same horizons as the total organic carbon dates. The ages obtained ranged from 6000 to 26 G600 BP

and were within £2500 years of the TOC dates.
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Emerald Basin suite

Fifteen cores constitute the Emerald Basin suite: 79-
011-1 and 2; 79-011-6 to 12; 79-011-2V to 4V (V indicates
vibrocores) and 82-003-4, 6 and 7. They represent four major
stratigraphic units: Scotian Shelf Drift, Emerald Silt, facies A
and B, and LaHave Clay. Scotian Shelf Drift occurs in core
79-011-8 which sampled a till tongue associated with the
Country Harbour moraine. Facies A occurs in cores 79-011-2,
2V, 3V, 4V, 6, 7, 9, 10 and 82-003-7; facies B in cores 79-
011-1, 11, 12 and 82-003-4, 6 and 7; and LaHave Clay in cores
79-011-1 and 82-003-4. With the exception of core 79-011-12
which is located to the south, in the deeper part of the basin,
all samples were obtained in the northeast end of the basin
and northwest flank of Middle Bank. The object of this
sample program was to obtain the most complete Wiscon-
sinan section possible. This area is unique in that much of the
section is exposed at the seabed along a well developed
seabed unconformity.

Lithology

Scotian Shelf Drift from till tongue 7 is a silty clay with a
minor gravel content, and is structureless except for several
weak bands indicated on the X-radiographic log. Subsamples
of the core are uniform in composition and average approxi-
mately 1% gravel, 7% sand, 43% silt and 49% clay (Fig. 20);
similar to the composition of Emerald Silt, facies A. On the
scatter diagram (Fig. 18), these samples plot closely together
in the Emerald Silt field, unlike till samples from the Gulf of
Maine and the Grand Banks of Newfoundland, sampled by
bottom grab.

Emerald Silt, facies A is characterized by strong rhyth-
mic banding, more distinct than that of the equivalent facies
in the Gulf of Maine. The bands range in thickness from 1 to
3cm and alternate from clay to silt in each band. In freshly cut
cores the bands alternate in colour from Sy 3/1 to Sy 5/1
(Munsell soil colour) respectively. The average number of
couplets/m ranges from a minimum of 32 to a maximum of
52. The rather wide range results from the difficulty in
identifying some individual cycles. In general, the muds are
slightly finer than those from the Gulf of Maine, and have less
associated gravel. The average textural composition is 1%
gravel, 7% sand, 38% silt and 54% clay (Fig. 20). The
samples of Emerald Silt facies A on the scatter diagram (Fig.
18) plot in the same grouping as those from facies B. Quartz
grains with secondary overgrowths are common in the sand
fraction. This appears to be a common feature of Emerald
Silt, facies A and appears related to environment of deposi-
tion and not source.

Emerald Silt, facies B is characterized by a wide range
in structure, from weak to strong rhythmic banding and weak
to strong laminations. The average number of couplets/m is
approximately 32 for the section represented in core 79-
011-11, Table 4. Bioturbation is common and tends to mask
primary structures. Size analysis yields an average distribu-
tion of 15% sand, 45% silt and 40% clay. Gravel occurs in
minor quantities throughout the facies. A wide variety in
grain size is characteristic of facies B and some samples
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Figure 24. Sedimentation curve based on 4C ages and
seismostratigraphic analyses of Huntec DTS data for the
Gulf of Maine. Range bars represent 4C dating and seis-
mostratigraphic accuracies. Plotted along the line of best
fit are major events for the Guif of Maine together with
seismic facies. Extrapolated to the base of the section,
initial ice lift-off occurred at 38 000 BP Sedimentation
rates remained constant until approximately 17 000 BP,
prior to deposition of the LaHave Clay when the rate
decreased.

contain up to 40% sand. The sand fraction is dominated by
quartz and feldspar with minor amounts of lithic fragments,
foraminiferal tests and ostracods. Disseminated pyrite,
organic fragments, and shells and shell fragments are com-
mon throughout the facies.

The LaHave Clay is a weakly to strongly laminated
sediment. The average textural analysis yields 5% sand, 45%
silt and 50% clay with gravel virtually absent. The sand size
sediment is dominated by quartz and feldspar together with
foraminiferal tests, minor pyrite and woody organic frag-
ments. Near flanks of the basin the sand content increases to
35%. LaHave Clay is heavily bioturbated, and shells and
shell fragments are common.

Micropaleontology

Emerald Silt, facies A, shows a low abundance of for-
aminifera (10 to 102) dominated by Elphidium excavatum,
which is similar to the equivalent facies in the Gulf of Maine.



Table 4. Sediment banding compilation

MIDDLE BANK AREA

No. of seismic Average no. No. of couplets
No. of couplets reflections Average reflection of seismic in core/seismic
Core no. /m in core /10m distance/m reflections/m reflection
High Low
79-7P 64 34 28 0.35 2.8 22.8
79-4V 48 37 32 0.31 3.2 14.9
79-3V 44 29 30 0.33 3.0 14.6
79-9P 51 34 30 0.33 3.0 17.0
79-2V 43 31 30 0.33 3.0 14.3
79-2P 45 23 23 0.44 2.3 20.1
79-6P 70 37 20 0.50 2.0 35.3
79-10P 40 25 0.40 2.5 15.9
79-11P 32 30 0.33 3.0 10.6
GULF OF MAINE
76-2 15
76-5 27 26 0.38 2.6 10.2
76-3 19 14 0.70 1.4 13.7
76-4 30

In facies B the abundance increases upwards from 102 to 103.
Elphidium excavatum decreases within facies B towards the
top of the formation from 90 to 50%. The LaHave Clay shows
high abundance of foraminifera (10%), the presence of
planktonic foraminifera and a dramatic lowering in the per-
centage of Elphidium excavatum to between 5 and 10%.

Correlation of cores and radiocarbon dates

Figure 25 shows a correlation of piston cores from
Emerald Basin. All cores were included with the exception of
cores 79-011-6, 10, 11 and 12 where seismic control was
lacking. Based on these correlations, a composite section of
piston cores was compiled (Fig. 26) where the seismic pro-
files indicated the most complete section. Stratigraphic posi-
tions of the samples where radiocarbon dating had been
carried out (Table 3) were obtained from this diagram and
plotted against the dates (Fig. 27). After the line of best fit was
established, data from cores 6, 10 and 11 were positioned on
the diagram to establish the stratigraphic position of these
cores which previously could not be seismically correlated.
With the exception of samples 8539 and 8540 the plot shows
little scatter* indicating that the radiocarbon dates are relia-
ble, at least in a relative manner with respect to the stratigra-
phy. If the dates were strongly influenced by the presence of
“dead” (nonradioactive) carbon, one would not expect a
systematic plot over such a wide stratigraphic range. In
Figure 27, where the significant stratigraphic events are
shown against the chronostratigraphic plot, it appears that
Emerald Silt, facies A deposits occurred from 46 000 to

32 000 BP, facies B from 32 000 to 14 500 BP, and LaHave
Clay from 14 500 BP to present. Emerald Silt, facies A shows
an average sedimentation rate of 3.6m/1000a, facies B;
1.1m/1000a and LaHave Clay; 1.1m/1000a.

Laurentian Channel suite

The Laurentian Channel suite of samples is composed of
3 piston cores, only one of which is presented in this study.
The remaining cores were collected in an area of intense
iceberg furrowing which tended to disturb the stratigraphy.
Core 73-003-351 penetrated Emerald Silt facies B, and
LaHave Clay.

Lithology

Emerald Silt, facies B, is characterized by weakly,
rhythmically banded sandy mud with occasional gravel. The
gravel is widely dispersed throughout the facies with several
local zones of concentration. An average grain size distribu-
tion for facies B is 5% gravel, 20% sand, 35% silt and 40%
clay. A slight increase in clay content together with a decrease
in sand occurs towards the bottom of this facies. There is little
evidence for bioturbation within facies B. The sand fraction is
dominated by quartz and feldspar with minor amounts of
lithic grains and occasional pyrite fragments and concretions.
The biogenic component consisted of foraminiferal and
ostracod tests. Many of the quartz grains showed secondary
silica overgrowth.

*See footnote to section on Correlation of cores and radiocarbon dates, Gulf of Maine suite.
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Figure 26. Huntec DTS type section profile from Emerald Basin, Scotian Shelf. The core intervals
have been shifted to a composite section away from the zone of till tongues. The positions of cores 11
and 10 are less accurate as local unconformities and large distances made correlation difficult.

The LaHave Clay is a bioturbated, sandy, silty clay
typical of the type section found in Emerald Basin. The
average textural analysis shows 6% sand, 32% silt and 61%
clay with less than 1% gravel. Pyrite in the form of worm tube
and crack fillings is common throughout.

Micropaleontology

The Emerald Silt, facies B, shows a lower abundance of
foraminifera than the LaHave Clay, and is dominated by
Elphidium excavatum. The total abundance of foraminifera
increases upwards in facies B from 103 to 104. LaHave Clay
shows an increase in planktonic foraminifera from less than
5 to over 40% towards the upper part of the section, and a
sharp decrease to 20% in Elphidium excavatum from 80%
within the underlying facies B. Ostracods occur throughout
the section in variable amounts.

Correlation of cores and radiocarbon dates

Figure 28 is a plot of the radiocarbon dates (Table 3)
against the stratigraphic section at the core location shown in
Figure 29. Range bars in this case indicate only the analytical
error for the age determination. The line of best fit was
extrapolated downward to the top of the basal till. These data
show that the Emerald Silt, facies A, was deposited from

40 500 to 31 500 BP, facies B from 31 500 to 23 000 BP and
LaHave Clay from 23 000 BP to the present. Both facies A
and B show an average sedimentation rate of approximately
0.7m/1000a, and LaHave Clay shows a decrease to
0.5m/1000a. The Laurentian Moraine, a major geomorphic
feature of the Laurentian Channel area, was deposited at
approximately 35 000 BP.

Grand Banks of Newfoundland suite

The Grand Banks suite consists of a vibrocore, 75-
009-21V, collected from Downing Basin in the central Grand
Banks area, and 3 piston cores, 78-012-132, 78-012-223 and
78-012-321 collected in outer Placentia Bay southwest of the
Avalon Peninsula. These samples represent three strat-
igraphic formations, Emerald Silt, facies A and B, and
LaHave Clay. Numerous grab samples of glacial till were
collected along the shelf south of Newfoundland and in the
Avalon Channel. Emerald Silt, facies A, was only sampled in
core 75-009-21V. Facies B occurs in cores 78-012-321 and
78-012-223, and LaHave Clay in cores 78-012-132 and 78-
012-223. As a result of a major unconformity within the
section at Placentia Bay, core 78-012-223 sampled L.aHave
Clay and the lower part of facies B.
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Figure 27. Sedimentation curve based on 4C ages and seismostratigraphic analyses of
Huntec DTS data for Emerald Basin, Scotian Shelf. Initial ice lift-off occurred at approximately
46 000 BR Till tongues 2-9 were developed during deposition of Emerald Siit facies A. Till tongue
4, the main tongue of the Scotian Shelf moraine complex, was deposited at 42 000 BP. Near the
top of Emerald Silt facies A the sedimentation rate decreased and remained more or less
constant until 8000 BP.
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Lithology

The samples of till show a wide variation in particle size
distribution. Samples from the western area contain an aver-
age of 22% gravel, 53% sand, 15% silt and 10% clay (Fig. 20).
Samples from the Burin Moraine, western Placentia Bay,
averaged 38% gravel, 37% sand, 20% silt and 5% clay. The
former area is underlain by Pennsylvanian sandstone while
the latter is flanked by metamorphic and volcanic rocks
which probably accounts for the wide variations in textural
composition.

Emerald Silt, facies A, from Downing Basin is a rhyth-
mically to wispily banded sediment ranging in composition
from a muddy sand to a sandy mud. Gravel is virtually absent
from core 75-009-21V. The average number of couplets/m is
approximately 40, and there is no evidence for bioturbation.
The textural composition averages 50% sand, 35% silt, and
15% clay, with an increase in the sand content to 70% towards
the bottom of the section. Minor gravel occurs near the base
of the section.

Emerald Silt, facies B, is a weakly rhythmically banded
sediment which ranges from a gravelly to sandy mud. Core
78-012-223 collected near the Burin Moraine, shows an aver-
age composition of 20% gravel, 15% sand, 30% silt, and 35%
clay, close to that of the nearby till. Core 78-012-321 from the
eastern side of Placentia Bay is composed of 1% gravel, 6%
sand, 47% silt, and 46% clay. The sand fraction is again
dominated by quartz and feldspar, with a small percentage of
the quartz grains showing secondary growth. The biogenic
component consists of foraminiferal tests. Shells were com-
mon in the core from the eastern side of Placentia Bay but
were absent from the western core.

The LaHave Clay is a strongly to weakly laminated
sandy to silty clay. The average textural analysis is 3% sand,
47% silt, and 50% clay, with the clay content increasing
towards the bottom of the section. This increase in coarseness
at the top results from modern reworking. The sand fraction
consists of quartz and feldspar fragments with foraminiferal
tests. In the upper part of the section the foraminiferal tests
account for more than 50% of the sand fraction. Lithic frag-
ments increase in abundance towards the bottom of the sec-
tion, and zones of pyritized worm tubes and crack fillings are
common throughout. Zones of bioturbation are evident and
shells are common throughout the section.

Micropaleontology

Emerald Silt, facies A, from Downing Basin shows a
moderate abundance (10%) of foraminiferal tests dominated
by Elphidium excavatum. Planktonic foraminifera are
absent from the bottom of the core but increase to over 10% at
the top. Facies B from Placentia Bay shows a more or less
constant foraminiferal total abundance of 102 throughout the
core with Elphidium excavatum dominating. LaHave Clay
shows an upward increase in total abundance from 102 to 103
accompanied by a decrease in Elphidium excavatum from
85 to 30%, and an overall absence of planktonics.

Correlation of Cores and Radiocarbon Dates

Figure 30 is a plot of radiocarbon dates (Table 3) against
the stratigraphy of the type locality shown in Figure 31 for
Placentia Bay. This dates the deposition of facies A from
29 500 to 28 000 BP. The facies is represented acoustically in
Figure 30 as a 2m section overlying basal till. The Burin
Moraine which occurs to the west, interbedded with facies A,
Emerald Silt, was formed during this time interval. Facies B
dates from 28 000 to 15 500 BP, and LaHave Clay from
15 500 BP to the present. Both facies A and B and the LaHave
Clay show a sedimentation rate of approximately
1.3m/1000a.
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Figure 30. Sedimentation curve for Placentia Bay, New-
foundland, based on 14C ages and seismostratigraphic
analyses of Huntec DTS data. Initial ice lift-off occurred at
29 500 BP. By 27 000 BP the Burin Moraine had developed
and facies B was deposited. The sedimentation rate for
Emerald Silt and LaHave Clay is similar.
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DEPOSITIONAL MODEL OF GLACIAL AND
GLACIOMARINE FACIES AND THE ORIGIN OF
TILL TONGUES, LIFT-OFF MORAINES, AND
REGIONAL, SUBGLACIAL, ICE SHELF
MORAINES.

Through the interpretation of high resolution seismic
reflection profiles of glaciomarine deposits on the Scotian
Shelf, Grand Banks of Newfoundland, and eastern Gulf of
Maine, and the employment of a model for a marine ice shelf
(Carey and Ahmad, 1961), we have developed a conceptual
model regarding the mechanism of deposition of glacial and
glaciomarine sediments. The most informative profiles are
those that exhibit boundary relationships between the various
sedimentary facies and glacial features; specifically, (1) in the
area of till tongues which occur on the distal side of the
prominent moraines on the inner Scotian Shelf (King et al.,
1972), (2) in the area of till occurrences, including till
tongues, on the periphery of the outer banks, 50 to 75km to
the south of the moraine complex across Emerald Basin, and
at the same seismostratigraphic horizon within the Emerald
Silt as the till tongues, and (3) in the area of lift-off moraines,

which are of common occurrence on the surface of many of
the till deposits. Our studies of the seismic reflection profiles
from these areas and the compilation of maps (Fig. 3) to
define sediment distribution and depositional geometry not
only serve as a source of ideas for depositional mechanisms
and thoughts concerning the origin of these particular fea-
tures, but they enable us to discuss and evaluate the relevance
of the Carey-Ahmad (1961) model to the offshore Wiscon-
sinan environment of southeast Atlantic Canada.

Summary of Carey-Ahmad model

Carey and Ahmad (1961) recognized the following envi-
ronments of sedimentation in relation to a glacier that extends
to sea (Fig. 32).

A. Terrestrial — where the base of the glacier is above sea
level

B. Grounded shelf — where the base of the glacier is below
sea level but not floating

C. Floating shelf — where the glacier is floating, the buoyancy
line defines the boundary with the grounded shelf
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D. Inner iceberg zone — from the ice-barrier to the limit of
winter pack ice

E. Outer iceberg zone — beyond the limit of pack ice but
within limit of icebergs

Whether a glacier is wet-base or dry-base is of impor-
tance since wet-base glaciers have a base at melting tem-
peratures which extends long distances back from the line of
buoyancy, whereas a dry-base glacier has a base below melt-
ing temperatures landward from the buoyancy line. The wet-
base glacier differs from the dry-base glacier in that there is
little surface indication of where the floating shelf touches
down and becomes grounded, except for the presence of tidal
cracking, within the ice. Buoyancy exerted by the sea reduces
friction at the base of the ice shelf and causes thinning of the
ice. On the other hand, the dry-base glacier experiences a
sharp break in slope at the buoyancy line, increasing its
thickness by a factor of four to five times in a landward
direction. Their model indicates that melting is the most
significant factor contributing to deposition from a marine
glacier.

Carey and Ahmad (1961) developed conceptual ideas
regarding the sediment types characteristic of each of the
zones in both the wet-base and dry-base models by applying
their model to the Permian glacial deposits of Tasmania. Wet-
base glaciers produce great thicknesses of unfossiliferous tills
in the grounded shelf zone. Some of this sediment is trans-
ported to the floating shelf zone by bulldozing action to a
foreset slope, forming beds of sand and mud interdigitating
with the till. These give rise seaward to banded marine muds
and silts transported by meltwater and turbidity currents. In
contrast, the dry-base glacier, lacking meltwater, turbidity
currents and foreset till flows, produces few tills, but yields
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marine pebbly mudstones and erratics all of which are
dropped through water. Reading and Walker (1966) applied
the Carey-Ahmad model to the Eocambrian glacial deposits
of Norway. Edwards (in Reading, 1978) later elaborated on
the facies associations found in the marine glacial environ-
ment.

Till tongues and their associated facies

The occurrence, morphology, structure, and seis-
mostratigraphic relationships of till tongues with their associ-
ated facies were discussed in a previous section, and the
present discussion is mainly concerned with the genesis of
the features and an improved knowledge of the depositional
mechanism of glacial and glaciomarine sediments.

The stratigraphic relationships of the till tongue shown
in Figure 5, where till overlies glaciomarine sediment, give
the impression of an advance and retreat of the ice mass that
deposited the till. However, closer inspection shows no evi-
dence for a forward thrusting motion during a glacial
advance; otherwise, the Emerald Silt underlying the tongue
would show some indication of glaciotectonic deformation. If
the ice depositing the massive till were to be in direct contact
with the seabed, a condition which we think is essential for
the formation of glacial till, and the sediment were to be
derived through subglacial meltout, then the configuration of
the till tongue could, for the most part, be formed by migra-
tion of the point of contact between the ice and the seabed.
Horizontal migration of the ice- seabed contact would be
controlled by a combination of several factors, for example
changes in water depth due to variations in the topography of
the seabed, by changes in the size and draft of the ice mass
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itself, influenced by climatic conditions, and by changes in
isostatic and eustatic sea level. During times of advance of the
buoyancy line the ice would make contact with the seabed by
vertical motion, touching down upon, rather than plowing the
seabed. Till would be deposited behind, and glaciomarine
sediment in front of, the lift-off point (buoyancy line) and,
during a complete cycle of transgression and recession of the
lift-off point, a wedge of till between underlying and overly-
ing layers of glaciomarine sediment would be formed. These
processes are represented diagrammatically in Figure 33
which shows the sequential development of a moraine and
associated till tongue, applying the concept that meltout
debris from grounded ice is deposited through accretion at the
seabed as glacial till. In the floating position the meltout
debris is dispersed in the water column and deposited from
suspension as glaciomarine sediment.

Till tongues are typical features of the distal side of the
moraine complex along its entire length from the Gulf of
Maine to Placentia Bay, Newfoundland. We have also
observed them on published seismic reflection profiles from
Lake Michigan (Lineback et al., 1974) and MacLean and
Josenhans (personal communication, 1983) have noted them
on seismic profiles from the Baffin and Labrador shelves.

They are probably of common occurrence in glaciomarine
and glaciolacustrine deposits where short-lived advances or
glacial surges have occurred.

Additional information concerning the position of the
subglacial surface of the ice with respect to the seabed and its
control on sedimentation can be inferred from an inspection
of the boundaries between the Emerald Silt and glacial till.
Close examination of many seismic profiles shows that the
Emerald Silt beds commonly grade laterally, interpenetrating
the till over a large range of distances. For example, in Figure
5 the transition from Emerald Silt to glacial till takes place
over a distance of approximately 1.5km. That is from contin-
uous coherent reflections in the silt, to an intermediate zone
of discontinuous coherent reflections, ultimately to a zone of
incoherent reflections in the massive glacial till. Along the
upper surface of the till tongue (Fig. 5, section A) some onlap
occurs, but in addition several very thin beds of silt terminate
in the till where the transition occurs within several metres.
Thus, the length of the transition zone can be highly variable,
ranging from several metres to tens of kilometres. On the
other hand, the vertical boundaries between the silt and till
are relatively sharp ranging from the resolution limit of the
system (approximately 0.25m) to several metres. The nature
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Figure 33. Diagrammatic model for the development of till tongues. Stage 1: ice sheet over bedrock.
Stage 2: development of basal till. Stage 3a: floating ice sheif grounded at buoyancy line with
deposition of glaciomarine sediment beneath ice shelf. Stage 3b: migration of buoyancy line sea-
ward. Stage 3c: retreat of buoyancy line and deposition of glaciomarine sediment over till tongue.
Stage 4: total ice shelf development, no grounding.
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and variability in scale of these vertical and lateral boundary
relationships have been observed in numerous other occur-
rences at the distal side of the end moraine complex, and
some are illustrated in Figures 7b, 7c, 11, 12, 13 and 34. On
the basis of these interpretations the position of the subglacial
surface of the ice with respect to the seabed is critical in
defining the sharp vertical contacts between the till and
glaciomarine sediment. The sharp contact in the vertical
section between the till and the glaciomarine sediments is the
result of introduction or removal of the water column between
the ice and the seabed. If the separation between ice and
seabed is very small, the glaciomarine sediments present may
be influenced by tidal pumping and develop facies C Emerald
Silt on a very small scale.

In one instance a disturbance of the Emerald Silt under-
lying a till tongue was noted (Fig. 13) apparently arising from
the partial erosion of a thin layer of the silt, and the depres-
sions were subsequently infilled with glacial till. The depres-
sions do not appear to be buried iceberg furrows; otherwise,
their occurrence would extend beyond the edge of the till
tongue. They may have been associated with irregularities at
the base of an ice shelf as it grew and settled on the seabed.
Once again, there seems to be no evidence for lateral motion
of the ice with respect to the seabed. The fact that buried
iceberg furrows were not observed beyond the feather edge of
the till tongues, and indeed within the Emerald Silt in gen-
eral, constitutes evidence that the Emerald Silt was deposited
from an ice shelf and not from calving icebergs.

In some instances the glaciomarine unit grades laterally
from well defined coherent reflections to a zone of mixed
coherency (facies C) and back to continuous reflections; the
massive till development being absent. For example, in Figure
10 north of the Fundian Moraine, such a transitional facies
occurs as a 20 to 30m thick deposit, suggesting that the
conditions which gave rise to the facies change were stable
over a substantial period of time. Depth appears to be the
controlling factor. The transitional facies (C) occurs in
slightly shallower water.

An inspection of the seismic profiles also shows differ-
ences in thickness of Emerald Silt and glacial till for a given
depositional time interval. For example, in Figure 5, section
C, at the feather edge of the till tongue, a stratigraphic interval
of 3m in the Emerald Silt is represented by an increasing
thickness of till towards the core of the moraine. The equiv-
alent thickness of till reaches a maximum of about 40m. The
same relationship is also apparent in many other areas. For
example in Figures 12 and 13 till bodies are much thicker than
their equivalent Emerald Silt. At this site we attempted to
quantify the difference in sedimentation rates in till tongues
and the adjacent glaciomarine deposits. This was accom-
plished by tracing the stratigraphic control established for the
composite section of piston cores in Figure 26 along the
seismic section of Figure 13 to a more proximal area where
several till tongues occur in the section and greatly expand its
thickness. Sedimentation rates at this site are approximately
9m/1000a for the Emerald Silt and approximately 21m/1000a
for the glacial till of the till tongues. A rate of 33m/1000a was

estimated at the thickest section of till tongue number 7, but
this is a short term rate and appears to be greater than the
normal rate of till depositon. A sedimentation rate for the till
in the moraine complex is estimated at 4 to 10m/1000a as
opposed to an average rate of 1 to 2m/1000a for Emerald Silt,
facies A, in the basins and farther afield from the marginal
zone.

Till tongues do not appear to form as a single cata-
strophic event as would be the case for a tongue of flowtill.
The interdigital relationship between the glaciomarine and
till units indicates a progressive development over a period of
time (Fig. 33), and the proximal increase in sedimentation
rate is also in part responsible for the overall morphology of
the till tongue.

In some of the more atypical types of till tongues with
irregular bases (Fig. 7b, 7c and 34) the ice conformed to the
shape of the seabed at the time of lift-off and maintained its
characteristic shape throughout the period when the
glaciomarine unit was being deposited. This suggests on a
local scale that between the time of lift-off and subsequent
grounding, the ice shelf remained pinned and did not experi-
ence major changes in subglacial morphology. Further evi-
dence that the ice shelf was pinned arises from regional
considerations discussed later.

Multiple till sections on the outer shelf and their
significance

Seaward of the inner shelf moraine, till covers the bed-
rock surface of the shelf to, and probably beyond, the south-
ern extent of the DTS coverage. On the inner periphery of the
outer banks and around the isolated banks within Emerald
Basin, a second till (Fig. 34) overlies the continuous blanket
and is separated by Emerald Silt of variable thickness. In
most respects the relationship of this till to the Emerald Silt is
similar to that of the till tongues on the moraine proper. It
occurs at the same stratigraphic horizon in the Emerald Silt as
does a till tongue 60km to the north on the Sambro Moraine
(see Cross-section, Fig. 6b). The silt thins towards the shal-
lower central parts of the banks where the tills often coalesce.
There is no evidence for glaciotectonics, and the previously
described intimate boundary relationships between the Emer-
ald Silt and till, are maintained. This suggests that the buoy-
ancy of the ice, water depth, and basal melting are important
factors in the depositional environment, as previously sug-
gested for the till tongues.

Although icebergs and drift ice from a calving front
could provide a mechanism for transport of glacial debris
across Emerald Basin to the outer banks, such a mechanism
could not be utilized to explain the distribution and nature of
the contacts between the massive till and Emerald Silt, such
as have been discussed under till tongues. The consistent and
complete stratigraphic succession of the glaciomarine unit,
the transitional interbedded contacts between the till and the
glaciomarine unit, as well as the wedge-shaped morphology
of the till body could not be explained by such a random
process as ice rafting. Furthermore, there is no indication of
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extensive ice-scour phenomena produced by grounded ice-
bergs. On the other hand, the concept of subglacial deposition
from a pinned ice shelf extending across the entire Scotian
Shelf, at times grounded on the banks and floating in the
basins, could explain the continuity of glacial deposits
observed on both the inner and outer shelves and account for
the conformable nature of the lowermost section (facies A) of
the Emerald Silt.

The presence of the foraminiferal and ostracod
assemblages observed in the piston cores of Emerald Silt
(Fig. 17bto 17z, and Fig. 21) introduces certain restrictions to
the ice shelf concept and must be taken into consideration.
The foraminiferal assemblage grades from a rich and diver-
sified fauna at the top of facies B to a much poorer fauna at the
base of facies A, dominated by Elphidium excavatum. This
is indicative of a trend towards colder, less saline, and more
shallow water conditions (Vilks and Rashid, 1976). In the
underlying facies A, the practically monospecific
assemblage of Elphidium excavatum gradually becomes
even more sparse at its base. The relative abundance of
foraminifera to ostracods fluctuates throughout the column,
but no pattern was observed.

From studies of Antarctic ice shelves it is often thought
that, because of the attenuation of light by the overlying layers
of ice, biological activity is restricted. In order to explain the
fossil assemblage of a diamicton core sampled through the
Ross Ice Shelf (Brady and Martin, 1979) postulated open
marine water conditions, at least on a seasonal basis for the
time of deposition. On the other hand, Arnaud (1975)
believed that a typical Antarctic biota exists under any Ant-
arctic ice shelf because currents are surely present which
could carry food. Lipps et al. (1977) concluded that the
question of whether or not life can exist far from the open sea
beneath the permanent ice shelves of Antarctica is unresolved
because of the lack of critical evidence.

Taking into consideration the possible constraints
imparted by the faunal data, we suggest the following possi-
ble sequence of events leading to the formation of multiple till
sections on the outer banks. The occurrence of the lowermost
till blanket at, or close to, the shelf edge shows that ice was
probably grounded across the entire shelf and was probably
laid down as meltout debris from the basal zone of an ice
sheet. Thinning of the ice sheet during its recessional phase
led to the development of a regional grounded ice shelf and
the beginning of the major depositional phase. Further thin-
ning resulted in lift-off in the deeper basins accompanied by
deposition of Emerald Silt conformable with the underlying
till, and in places, bedrock surfaces. Development of a sparse
benthic community was initiated at this time. Large areas of
the ice shelf remained grounded on the banks, but we have
not observed evidence, such as glaciotectonics or scouring
and removal of section, to suggest that the grounded ice was
dry-based and formed domes or local active ice sheets at this
time. However, this does remain a possibility especially on
the larger banks, but our present state of knowledge and
seismic coverage is too incomplete to resolve this question.
The floating ice shelf of the basin areas retreated to the basin
perimeters with open water conditions in the centre of the
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basins allowing the development of an abundant faunal
assemblage in the glaciomarine sediment and a concomitant
deterioration of the conformable style of sedimentation in the
upper part of the Emerald Silt.

Further evidence in support of this general framework is
discussed in the following section on depositional environ-
ment, and we will also return to the discussion of a regional
ice shelf and its control on the development and distribution
of “regional, subglacial, ice-shelf moraines” using evidence
from a broader area of the continental shelf.

DEPOSITIONAL ENVIRONMENT OF THE
GLACIAL AND GLACIOMARINE SEDIMENT

In our interpretation of the depositional environment
and assessment of the Carey-Ahmad model, the interface
between the glacial and glaciomarine sediments is thought to
have formed in the zone where the wet-base ice shelf became
buoyant. The character of the interface varies from large scale
interfingering of till (till tongues) and Emerald Sit, to grada-
tional changes expressed as an interpenetration of units, to an
abrupt relationship where the contemporaneous units abut
and show no evidence of onlap. The rhythmically banded
glaciomarine unit (Emerald Silt) may extend for hundreds of
kilometres distally from the marginal zone where the glacial
and glaciomarine units interface.

From our interpretation of the seismic profiles in the
marginal zone (area of the buoyancy line) we infer that the
massive till, represented by the seismostratigraphic unit
characterized by incoherent reflections, was derived from
subglacial meltout debris from a neutral to negatively buoy-
ant active ice shelf in direct contact with the seabed. Ander-
son et al. (1980b), from a study of Antarctic sediments
involving deposits from grounded ice, also reasoned that it is
difficult to envision sedimentation of marine glacial till from
floating ice even in totally quiescent water.

Seismic interpretation of profiles from the marginal
zone and distal to this critical zone, suggests that the
glaciomarine unit, represented by the seismostratigraphic
unit characterized by repetitive continuous coherent reflec-
tions with occasional point source reflections (dropstones),
was also derived from subglacial meltout debris. The debris is
thought to have settled to the seabed from a floating active ice
shelf through a water column of variable thickness, to form
highly conformable banded deposits which mimic a highly
irregular substrate over very broad areas.

A transitional unit representing the gradational areas
between the till and glaciomarine units of the marginal zone
is characterized by discontinuous coherent reflections. It is
inferred to have been laid down by subglacial meltout from an
active ice shelf in close proximity to, and periodically in
direct contact with, the seabed.

Within the marginal zone Carey and Ahmad (1961)
postulated the formation of a foreset deposit composed of till,
slumped till or flowtill, interbedded with meltwater outwash



silts, and laminar, rhythmic silts and clays. Edwards (in
Reading, 1978) described such a marginal facies association
as consisting of random laminae with dropstones, suba-
queous outwash, and basal till. We tend to place less emphasis
than Carey and Ahmad, and Edwards, on sediment bulldoz-
ing action by the ice, slumping and the formation of flowtills
and turbidity currents to explain rhythmic bedding in the
glaciomarine unit. Although these processes may be impor-
tant on a local scale we do not recognize large scale glaciotec-
tonics. The conformable character of the banded Emerald Silt
over very broad areas of varying relief precludes a turbidite
origin.

Sediment source

In our model of deposition of glacial and glaciomarine
deposits, meltout debris is assumed to have originated from
the basal and englacial debris zones of an active ice shelf.
This material was presumably entrained through scouring
processes by a thick proximal ice sheet moving across present
terrestrial and shallow marine areas, and possibly some was
derived locally on the bank areas of the shelf, especially if ice
domes did exist. Although the amount of debris carried by an
active ice shelf has been generally assumed to be small as
indicated by observations of Antarctic ice by Odell (1952)
and Warnke (1970), more recent observations by Anderson et
al. (1980a) on sediment-laden icebergs suggest that the for-
mer observations may have underestimated the quantity of
transported debris. Anderson et al. (1980a) recorded basal
debris zones up to 15m thick on several icebergs calved from
the Antarctic ice shelf. Sedimentation rates measured in the
Weddell Sea range from 0.01m/1000a on the shelf to 0.02 to
0.07m/1000a for the outer shelf and upper continental slope
(Orheim and Elverhgi, 1981).

Modelling studies of the Brunt and Ross ice shelves by
Drewry and Cooper (1981) suggest that ice shelves are of
major importance for sedimentation on the continental shelf,
especially in the grounding-line zone. Due to relatively thin
basal debris zones, their model indicates that sedimentation
is highly sensitive to melting rate. Strong melting close to the
grounding line for instance, may remove all debris from the
ice within the first few tens of kilometres of the ice shelf. The
effect of basal freezing prior to complete release of sediments
is to shift the area of deposition farther along the flow line of
the ice shelf. They predicted sedimentation rates as high as
1m/a at the grounding line tapering to zero within a distance
of 30 to 50km.

The Antarctic studies indicate a wide variation in the
amounts of debris entrained in an ice shelf, some of which far
exceed the amounts in the Scotian Shelf ice shelf required to
explain till and glaciomarine thicknesses which we describe.
The ice shelf covering the Scotian Shelf proper was probably
present over a period of approximately 14 000a during depo-
sition of facies A (Fig. 27) before it began to disintegrate
during facies B deposition. As previously stated, we estimate
average rates of till deposition during the formation of the
moraines of 4 to 10m/1000a and short term rates of 20 to

30m/1000a in some of the till tongues. For the Emerald Silt,
facies A, we recognized a pronounced sedimentational gra-
dient from 1 to 2m/1000a in the basin to 9 to 10m/1000a in the
marginal zone, over a distance of approximately 30km.

The steep sedimentational gradient for the marginal
zone suggested by Drewry and Cooper (1981) would lead to a
disproportionate distribution of till versus glaciomarine sedi-
ment for the Scotian Shelf. Of most significance is the fact
that such gradients can be demonstrated beneath both mod-
ern and ancient ice shelves. The above observations also
provide credibility to the assumption that a subglacial meltout
source from a floating ice shelf can produce sufficient debris
to reasonably account for the glaciomarine section on the
Scotian Shelf, given sufficient time.

Origin of rhythmic bands

Rhythmic bands are best developed and preserved in
facies A of the Emerald Silt and thus their discussion will be
limited to this facies. The sedimentological periodicity we
describe is similar to descriptions of cores for example, from
Kaipokok Bay, Labrador (Kontopoulus and Piper, 1982), to
the glaciomarine Presumpscot Formation (Bloom, 1963), to
the Permian section of Tasmania (Carey and Ahmad, 1961), to
accounts of early Paleozoic and Precambrian sections
described by Reading (1978), and to the Proterozoic Toby
Conglomerate of British Columbia (Aalto, 1971). The wide-
spread occurrence and similarity between deposits of all ages
suggests that relatively few processes lead to their formation.

From our earlier description we know that the banding is
related to the alternate layering of silt and clay (Fig. 17b to z),
and is well defined on the X-radiographs. Typically, the
individual bands of silt and clay range from 1 to 3cm thick-
ness with some fluctuation in thickness between the silt and
clay for any given couplet. All boundary relationships are
sharp and it is quite common to observe pyrite concretions at
the top surface of the silt layers. At times the silt layers are
laminated and it becomes more difficult to define distinct
couplets and obtain a precise count of the number of cycles/m
of core.

The above and earlier descriptions appear to be charac-
teristic for periodic deposition from suspension under
extreme quiescence. Each couplet appears to represent a short
period of sediment influx and fall out, with settling times
sufficiently slow to allow sorting of the silt and clay fractions.
The uniform seismic character of high amplitude, regularly
spaced reflections of facies A throughout the basins, the
maintenance of their conformability across irregularities on
the substrate, the uniformity of depositional style observed in
cores from different areas of the basins, and the lack of
evidence for any current activity especially at the sediment-
water interface, suggest that the periodic influx of sediment
originated from a blanket source directly above the deposi-
tional interface. All the above characteristics are compatible
with the model of deposition by subglacial meltout from a
floating ice shelf, but the cyclical style remains to be
explained.
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We suspect that the periodicity may be related to short
term fluctuations in the ice shelves associated with such
deposits, and one likely mechanism is repeated freezing and
thawing at the subglacial surface of a floating shelf. Carey and
Ahmad (1961) recognized both frozen base and melting ice
shelves in their models and Drewry and Cooper (1981) sug-
gested how basal freezing prior to complete release of sedi-
ment from the subglacial surface could control sedimentation
rates around grounding-line zones. A delicate balance
between freezing and thawing over broad areas of the sub-
glacial surface could give rise to cyclical variations in the
release of sediment from the ice shelf. Also, during the
freezing stage, time would be provided for regeneration of the
sediment load entrained in an active ice shelf. Fallout from a
plume generated from underflows at the buoyancy line
(Mackiewicz et al., 1984) may be an alternate explanation;
however, this would not explain the widespread distribution
of the coarse clasts which are commonly associated with the
glaciomarine sediment. Possibly the gravel is a bimodal
component introduced directly above from the subglacial
surface.

A quantitative estimate of the cyclical period was
obtained from a count of the total number of cycles in the
composite section of piston cores using the data of Figure 26
and Table 4. Because of the subjective element in identifying
some individual cycles, we express the total count as a range
between extreme maximum and minimum totals, or 1664 to
2704 cycles for the entire section. Facies A represents
approximately 14 000 years of sedimentation (Fig. 27) which
gives a cyclical period of 5 to 8 years. A period of this order
may be related to sunspot activity.

Origin of facies A, B and C in Emerald Silt

From the previous discussions of till tongues and the
origin of rhythmic bands, much has already been said about
the origin of facies A. The interface between the glacial and
glaciomarine sections is restricted to this facies, both are
subglacial in origin, both are derived from subglacial
meltout, and the basic difference in mode of origin is their
respective formation from grounded and floating ice shelves.
It is also important to note that facies A is time transgressive
following the retreat of the buoyancy line to the nearshore. For
example, most of our observations were made on the Emerald
Basin section which was deposited between 46 000 and
32 000 BP. Younger sections occur in the Gulf of Maine,
associated with the Fundian Moraine, covering the respective
period 38 500 to 26 000 BP, and the Truxton Moraine
approximately 17 000 BP.

We have also suggested that the cyclical sedimentation
pattern was formed from a blanket, subglacial, sediment
source controlled by repetitive freezing and thawing. The
depositional gradient across the marginal zone could possi-
bly arise from lateral variations in meltout rate from a blanket
source. On the other hand, the gradient could be influenced to
some degree through proximity to local subaqueous sources
at the buoyancy line; however, we do not envisage a dominat-
ing influence by subaqueous outwash. The main reason for
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differences in sedimentation rate between the glaciomarine
sediment and the till may be the fact that the latter was
deposited in greater confinement between the ice and the
sediment interface and less material was lost by dispersion
through plumes in a water column.

In facies B of the Emerald Silt the evidence for deposi-
tion by floating ice is still strong, as indicated by the presence
of dropstones and smaller clasts, and the presence of a cold
water but more diversified and abundant fauna. In contrast
with facies A, Emerald Silt, the degree of bioturbation
increases upward through the section in sympathy with the
changes in faunal assemblage. A stronger degree of lamina-
tion in the silt bands also develops indicating a stronger
influence of bottom currents and possibly waves. Barrie and
Piper (1982) argued for waves, not currents, to explain sim-
ilar unconformities from Makkovik Bay, Labrador. Current
influence is also indicated by the seismostratigraphic rela-
tionships evident in the basins. This is expressed as a trend
towards thinning of the section on the local topographic highs
and in some areas the development of a pronounced basinal
unconformity (Fig. 9). Most of these changes appear to sug-
gest more open water conditions and transformation from a
floating ice shelf environment to one dominated by drifting
ice; that is, a change from glacial to proglacial conditions.
These conditions extended over a period of approximately
16 000 a for the main area of the Scotian Shelf.

Facies C, Emerald Silt is regarded as a transitional facies
between facies A and glacial till. As indicated earlier, it is
limited in areal extent to the marginal zone and is generally
recognized on the basis of seismic interpretation alone. Only
one core was obtained from the facies, core 76-016-6 from the
Gulf of Maine. In this core the beds are either strongly
laminar or wispy, and are often inclined, which may be related
to current influenced deposition. We interpret the facies as
subglacial which formed during intermittent contact between
the ice and seabed, accompanied by strong currents which
were probably generated by tidal pumping. Our example
occurs late in the history of events on the shelf as the glacial
environment receded landward. This possibly accounts for
the increase in abundance of foraminifera in core 76-016-6,
well above the normal abundance generally found in facies A
to which it is most closely related. The occasional occurrence
of sand layers in several of the cores could be accounted for by
local environments similar to those suggested for facies C.

LIFT-OFF MORAINES

A discussion of the occurrence and distribution of dis-
crete hummocks at the surface of blanket till deposits was
introduced earlier and the features were referred to as lift-off
moraines (Fig. 8, 15, 16a, b). Their distribution is shown in
Figures 6a to g and 16a and b, and the descriptive details on
morphology and scale are discussed under seismostratigra-
phy. The features are generally buried by Emerald Silt which
mimics their morphology, but they are sometimes exposed at
the seabed where the sidescan sonograms (Fig. 8, 15) reveal
their true morphology as ridges. A recent sidescan mosaic



and seismic survey in the Strait of Belle Isle shows a detailed
depositional pattern of lift-off moraines exposed at the sea-
bed (J.Y. Guigné and E.L. King, personal communication
1983). Their trends, shape, and size are similar to occurrences
on the adjacent Newfoundland shore mapped by Grant
(1970).

The seismostratigraphic relationships between the till
cores of the ridges and the adjacent Emerald Silt show that the
Emerald Silt and till are contemporaneous, and over very
short distances the silt beds grade into, and interfinger with,
the till at the flanks of the ridges. The internal structure of the
ridges is generally incoherent and well contrasted against the
Emerald Silt, but in some cases the ridges are moderately
well stratified and some of the individual reflections match
and are continuous with major reflections in the Emerald Silt
(Fig. 16b). Unfortunately, there is no sample data to aid our
interpretation and provide better information on the sediment
texture of the ridges.

The similarities between lift-off and De Geer moraines
is striking. The latter, however, are defined as annular ridges
while the former appear to form simultaneously in groups or
fields and probably require a much longer period for their
complete evolution. Sugden and John (1976) described De
Geer moraines as a succession of discrete, delicate, narrow
ridges ranging from short and straight to long and undulating,
and sometimes with crossribs. The ridges are seldom more
than 15m high, and they may be regularly spaced up to 300m
apart. They are occasionally steep-sided and are made of
variable till with a capping of subangular and subrounded
boulders and are best developed in broad open depressions.
Lenses of sand and other stratified waterlain deposits may
occur in the ridges, and varved sediments occasionally lie in
the intervening depressions, supporting the idea that De Geer
moraines developed beneath ice which was grounded in deep
water.

Our seismic control over areas of buried lift-off mor-
aines is too sparse to provide a spatial description of the
features, but two very detailed surveys from the South Fladen
area and the Norwegian Trench of the North Sea provide good
examples of the true morphology of the moraines (M.
Hoveland and A. Judd, personal communication, 1983). By
correlation between adjacent closely spaced seismic lines
they demonstrate the existence of linear furrows and ridges.
Their ridges correspond to the features we describe in seismic
section as lift-off moraines. Also, the morphological patterns
which they mapped are similar in appearance and scale to our
descriptions.

Origin

Our opinion regarding the general depositional environ-
ment is that the lift-off moraines are subglacial, recessional
features, for the following reasons: (1) they always occur at
the top surface of the till deposits, (2) fields of lift-off mor-

aines are remarkably well preserved over thousands of square
kilometres and could not have survived regionally during a

glacial advance, and (3) the ridges were deposited contempo-
raneously with glaciomarine beds between the ridges and are
generally overlain conformably by later glaciomarine beds
(Fig. 16b). This typical succession is thought to develop as a
grounded ice shelf lifts off the seabed. If the conformable
succession of glaciomarine beds above the moraines is thick,
the implication is that the ice shelf remained pinned for an
extended period after lift-off. If the succession is thin, the
shelf probably disintegrated shortly after lift-off and the mor-
aines probably formed closer to the ice-frontal position. The
latter category would be more readily observed on land
because of the surface morphological expression. Also, the
near-surface moraines are probably of more common occur-
rence on the emerged land areas, having formed at a later
stage of the recession when the ice shelves were less exten-
sive and the ice- frontal positions were receding at a faster
rate. Conversely, the more deeply buried moraines are proba-
bly more common in the deeper basins of the continental
shelf.

Ideas regarding the mechanism of formation of the lift-
off moraines can also be obtained from an interpretation of
the seismic profiles. The intimate and highly contrasting
sharp relationships between the till and Emerald Siit between
the ridges is repetitive over large areas, and most likely were
controlled by very abrupt changes at the interface between the
subglacial surface and the seabed. We again suggest that such
changes were most readily achieved through a condition
whereby the proximity of the base of the ice shelf to the
seabed was the critical factor in determining whether till or
Emerald Silt was deposited from the subglacial meltout
debris.

The depositional pattern of the lift-off moraines leads
one to think in terms of structural control to form long
subparallel ridges. It is difficult, however, to conceive of a
pushing mechanism whereby the till ridges could develop
without some evidence for deformation in the glaciomarine
sediments between the ridges. A more plausible explanation
may be achieved by imparting a structural control to the
ridges through mechanisms involving features in the overly-
ing ice, for example fractures at the base of the ice or other
structural features such as keels.

In discussing basal melting and the creation of sub-
glacial meltout tills, Sugden and John (1976, p. 222) wrote
the following “....... a special circumstance is the controlled
provision of geothermal heat (Mickelson, 1971). This heat is
largely responsible for the basal melting process where there
is little ice movement and it may cause the very gradual
sedimentation of ‘ideal’ melt-out tills. On the other hand, a
new set of special circumstances is encountered which might
disturb the till structure. Where a glacier is stagnant, the
geothermal heat flux can cause melting upwards through the
basal ice layers. As long as the meltwater created can be
expelled laterally, the annual layers of melt-out till, as they
accumulate, will retain more or less the fabric characteristics
of the dirty parent ice. However, this is a delicate equilibrium
situation which is all too easily disturbed. If melt water is not
evacuated efficiently, the melt-out till can become saturated
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and lateral flowage will occur under the pressure of overlying
ice. If lateral flowage is impeded, then injection features may
well be created in the till mass (Hartshorn and Ashley, 1972).
If the water accumulates and cannot escape the ice surface
will ‘lift-off” from a small part of the till surface. This will
create a basal cavity, and further particles released from the
ice will be dropped onto the till surface, perhaps with the
creation of a new fabric (Marcusson, 1973)"".

In light of the above discussion it seems possible that
fractures in the ice could be created as a result of the basal
melting processes and the ice fractures could control the
depositional pattern of the till ridges. For example, in a
situation where a receding ice shelf is approaching a state of
lift-off, till would be accreted at its point of contact with the
seabed, and it is assumed that the meltwater would be evacu-
ated through the process of lateral seepage. If for some
reason, such as a local increase in the rate of basal melting,
the capacity of the discharge system were to be exceeded,
then the resulting accumulation of water would cause the ice
surface to lift off from a portion of the underlying till surface.
Stress fields would be induced within the ice leading to
structural failure. Meltwater could escape through the frac-
tures allowing the ice to remain in contact with the seabed and
result in till deposition to form linear morainic ridges. Pre-
sumably, stoping could occur along these crevasses and
induce an even greater rate of till deposition. Pinching pro-
cesses along the fractures could be active and contribute to
the ridge-forming process. In areas between the fractures the
flowage of meltwater could be impeded and allow for the
creation of basal cavities in which stratified sediment could
be deposited.

Another cause for the formation of multiple, long,
straight fractures in ice is from tidal movements in the ice
along the buoyancy line of ice shelves (Carey and Ahmad,
1961). This could allow a time transgressive development of
till ridges as lift-off progressed around the periphery of broad
depressions during a general recession. Also, seismic activity
accompanying local fracturing and faulting of the bedrock
caused by glacio-isostatic adjustments during recession
(Morner, 1978), may have created fractures in the ice. An
important consideration in favour of multiple ice fracturing is
that they allow for the simultaneous development of fields of
moraines as opposed to an annular development at individual
ice fronts.

REGIONAL, SUBGLACIAL, ICE SHELF
MORAINES

The distribution of till in the Laurentian Channel is
similar to that of Emerald Basin, in that the lowermost part of
the till section blankets the bedrock surface while the upper
part is less continuous and only occurs along the edge of the
channel and over bedrock high areas in the central part of the
channel. These relationships result in a thickening of the till
in the central part of the channel which we refer to as the
Laurentian Moraine, and interpret as a regional, subglacial,
ice shelf moraine. Emerald Silt, contemporaneous with the

upper section of till, occurs in the deeper parts of the channel
and is interbedded with till at the edge of the moraine and
along the edge of the channel at a water depth of approxi-
mately 400m. The relationships between the till and Emerald
Silt are illustrated in Figure 35, and are similar to those found
along the periphery of the outer and central banks on the
Scotian Shelf.

Similar occurrences of regional, subglacial, ice shelf
moraines and associated glaciomarine deposits are found on
the central Grand Banks in Halibut Channel, Haddock Chan-
nel, Avalon Channel, Whale Deep, and Downing Basin. Fig-
ure 6e to g shows that they are all seaward of the inner shelf
moraine off Burin Peninsula. Some of these occurrences are
outliers and have an unconformity at their surface (Fig. 36). In
most other areas of the Grand Banks the entire glacial and
glaciomarine section was removed by the Late Wisconsinan-
Holocene transgression and only thin sands and gravels cover
the Tertiary bedrock surface (Fader and King, 1981).

The evidence seems to indicate that relatively thick and
widespread moraines can be formed beneath ice shelves. The
water depth in which these occur requires that the ice shelves
were of the order of 200 to 500m thick and formed on a
regional scale during the recessional phase of an ice sheet
which extended to the shelf edge. Moraine formation appears
to have been controlled to a high degree by basal melting,
water depth (which was a function of topographic configura-
tion and glacio-isostatic conditions), and ice thickness. The
fact that these moraines occur on a regional scale and within a
given basin at approximately the same stratigraphic level,
suggests that the ice shelves were of relatively uniform thick-
ness over large areas.

Our past thoughts (King et al., 1972) regarding the
origin of the principal moraine complex along the inner shelf
were that it formed near the margin of a thick ice sheet,
possibly along a buoyancy line associated with water depth,
and that the till was derived from basal debris accumulating at
a more or less stationary ice-frontal position. Glaciomarine
deposits along both the distal and proximal sides of the
moraine were thought to have been laid down later in an onlap
relationship with the till. Examination of the radiocarbon
dates and the newly acquired high-resolution seismic data,
suggests that this is not the case; rather, some of the
glaciomarine deposits at the proximal side, are contempo-
raneous with the distal side deposits which are interbedded
with the till. In other words, it appears that at least some of
these moraines were formed by grounded ice with a floating
ice margin at both the distal and proximal sides. On the
proximal side, the glaciomarine sediments grade to till much
more abruptly, and the interbedded relationship generally is
not conspicuous except in areas where the slope of the till
surface is moderate. The slope of the moraine surface gener-
ally is much steeper on the proximal side and the boundary
between the till and glaciomarine sediment did not migrate
laterally over large distances to produce till tongues and
prominent interbedded and gradational relationships as
observed on the distal side. This is illustrated in Figure 5 at
the 10 to 11km mark along the section where the 50m section
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of Emerald Silt terminates abruptly against the till on the
proximal side of the moraine. Age determinations on cores
from both sides of the moraine indicate that the distal and
proximal sections of Emerald Silt are contemporaneous, and
that the densely stratified band through both sections is
approximately 26 000 years old.

From the foregoing discussion it is suggested that the
main Scotian Shelf moraine complex is also a regional,
subglacial, ice shelf moraine, its general location having been
largely determined by water depth with local control
imparted by topographic highs at the incipient stage of forma-
tion. As the feature grew in height it was in a sense selfper-
petuating, prolonging its period of growth through continued
direct contact with the subglacial surface of the ice. As
suggested earlier, the rate of deposition of the till was faster
than the adjacent glaciomarine sediment, and this would also
tend to extend the duration of contact between the ice and the
seabed and further enhance growth of the moraine.

If the Scotian Shelf end moraine complex is indeed a
regional, subglacial, ice shelf moraine, the idea constitutes a
significant step towards better integration of the glacial his-
tory of the offshore and onshore areas. It enables a reasonable
correlation of Middle Wisconsinan outlier deposits of
glaciomarine origin exposed in coastal sections with the
Emerald Silt section offshore, providing a better understand-
ing of the land deposits which in the past have been inter-
preted as representing interstadial events. Emerald Silt of an
equivalent age to the moraines occurs along deeper water re-
entrants landward of the moraine (Fig. 6b, ¢ and d) bringing it
in much closer proximity to the glaciomarine outliers on
land. Earlier ideas regarding the moraine as a deposit formed
at the frontal position of an ice sheet obstructed attempts to
make such correlations.

Other implications of the regional, subglacial, ice shelf
moraine concept are that it provides the opportunity to (1)
significantly refine our thoughts regarding the nature of
marine ice margins, (2) recognize their influence on the
distribution and stratigraphic style of the marine deposits
which appear to have both the horizontal and vertical compo-
nents of their stratigraphy well expressed and developed, and
(3) recognize their control on the timing and extent of glacio-
isostatic adjustments along the continental margin. The sig-
nificance of these statements will be clarified and elaborated
upon in the following sections. It should also be mentioned
that regional, subglacial, ice shelf moraine is a descriptive
designation, employed to help embrace and consolidate sev-
eral concepts; it is not intended as a permanent name.

GEOLOGICAL HISTORY

In this section we discuss the sequential development of
the glacial history of the continental shelf, using our con-
ceptual model to help describe the ice and sedimentational
environments. The chronological framework is based on the
correlation of the radiocarbon dates with the succession of

significant events in Figures 24, 27, 28, and 30 and sum-
marized in Table 5. We will also attempt to integrate the
glacial history offshore with chronostratigraphy on land, and
discuss the major events on land.

Model Application to Glacial History

Figure 37 is a diagrammatic representation of the infer-
red environmental history of the Scotian Shelf at five critical
stages of its development. The section is oriented north-south
across the type area in the Country Harbour Moraine, Emer-
ald Basin area, and extends from the terrestrial zone to the
edge of the continental shelf. The major physiographic divi-
sions are indicated at the top of the diagram and are controlled
by the shape of the bedrock surface. The small depression in
the bedrock surface at the boundary of the inner shelf and
Emerald Basin immediately north of the moraine has par-
ticular significance in that it represents the westernmost
extension of a large re-entrant along the south coast of Cape
Breton Island and approaches to Chedabucto Bay. Events
depicted in the small depression at the various stages of
evolution indicate on a small scale the depositional environ-
ment in the re-entrants north of the moraine. Figure 37, stage
1, covers a period prior to approximately 50 000 to 46 000
BP as indicated by extrapolation of the radiocarbon dates of
Figure 27 to the blanket till deposits at the base of the section.
Based on correlations with the general chronostratigraphy on
land, as well as with the North Atlantic stratigraphy, stage 1
may have begun as early as 70 000 BP. Our seis-
mostratigraphic interpretation indicates that there are no pre-
vious glacial deposits older than the Middle and Upper
Wisconsinan recessional deposits which we have described
and which occur as a complete, undisturbed section over
many thousands of square kilometres. It seems reasonable to
assume that earlier glaciations would have deposited similar
recessional successions on the shelf, but the fact that they are
not in evidence, except for the possible existence of
undiscovered outliers, strongly suggests that such deposits
were essentially removed by erosion during the last major
glacial advance. Therefore, it is suggested that during stage 1
the shelf was covered by a dry-base continental ice sheet
which probably extended to the shelf edge. This event, up to
the time of recession, appears to have been dominantly ero-
sional except for the possible deposition of a thin layer of
basal till at the base of the section overlying bedrock, and for
subglacial deposition at the margin of the ice sheet, at the
continental slope. The presence of a thick ice sheet on the
shelf was undoubtedly accompanied by extensive isostatic
depression of the crust; however, this isostatic influence is not
incorporated into the diagrammatic presentation because of
the lack of information on its nature and extent. Increasing
water depths, because of the isostatic influence, would have
initiated a trend towards thinning of the ice sheet and this
effect, together with the beginning of glacial recession,
would have led to the development of wet-based glaciation
and lift-off in the deeper areas of the shelf.

The early recessional stage, stage 2, probably occurred
at about 50 000 to 45 000 BP (Fig. 27), and represents the

57



period of deposition of the uppermost part of the blanket till,
the development of the lift-off moraines at the top surface of
this early till, and the very early glaciomarine sediment
between the morainic ridges. The presence of the lift-off
moraines and our suggested mechanism for their develop-
ment leads us to think that the till represents the early deposi-
tional phase of the type area and that it is not an eatlier till of a
previous glaciation of the shelf, although it may include some
basal till deposited during the advance. Further evidence
comes from the fact that the conformable beds of
glaciomarine sediment immediately overlying the lift-off
moraines can be traced on the continuous seismic profiles to
the distal side of the moraine complex where they are inter-
bedded with the lowermost till of the moraine. At this time of
early recessional deposition in the basins of the Scotian Shelf,
deposition of glaciomarine sediment probably continued
beyond the shelf edge, but the ice remained grounded on the
bank areas. Limited biological activity in the basins was
initiated during or immediately following this stage.

Stage 3 represents the period between 45 000 and
32 000 BP (Fig. 27) during deposition of the Emerald Silt,
facies A, section. It should be appreciated that facies A is
time transgressive and that the present discussion only per-

tains to the basins of the Scotian Shelf. During the early part
of this stage the recession reached a maximum. The Scotian
Shelf moraine complex was beginning to develop as a major
feature and remained in contact with the ice shelf in accor-
dance with our model throughout the period. The greater part
of stage 3 was characterized by minor surges and retreats of
the buoyancy line. This oscillation created till tongues along
the main moraine, as well as at the periphery of the outer
banks. Glaciomarine deposition was continuous in the basins
throughout this stage and was characterized by the con-
formable style and cyclical pattern of sedimentation. Sedi-
mentation rates ranged from 1m/1000a for the Emerald Silt to
4m/1000a for the till, with respective rates as high as 10 and
30m/1000a over short periods. The faunal abundance
remained at a low but more or less constant level. It appears
that the ice shelf maintained its integrity throughout the
period, grounded as wet-base ice and depositing till over the
banks for at least part of this stage, and as a floating, active ice
shelf across the basins. The larger banks may have sustained
local ice domes with dry-base ice for periods during this
stage, accompanied by local erosion on the banks and draw-
down to the basins; and this would have contributed to sedi-
ment supply in the basins and beyond the continental shelf
edge. Landward of the main moraine, the blanket till, lift-off

Table 5. Chronology of events and thickness {in metres) of sediments
OFFSHORE SOUTHEASTERN CANADA

Laurentian Placentia
Event Gulf of Maine Emerald Basin Channel Bay
Ice sheet lift off, lift-off moraine
development 38 500 46 500 40 500 29 500
Till tongue and moraine 31 000- Tongues 35 000 28 500
development 26 500 2-9
44 000-34 500
Tongue 4, main
moraine complex
-42 000

Emerald Silt 38 000- 46 000- 40 500- 29 500-
facies “A” 26 500 32 500 31 500 28 000
Emerald Silt 26 500- 32 500- 31 500- 28 000-
facies “B” 13 500 16 500 23 000 15 500
LaHave Clay 13 500- 16 000- 23 000- 15 000-

present present present present
Thickness, Emerald Silt facies “A”
(composite section) 23m 48m 7.5m 2m
Thickness, Emerald Silt facies “B”
(composite section) 13m 22m 6m 13m
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moraines, and Emerald Silt, facies A, were being deposited
in the Chedabucto re-entrant south of Cape Breton Island.
The formation of a floating ice shelf in this area was probably
enhanced by deeper water conditions associated with iso-
static depression by the adjacent ice sheet on land, as well as
its proximity to the deeper water of the Laurentian Channel.
The northern extent of the deposits in the re-entrant is not
fully known, but during the latter part of stage 3 and earlier
part of stage 4 they may have extended on land across some of
the low-lying areas of Cape Breton Island around the Bras
D’Or Lakes, and possibly as far east as the southern area of
the Burin Peninsula in Newfoundland. They may be cor-
relatives of isolated glaciomarine and shell-bearing till
deposits in these areas. These land deposits inctude shell-
bearing tills within multiple till sections in the River Inhabi-
tants area (Grant, 1975), and marine beds interbedded with
till on the Burin Peninsula (Tucker and McCann, 1980). The
northern extent of Emerald Silt on the inner shelf between the
moraine and mainland Nova Scotia is also uncertain because
most of this section was eroded during a later transgression. It
is assumed that north of the present mainland coastline the ice
shelf thickened to sheet proportions and meltout deposits
graded to normal basal till. Farther to the west in the Gulf of
Maine-Bay of Fundy re-entrant, lift-off probably extended
well to the north. Its glaciomarine deposits, underlying the
Fundian Moraine, may correlate with the 38 000 BP
glaciomarine deposits (Salmon River section, Grant, 1976;
Nielsen, 1974) on land. We feel that the dominant aspect of
the deposit is glaciomarine and not interglacial, and suggest
the evidence for warmer conditions was short lived within the
re-entrant during the glaciomarine interval.

Stage 4 represents a general retreat of the ice shelf from
the central shelf to the present land areas, except for one short
advance, and covers the approximate period of 32 000 to
16 000 BP. It is represented by the Emerald Silt, facies B.
Early in this period open water conditions developed on the
shelf proper, bottom currents exercised a greater influence in
the distribution of sediments and were responsible for the
development of a fairly widespread unconformity by approxi-
mately 30 000 BP (Fig. 9). An opportunity to examine
recently collected seismic profiles (A. Jenkins, personal
communication, 1984) shows this unconformity continues
north of the Country Harbour Moraine and along the ancient
Country Harbour River Channel to Country Harbour. In
several areas, including the north flank of the Country Har-
bour Moraine, the unconformity is overlain by a thin layer of
glacial till which provides the evidence for the return of a
grounded ice shelf to parts of the inner and central shelf for a
short interval of stage 4. It is, in turn, overlain by a thin
deposit of glacial till and Emerald Silt, facies A and B. In
facies B, the cyclical pattern of sedimentation gradually
deteriorated as a result of increased bioturbation, bottom
currents and decreasing continuous floating ice cover. The
faunal assemblage progressively increased in diversity and
abundance, and planktonic assemblages began to appear.
Sedimentation rates in Emerald Basin decreased to approxi-
mately 1.1m/1000a. In general, the environment of the shelf
proper evolved to one with a proglacial aspect, and the
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evidence for a strong ice influence suggests that the ice did
not retreat far inland from the present coastline. Piper (per-
sonal communication, 1983) has recently acquired data from
the Lunenburg coastal area to suggest that a morainal system
occurs just offshore which appears to be of Late Wisconsinan
age (latter part of stage 4 or stage 5).

In the Gulf of Maine and Bay of Fundy region events
during the first half of stage 4 appear to be significantly
different. A grounded ice shelf returned to this area by 31 000
BP to deposit the Fundian Moraine (31 000 to 26 500 BP)
and tills to the south of this feature around the periphery of
Georges Basin. Lift-off then advanced north to Truxton
Swell, in the area of column section 12, Figure 6a. Here, till is
deposited on beds of Emerald Silt dating about 17 000 BP. No
information is available in the immediate area to refine a date
for deposition of this till, other than to suggest that it probably
lies between the 17 000 BP maximum date, and dates on the
raised glaciomarine deposits associated with the Pre-
sumpscot Formation in the coastal areas of Maine which date
at about 13 500 BP (Stuiver and Borns, 1975), and raised
marine ice-marginal deposits in central and southern New
Brunswick of approximately 13 000 BP (Gadd, 1973). The
occurrence of Emerald Silt and lift-off moraines in the area
of column section 3, Figure 6, possibly overlies the younger
till, but samples were not obtained for dating purposes.
The surface of this till has also been modified by iceberg
furrowing.

During the evolution of the glacial history of the conti-
nental shelf to and including stage 4, the glacio-isostatic
response of the crust can only be discussed in general terms
because of the lack of direct evidence. At the time when the
Wisconsinan ice sheet occupied the entire shelf (stage 1)
isostatic depression presumably reached a maximum, but by
the time of stages 2 and 3 (dominated by the presence of the
ice shelf), isostatic rebound was probably well advanced.
During the stage of final retreat (stage 4), possibly as early as
30 000 BP, the crust had more or less fully recovered except
for the influence of the remaining ice sheet on the adjacent
land areas. A well defined submarine terrace at a depth of 115
to 120m on the Scotian Shelf and 100m on the Grand Banks
occurs across large areas. This correlates approximately in
time and magnitude with the Late Wisconsinan maximum
lowering of eustatic sea level (King, 1970, 1980). Its uniform
depth of occurrence over such a broad area strongly suggests
that glacio-isostatic rebound had fully recovered and sta-
bilized before the low sea level stand was recorded; other-
wise, tilting and differential warping would possibly be in
evidence. Exceptions to the consistent depth of the terrace
occur near shore south of Cape Breton Island (MacLean et
al., 1977), nearshore south of Lunenburg (Piper et al., 1985),
in the eastern Gulf of Maine and approaches to the Bay of
Fundy where ice appears to have delayed rebound until a later
date (Fader et al., 1977), and in western Placentia Bay near the
Burin Peninsula (Fader et al., 1982).

Stage 5 (16 000 to 10 000 BP) covers the period of
lowest sea level, its subsequent transgression, and the disap-
pearance of ice influence in the offshore. Evidence for the low



sea level stand and subsequent transgression is widespread.
The trace of the terrace is indicated by the boundary between
the Sambro Sand and Sable Island Sand and Gravel (Fig. 3).
This boundary is defined by a textural change between the
formations, from sublittoral sands and gravel of the Sambro
Sand with a mud content up to about 10%, to clean, well
sorted sands and well rounded gravels of the basal trans-
gressive Sable Island Sand and Gravel. In many arecas the
boundary appears as a knickpoint on the echograms and
seismic profiles, and it coincides with a truncation of Emer-
ald Silt beds around the periphery of the banks. For example,
this unconformity is illustrated on the seismic profiles (Fig.
12, 13, 36) across the type area for the Wisconsinan section on
the Scotian Shelf, and in fact the erosional surface was

responsible for the exposure of the early part of the section. -

Another example of the terrace is shown in Figure 38 where it
is cut into Tertiary bedrock and overlain by up to 6m of Sable
Island Sand and Gravel.

As Figure 3 shows, large areas of the shelf were exposed
subaerially, and there is some evidence to suggest that the
geotechnical properties of the sediment were modified during
subaerial exposure (Table 6), possibly as a result of desicca-
tion and to some degree removal of overlying sediment by
erosion. Piston cores in Emerald Silt above the old shoreline
penetrate the Emerald Silt for about 1 to 1.5m, but below the
shoreline and in more or less the same stratigraphic section a
penetration of approximately 10 to 15m can be achieved (Fig.
39).

The terrace indicates the position of the lowest sea level
and beginning of the Late Wisconsinan-Holocene transgres-
sion, during which time all sediments between the old and
present shoreline were modified in response to a high-energy

Table 6. Geotechnical properties

beach environment. As the transgression progressed across
the outer banks it produced large areas of clean, well sorted
sands and gravels (Sable Island Sand and Gravel). The fines
were deposited in the basins as LaHave Clay. On the inner
shelf, bedrock is exposed or nearly exposed at the seabed, but
these areas were originally covered with till and glaciomarine
deposits. During the transgression, these deposits were
undercut and eroded by the advancing sea, and essentially all
that remains is coarse gravel confined to depressions on the
bedrock surface, and a few thin outliers of till and Emerald
Silt as indicated on Figure 6 by the column sections and
geological cross-sections. The slope of the inner shelf was
sufficiently steep to allow undercutting and slumping to
dominate and destroy the continuity between the glacial and
glaciomarine deposits of the offshore and the glacial deposits
on land.

The age of the submarine terrace can be bracketed by our
data on the age of the uppermost truncated beds of Emerald
Silt, facies B, and the age of the overlying basal beds of
LaHave Clay (Fig. 13 at the lkm mark). Within these con-
straints we suggest an age between 15 100 and 14 465 BP.
Our previous estimates of the age of the terrace were based on
sea level curves of Milliman and Emery (1968) which showed
the lowest stand of 125m at 15 000 BP. This is in good
agreement with the above age of 15 100 to 14 465 BP at 115 to
120m.

On the Grand Banks of Newfoundland, the Late
Wisconsinan-Holocene transgression was effective in remov-
ing the Pleistocene deposits on a regional scale leaving only
outliers in a few small basins and channels (Fig. 6¢ to g, 36,
40). Consequently, the glacial history is fragmented, but at
least it can be inferred from their scattered positions on the

Cruise: HUDSON 79-011

Sample Designation: 1P
Emerald Silt
Water Depth: 142m

Physiographic control: Basin Sample

Water content (w%) 39.6
Plasticity index () 23.2
Liquidity index (I;) 0.71
Undrained shear strength 19
(S,) in kPa

Preconsolidation stress (P.')

in kPa

Median Diameter, mm (M) 0.014
Core Length, m 8.43

Stratigraphic order: stratigraphic depth increases to the right

10P 8P 7P
Emerald Silt Glacial Till Emerald Silt
133m 11lm 91m
Basin Sample Bank Sample Bank Sample
48.3 32.2 36.0
25.5 19.5 22.7
0.78 0.38 0.43
19 45 35
150 100
0.002 0.004 0.002
5.99 1.85 0.90
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Grand Banks that the entire area was glaciated. One of the
more complete sections is in Placentia Bay and approaches,
and these deposits are typical of those observed on the Sco-
tian Shelf, including sections of till, glaciomarine sediment, a
regional moraine, lift-off moraines, till tongues, and blanket-
ing Holocene deposits. Data from Figures 30 and 31 and Table
5 indicate that the Placentia Bay deposits and events are
generally younger than those of the Scotian Shelf, and corre-
late better with late Middle Wisconsinan events which
include the Fundian Moraine and associated deposits in the
eastern Gulf of Maine. This is probably because of its close
proximity to the land, and we assume that the outliers farther
offshore in Downing Basin and adjacent areas are older and
comparable to the deposits of the central Scotian Shelf.

One of the last vestiges of ice influence on the offshore °

sediments is revealed by the occurrence of iceberg furrows.
They are formed by the scouring action of grounded icebergs
moving across the seabed under the influence of winds and
currents. Both modern and relict iceberg furrows are of com-
mon occurrence along the entire eastern Canadian shelf and
have been documented in papers by Harris and Jollymore
(1974), van der Linden et al. (1976), King (1976), Fader and
King (1981), Fader et al. (1982) and Lewis and Barrie (1981).
Their dimensions are highly variable but typically they are
approximately 2 to Sm deep, 30 to 40m wide, and can be
many kilometres long. It is difficult to distinguish between
relict and modern furrows because they both can display a

fresh well preserved appearance. Through regional consid-
erations concerning the distribution of ice, conclusions can
be drawn regarding their age. For example, most iceberg
furrows on the western Scotian Shelf (Fig. 6) must be relict,
because icebergs have been absent since the continental ice
sheet withdrew. Almost all furrows on the Scotian Shelf
occur on glacial till. Farther to the east, for example south of
Newfoundland, furrows occur on the younger LaHave Clay
(Fader et al., 1982). These were probably formed by calving
icebergs from the late ice (12 500 BP) of southwest New-
foundland described by Brookes (1974). The major local
sources for icebergs in the Gulf of St. Lawrence had probably
disappeared by 12 000 BP. Across the Grand Banks east of
Newfoundland the seabed has been affected by iceberg scour
throughout the Pleistocene and to the present, and below
depths of 115 to 120m furrows covering the complete spec-
trum of ages may occur (Fader and King, 1981). Above the
100m terrace on the Grand Banks the furrows postdate the
Late Wisconsinan-Holocene transgression, any earlier fur-
rows having been removed by erosion.

Unfortunately, our seismic control does not cover the
areas where glacial and glaciomarine deposits would have
been deposited in the offshore by the late ice of New-
foundland, but presumably such deposits do occur in the
approaches to the fiords and in the nearshore areas around the
northern and eastern areas of the Gulf of St. Lawrence.

Figure 39.

A plot of core length vs. water depth for cores
from Emerald Basin, Middle Bank area (Fig. 6c).
The cores were collected with the same core
head weight and equal free-fall distances. The
plot shows an increase in core penetration with
increasing water depth. The change in sediment
properties is interpreted as resulting from modi-
fication of the sediments in the nearshore and
subaerially exposed areas, adjacent to the late

T Pleistocene low sea level stand {see Table 6. Geo-
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REGIONAL STRATIGRAPHIC INTERPRETATION

Figure 41 shows a correlation between our synthesis of
glacial fluctuations of the Scotian Shelf and Grand Banks
with the post-Sangamon chronostratigraphic framework
developed by Grant (1977, 1980), Prest and Grant (1969) and
Dreimanis et al. (1981) for the land areas of the Atlantic
Provinces; Alam et al. (1984) for areas on the continental
slope and top of nearby seamounts; Dreimanis (1975) for
southern Ontario and southwest Quebec; and Ruddiman and
Mclntyre (1981) for the west North Atlantic oceanographic
record.

The best section of pre-Sangamon stratigraphy occurs
on the Fogo Seamounts, close to the continental shelf and
west of the Grand Banks (Alam and Piper, 1977; Alam et al.,
1984), and according to Prest (1977) other sections are sparse
throughout the rest of the area. Cores from the seamounts
contain sequences of alternating clays and foram-nanno ooze
representing glacial and warmer periods respectively, back to
the mid-Pleistocene. An early Illinoian glaciation with a
source from across Newfoundland and the Grand Banks
appears to have been the most severe. This was followed by a
strong late Illinoian advance accompanied by a major influx
of red sediment indicating significant erosion of the Car-
boniferous redbeds of the Gulf of St. Lawrence and Lauren-
tian Channel. Alam and Piper (1977) suggested that the
Wisconsinan glacial stages were much weaker and did not
extend to the shelf edge, whereas our data show that at least
one Early to Middle Wisconsinan advance reached the shelf
edge. It appears that the Fogo Seamount data provide the best
information on the relative magnitudes of the various
Pleistocene stades for southeast Atlantic Canada, but the
shelf data help calibrate the seamount section and provide
more definitive data on the Middle and Late Wisconsinan
section.

In addition the seamount data provide useful evidence
for interpreting the chronology of the erosional history of the
area. The Laurentian Channel and its tributaries are the most
prominent erosional landforms and the seamount data indi-
cate a Late Illinoian age for a major erosional phase. The
morphological evidence (Loring and Nota, 1973; King and
MacLean, 1976) suggests that the channels were formed by
ice streams along a former drainage pattern. Overdeepened
rock basins along the main channel or trough are associated
with the confluence of hanging valley, tributary systems with
heads in the deep fiords along the south coast of New-
foundland. Some additional erosion apparently occurred dur-
ing the Early to Middle Wisconsinan advance because the ice
was sufficiently strong to ground and remove any former
glacial and glaciomarine deposits. The only remaining depos-
its are recessional deposits which formed during the retreat of
the Wisconsinan ice.

The section on the continental shelf (Fig. 37, 41) begins
with a continuous blanket of till overlying bedrock with lift-
off moraines at the surface of the till. This section is best
developed in the basins, and we believe that it represents the
base of a continuous section of recessional glacial and

glaciomarine deposits arising from subglacial meltout from
beneath an ice shelf. Remnants of early glacial deposits may
occur in some local depressions, but we are unable to identify
them as such on the basis of our present knowledge. We
believe that the recessional event was preceded by the
advance of an ice sheet which extended to the edge of the
continental shelf. Extrapolation of our earliest radiocarbon
date, 41 000 BP (Fig. 27), which is from near the base of the
section, would suggest that the recession was well advanced
by approximately 50 000 BP, and the ice sheet is presumed to
have wasted to an ice shelf configuration at that time. It is also
probable that the ice sheet postdated the St. Pierre interstade
because this is thought by some to have been a strong event
across southern Ontario and Quebec, and is often associated
with organic deposits. The St. Pierre interstade at approxi-
mately 75 000 BP is also defined by the oceanographic
record and can be recognized in the data of Alam et al. (Unit
B6, 1984), so it seems reasonable to assume that an ice sheet
would not have been sustained on the continental shelf during
this interstade. Therefore, we postulate that the Scotian Shelf
— Grand Banks advance followed the St. Pierre interstade and
correlates with the Guildwood stade of southern Ontario. Ice
cover was continuous in Quebec following St. Pierre time,
and the Guildwood stade and Scotian Shelf — Grand Banks
advance appear to be marginal fluctuations from this body of
ice to the north. An earlier Wisconsinan stade is suggested by
Grant (in Dreimanis et al., 1981) and designated the Fundy
and Cabot stades, as well as by Alam et al. (1984) as their B7
stade, but evidence for this event on the continental shelf, if
indeed it did exist, appears to have been removed by erosion.
Grant (personal communication, 1983), has later suggested
that the last interglacial includes the St. Pierre, and that the
Early Wisconsinan between St. Pierre and Sangamon time
was not represented by a major ice sheet in the Atlantic
Provinces. Rather, the period was to some degree a cooler
extension to the Sangamon interglacial and includes all the
organic deposits of the Maritime Provinces. The North Atlan-
tic oxygen isotope data (Ruddiman and Mclntyre, 1981) show
intermediate values during this period which could corrobo-
rate such an alternate hypothesis.

At approximately 50 000 BP the Scotian Shelf — Grand
Banks ice sheet had degenerated to ice shelf thickness, and
was beginning to lift off in the basins. As discussed earlier,
this condition persisted throughout the greater part of the
Middle Wisconsinan with minor fluctuations at the periphery
of the banks between the grounded and floating portions of
the ice shelf. We refer to this major event as the Scotian Shelf
— Grand Banks recession. It was a gradual recession, at times
approaching a stillstand, with minor oscillations throughout
the period from approximately 45 000 to 32 000 BP. This
condition was probably maintained by a thick ice sheet over
much of the adjacent land, terminating somewhere on the
inner continental shelf. The recession on the continental shelf
appears to be compatible with the prolonged Port Talbot and
Plum Point interstades of southern Ontario which were mar-
ginal to an area of continuous glaciation across Quebec. The
recession also correlates rather well with the warmer units B2
and B4 of Alam et al. (1984) and with the decrease in global
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ice volume predicted by the western North Atlantic
oceanographic record (Ruddiman and Mclntyre, 1981). Also,
Sirkin and Stuckenrath (1980) reported a warm interval indi-
cated by sediments near the moraines of Long Island and
Block Island which contain peat and oyster beds and range in
age from 43 800 to 21 750 BP.

At times during this recession floating ice shelf condi-
tions, possibly accompanied by open water conditions, may
have extended along major re-entrants to several areas of the
mainland where Middle Wisconsinan, glaciomarine sedi-
ments and shell-bearing tills are known to occur. Grant
(1980) established the Clare interstade on the basis of these
deposits.

In summary, the stratigraphy for the late Early Wiscon-
sinan and Middle Wisconsinan on the continental shelf
encompasses the Scotian Shelf — Grand Banks advance repre-
senting a major ice sheet from the north carrying debris off
Nova Scotia and Newfoundland to the continental shelf,
followed by a long period of gradual recession (Scotian Sheif
— Grand Banks recession) grading into late Middle and Late
Wisconsinan time.

This interpretation of the stratigraphy is somewhat in
contrast with that suggested by Grant (1977; in Dreimanis et
al., 1981) for the early part of the Middle Wisconsinan. He
postulated that the Isle Royale and Burin stades of Cape
Breton and southern Newfoundland were the major events of
this period, and on the basis of striae and other evidence
indicated a direction of northern flow for the ice, suggesting
ice domes on the continental shelf as a source for these
advances. We see no evidence for the continental shelf acting
as a primary source area for the northerly flow, and suggest as
a possible explanation that the northerly flow was caused by
drawdown of some shelf and Cape Breton ice towards the
Gulf of St. Lawrence and Laurentian Channel during the
early stages of recession (stage 1, Fig. 37). Areas of the
seabed between the postulated domes and Cape Breton Island
are underlain by stage 3 and subsequent deposits and would
have been disrupted and eroded by a later northerly move-
ment of ice from the offshore.

Tucker and McCann (1980), in their study of Quaternary
events on the Burin Peninsula and St. Pierre and Miquelon,
concluded from the available stratigraphic evidence that; (1)
the earliest event was pre-Wisconsinan or perhaps Early
Wisconsinan and is represented by indurated, weathered till
deposited from an all encompassing glaciation of New-
foundland-centered ice from the north, (2) Newfoundland-
centered ice again advanced in Early Wisconsinan time,
depositing the lower unit of the multiple till section, (3)
marine overlap occurred depositing fossiliferous sands and
silts which are correlated with the Salmon River deposits of
Nova Scotia (38 000 BP) on the basis of their fossil content,
(4) partial glaciation by ice from an offshore source deposited
the upper unit of the multiple till section, and (5) there was
limited glaciation by Late Wisconsinan, Newfoundland-cen-
tered ice. Their major glacial advance (event 2) probably
corresponds to the Scotian Shelf — Grand Banks advance and
appears to be compatible in magnitude and direction, but we

believe that an early Middle Wisconsinan date is more likely.
Their analysis provides further documentation of the north-
erly pattern of flow for a glacial advance (event 4) and dates
the event as late Middle Wisconsinan (post-Clare interstade)
whereas Grant (in Dreimanis et al., 1981) suggested a pre-
Clare date and correlated it with the Burin stade. According
to our evidence the late Middle Wisconsinan date weakens
even more the argument for an offshore source to explain the
northerly direction of ice flow, because at that time the
grounded ice shelf was beginning to lift off the banks and
complete its withdrawal from the shelf. It could, however, still
be explained by drawdown of local ice towards Fortune Bay.

Based on our present knowledge of the distribution and
age of glacial till on the shelf, it appears that grounded
portions of the ice shelf in late Middle Wisconsinan time
(approximately 30 000 BP) had withdrawn to the coastal
areas except in the eastern Gulf of Maine. There appears to
have been a strong resurgence to form the Fundian Moraine
and associated deposits of 30 000 to 26 000 BP. This
resurgence may have been a forerunner of the Late Wiscon-
sinan advance of approximately 20 000 BP recorded in the
Cape Cod — Long Island area and southern Ontario, but not
expressed elsewhere in the offshore except in the coastal
areas. North of the Fundian Moraine, the age of the youngest
till (Truxton Swell) lies between approximately 17 000 and
13 000 BP. Deposition of the ice-related sediment in Emerald
Basin was continuous (Emerald Silt, facies B, proglacial) and
was present in the offshore section until approximately
15 000 BP. At that time a faunal discontinuity occurs where
older benthic foraminiferal assemblages dominated by
Elphidium excavatum change to a more diverse present-day
assemblage (Vilks, 1980), and this break coincides approxi-
mately with the boundary between the Emerald Siit and
overlying LaHave Clay. This boundary also shows time trans-
gressive aspects, as indicated in Table § for the various
regions.

The offshore Late Wisconsinan events appear to be
compatible with estimates on the magnitude of the Scotia
Stade on the mainland. The first people to postulate upland
sources of outflow such as the Cobequid Highlands, were
Chalmers (1896) and Flint (1957). Prest and Grant (1969)
envisaged ice flow from local independent upland sources,
and thought that the upland sources were remnants of a
former more extensive ice sheet which became isolated
mainly as a result of incursions by the sea. They further
concluded that the Late Wisconsinan ice sheet was not as
active in the Maritimes as it was toward the continental
interior. Grant (1977) further elaborated on limits of Late
Wisconsinan ice. Late Wisconsinan glaciers springing from
numerous local ice caps extended to, and only slightly
beyond, the present coast and landward of the Scotian Shelf
Moraine complex. He stated that the Late Wisconsinan ice
failed to reach the outer Fundy coast at all points, apart from a
possible ice shelf in the Gulf of Maine. We corroborate this
view in finding evidence for a grounded ice shelf in the
central and eastern portion of the Gulf of Maine, but no
evidence for thicker ice. He further suggested the possibility
of an ice shelf in the Gulf of St. Lawrence; we intuitively
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agree on the basis of our present knowledge in other re-
entrants, but our data base does not extend into the gulf. A
high resolution seismostratigraphic investigation of the Gulf
of St. Lawrence would elucidate many of the problems asso-
ciated with the nature and extent of ice cover in the Atlantic
Provinces during Late Wisconsinan time and possibly qualify
much of our thinking on earlier Wisconsinan problems as
well. It is of interest to note that Prest (1957) described
glaciomarine sediments intercalated with waterlain till of
uncertain age on the Magdalen Islands.

In the Long Island —~ Cape Cod area the evidence for a
strong Late Wisconsinan advance is well documented
(Schafer, 1961; Kaye, 1964; Schafer and Hartshorn, 1965;
Borns, 1973; Sirkin, 1976; Oldale, 1976; Sirkin and
Stuckenrath, 1980). The ice advanced through southern New
England approximately 20 000 BP and may have been close
to its maximum position as late as 15 300 BP or possibly
earlier. In coastal and eastern Maine the glacial margin is
characterized by recessional marine deposits (Borns, 1973;
Smith 1981) between 13 500 and 12 500 BP. These deposits
include the Presumpscot glaciomarine sediments (probably
equivalent to Emerald Silt) and numerous small moraines
which could include lift-off moraines. According to Smith
(1981), marine silt and clay commonly overlie till but locally
are interbedded with deposits of waterlain till. Small end
moraines are overlain and underlain by the Presumpscot
formation, and distal deposits of large end moraines inter-
tongue with the marine sediments.

The glacial style of the Maine deposits is surprisingly
similar to what we have described for the basins of the
continental shelf and the eastern Gulf of Maine, except for a
minor advance at 12 700 BP which formed the Pineo Ridge
moraines. This readvance may have been caused by an
increase in calving rate along coastal Maine rather than by a
general climatic change (Borns, 1973; Borns and Hughes,
1977). Similarly, the Kennebunk readvance appears to have
been one of many local fluctuations of the ice front during
general recession (Smith, 1981). In general, the glacial depos-
its of coastal Maine appear to be part of a long time-trans-
gressive, recessional succession beginning on the continental
shelf off Nova Scotia at about 50 000 BP and ending in
Maine at about 12 500 BP.

The boundary between the Maine recessional domain
and the terrestrial, terminal deposits of southern New Eng-
land is not well established. We had initially thought (King et
al., 1972) that the Scotian Shelf moraine complex correlated
with the Cape Cod moraines, but we now realize that they
differ widely in mode of origin, and that the Scotian Shelf
Moraine more closely resembles some of the Maine deposits
except for the difference in age. By applying our depositional
model to the piston core and seismic data of Tucholke and
Hollister (1973) from Stellwagen Basin, we would suggest
that their youngest till lies at the base of the section below that
sampled by the piston core, and probably represents deposi-
tion from the Cape Cod Bay and Great South Channel lobes
of the Late Wisconsinan advance. There seems to be no
evidence from the seismic profiles to suggest that ice
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grounded subsequently in the basin; although, an ice shelf
may have grounded on the adjacent banks when the
glaciomarine section represented by their piston core was
being deposited. Their oldest date of 18 900 BP in
glaciomarine sediment appears to be old in relation to the best
known dates for the Cape Cod Bay and Great South Channel
advances. Offshore Cape Cod is indeed a critical area for
investigating the problem of how a typical terrestrial glacial
environment interfaces with a glaciomarine environment over
what appears to be a relatively short distance.

Like southern New England, southern Ontario also
experienced a strong Late Wisconsinan glacial advance, but
as we have indicated this advance was weak in the marine
areas and adjacent land areas of the Atlantic Provinces. Fur-
thermore, this trend appears to continue north on the
Labrador Shelf. Cores from a basin in Cartwright Saddle
(Vilks and Mudie, 1978) indicate the presence of a sedge-
tundra environment near the basin as early as 21 000 BP, and
they suggest that the glacial limit of Late Wisconsinan time
may have been close to the shore leaving some of the head-
lands and islands exposed where vegetation could have
become established. If their core was in typical glaciomarine
sediment it is possible that the pollen was transported by the
open ocean and deposited beneath an ice shelf, and that the
ice retreat was not at such an advanced stage as they suggest;
nevertheless, the presence of an ice shelf would suggest that
at least a recessional trend was well established at 21 000 BP.
Seismostratigraphic studies on the Labrador Shelf by A.C.
Grant (1972), van der Linden et al. (1976), and Fillon (1976)
outline the distribution of glacial sediments, and MacLean
and Josenhans (personal communication, 1983) have recog-
nized till tongues and a glaciomarine succession similar to
what we have described on the Scotian Shelf. The chronology
of these deposits is not yet known; however, the results of
Vilks and Mudie (1978) seem to suggest that most of the till
deposits are older than Late Wisconsinan.

This general trend of strong Early to Middle Wiscon-
sinan events tapering to weaker events for the Late Wiscon-
sinan which appears to be characteristic for the Atlantic
Provinces and the offshore, is similar to what Andrews et al.
(1972), Miller et al. (1977) and Andrews and Barry (1978)
have shown for parts of the east Canadian Arctic where the
Early Wisconsinan advance was stronger than subsequent
advances.

Ives (1978), in discussing the extent of the Laurentide
Ice Sheet in eastern and northern North America, reviewed
the evolution of ideas which have led to the development of
two opposing schools of thought regarding the terminal posi-
tion of Wisconsinan ice. He (Ives, 1978, p. 25) designated the
extreme views as ‘‘the maximum Wisconsinan viewpoint”
supported by proponents advocating an ice sheet extending to
terminal positions on the continental shelf as emphasized by
Denton and Hughes (1981), as opposed to “‘the minimum
Wisconsinan viewpoint™ adopted by those supporting a more
limited ice cover. To some degree the extreme views are a
function of terminology and the rather vague meaning associ-
ated with the expression, “last ice”, as well as a lack of



knowledge of the nature, age and extent of glacial deposits on
the continental shelf. We think that our synthesis provides a
base for resolving at least some of the inherent difficulties of
the debate and that it reveals a strong element of truth in both
viewpoints. We consider the ““last ice” to include the Scotian
Shelf — Grand Banks advance of Early to Middle Wiscon-
sinan age and feel that this major event which terminated at
the shelf edge would satisfy the arguments in favour of the
maximum Wisconsinan viewpoint. On the other hand, we
interpret the Late Wisconsinan advance as a resurgence
related to a long general recession of the Scotian Shelf —
Grand Banks advance, and this could satisfy the minimum
viewpoint, recognizing of course that the Late Wisconsinan
event strengthened in the New England and central parts of
the continent.

Differences of opinion are also aggravated by the diffi-
culty of precisely defining ice margins, and more emphasis
should be placed on a distinction between the terminus of ice
sheets and adjacent ice shelves when mapping ice margins.
This paper emphasizes the fact that ice margins when domi-
nated by ice shelves result in broad regional synchronous
deposits, not characteristic of sharp terminal events. Major
glaciotectonic features and the limits of strong isostatic
effects are probably more useful in defining ice sheet limits.
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