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ABSTRACT

Atlantic continental síopeshavean averagegradientof 70 andtend to be
irregularly incised by submarinocanyonswitb re]iefs of about 1000 m. In
contrasttheslopeoff westernNovaSeotia(from 61 030’W to 650W),Canada,
is smooth(relief <300m) andhasdeclivitiesrangingfrom 2.60off Emerald
Bankto 1 .60 off LaHaveBank.This lackof deeprelief is duetoacombination
of low subsidenceand sedimentationratos during Late Cretaceousand
Cenozoic.As a result of this low gradient,canyonsthat formedon thesiope
during periodsof íow sealevel and high sodimentsupply rarely survived,
being filied during subsequentregressionswhensedimeulsupply was Iess.
High sedimentationratesbysubglacialsedirnentplumesduring latoWisconsin
did lead, howover, to extensivesedimentfailure that producedJow relief
slumpand debrisflow structures.

Key words: Continentalsiopemorphology/construction,Nova Scotian
Margin,LateWisconsinglaciation,sedimontplumes,ico shelfmodel,grounded
ice model.

RESUMEN

Los taludes atlánticos tienen una pendientemedia de ‘70 y presentan
cañonessubmarinosconrelievesdeunos1000m quelosconanirregularmente.
Encontrasteel talud frenteaNuevaEscociaoccidental(de61030W a650W),
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Canada,es suave(el relieve no superalos 300 m) con inclinacionesque
oscilanentre2.60 frenteal EmeraldBank y 1 .60 frenteal LaHaveBank. La
ausenciade relievesacusadosse debea la combinaciónde bajasubsidoncia
y bajavelocidaddosedimentaciónduranteelCretácicoSuperiory elCenozosco.
A causadeesegradientetan pequeñola supervivenciadelos cañonesquese
formaronenperiodosdenivel del marbajoy elevadoaportede sedimentoera
muy escasa,pues se rellenabandurantelas transgresionessubsiguientes
cuandoel apodesedimentarioeramenor.Laselevadastasasdesedimentación
debidasa plumas(chorros)de sedimentosubglaciaresduranteel Winsconsin
Superiorcondujo,sin embargo,adesplomessedimentariosgeneralizadosque
produjeronestructurasdo desplome(slump)de pocorelieve y debritas.

Palabrasclave: Morfologia/construccióntalud continental,Margende
NuevaEscocia,glaciaciónWisconsinSuperior,plumasdesedimento,modelo
de plataformade hielo,modelo dehielo encallado.

INTRODUCTION

The continental margin off Nova Seotia, Canada,is constructedof
Mesozoic-Cenozoicstrata depositedduring the formation of the present
North Atlantic. Emplacementof thesesedimentswascontrolledby changos
in tho configurationof tho oceanicbasin with time, variations in sealovel
(tectonic ami oustaíically induced), carbonato compensationdopth,
oceanographiccirculation and climate. Plastic flow of Late Triassic-Early
Jurassicevaporitesfrom nearthe baseof the sectionandintrusion into the
overlying sedimentscreateda zonoof subsurfacediapirs andridgesbeneath
the lowor continentalslope and uppercontinentalrise between2,000 and
3,000 m wator depth (Fig. 1; Jansa& Wade, 1975; Flolser a al., 1988).
Intrusionanddeformationwasprobablyepisodicwith eventsextendingfrom
theMesozoicto thePleistoceno.With theexceptionofa fewminortopographic
irregularities,thisflow hashadlittle effectonthemargin’ssurfacemorphology.
Pronouncedchangesin sealovel induced by the waxing and waning of
continental glaciers since dio Eocenoled to dio dovelopmentof irregular
morphologyon tho continentalshelfandslopeoff Nova Seotia.

During late Pleistocenothe continentalmarginsoff northeasternNorth
Americaweredominatedby fluvioglacial andglaciomarmneprocossesthat led
toextensivoerosion/depositiononthecontinentalmargin.Geologistsworking
on deep-seafansemplacedin non-glaciatedaroasrarelyappreciatetheextent
of theseglacial/fluvial processesin the constructionof presentmargins.On
shelves,diroct deposition by ice was limited. Most of the detritus was
omplacedby fluvio-glacialprocesses,anobservationneededtobeemphasized
as thereis tendencyamongsomegeologiststo givo the greatorrole to direct
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Hg. 1 —Single-channelseismic reflectionprofilesof the continentalmarginoff NavaScotía,
Canada.Compiledfrom Emeryeral. (1970). Notesedimentaryridge(diapírs)nearthe baseof
thecontinentalslopefonnedby the plastic flow of Mesozoicevaporitesandthe Iack of relief
OB Ihe continental siopealongprofiles 257 and259. The chaotic unit aboyeHorizon Au (a
Paleogenehiatuserodedby bottomcurrents)seawardofthesedimentaryridge is adeep-seafan.
SeeFig. 4

Fig. 1 —Perfilessísmicosdereflexiónrnonocanaldel taludcontinentalfrenteaNuevaEscocia,
Canada.Elaboradod partirdedatosdeEaneryel al. (1970).Obsérvensela crestasedimentaria
(diapiros)cercade la basedel talud continentalformadasporflujos plásticosde evaporítas
Mesozoicasy lafaltaderelieveenel taludcontinentalenlos perfiles257y 259.Launidadcaótica
sobreel horizonteAu (unadiscontinuidadpaleógenaerosionadaporcorrientesdefondo)hacia
el mardela crestasedimentariaesun abanicosubmarinoprofundo.Véasela Hg. 4.

glacial action.Below webriefly describethelato Pleistoceneglacial historyof
the CanadianNovaScoti¿mmarginto illustrate dio influencethis glacial event
liad on theconstruotionof thecontinentalsiopeoIT NovaSeotia,C¿mada.

TOPOGRAPHY

Like ah formeriy giaciatedshelves,dio Nova Scotianmargin from the
LaurentianChannelon tho northeastto NortheastChannelon dio southwest
displaysirregularmorphology(Fig. 2). Non-glaciatedAtíantie shelvesare
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Fig. 2.—Bathymetryof the NovaScotiancontinentalruargin. Conipiled fron, Shor (1984a,
1984b ). Note lackof relief on the continentalslopefrom 610 30Wto 65~ W.

Fig. 2.— Batimetríadel margencontinentalde NuevaEscocia.Recopiladode Shor (1984a.

l984b ). Obsérvesela faltaderelieveen el talud continentaldesde6I~ 30Wa 650W.

relatively smoothanddip gently seawardto a depthof about 120m wherea
sliarp increasein gradientleadsto the continentalsiope(Emery& Uchupi,
1984, p. 46). In contrast, the Nova Scotia she!f is irregular and deeper
(Uchupi, 1969;King, 1970; King & MacLean,1976). lmmediateiyoffshore
ís anarrowzonelessthan 120m deepwherepre-Mesozoicrocksareexposed.
On tho mid-shelfis a seriesof depressionswith water depthsof 150-290m.
On the eastemend of the shelf the mid-shelf lows consist of a mosaicof
narrownorth-southandeast-wosttrendinghighs¿mddepressionstorminating
abruptlyagainsttheouterbanksandtite westernedgeof LaurentianChannel.
Ihe headoftheGully extendsacrossdio outershell’ teIhis irregularmid-sholf
zonevia a 25-50 km wide trough separatingBanquereauand SableIsland
banks (Fig. 2). The mid-shelf depressionson the westernhall’ of tIte shell’
(EmeraldandLaHave basins)írend southwesterlyto the shelf’s edgevia a
saddlebetwoenEmeraldandLaHavebanks.Along tho outershelfis a chain
of banks less than 100 m deep separatedfrom ono anotherby U-shaped
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troughs andorientedeiíherparallelor perpendicularto the shelfedge.Shelf
edgedopthsbeyondthe outerbanksrangefrom about 100m off Banquereau
andSableIslandbanksto 180m southof EmeraldandLaHavebasinsandto
140 m at the southwostond of tite shelf (Stow. 1977>.

Tite continentalslopebeyondtite shelfedgedisplaysmarkedchangosin
topographyalong strike. East of 61030’W and west of 650 W tite slopo
descendswith a gradientof 50-Y0froma waterdepthof —100 to 180 m at the
sbolf’s edgeto tite upperrise at 2,500to 3,000m. Tite slopoeastof 61030’W
andwestof 650 W is deeply entrenchedby submarinocanyons,with reliof
exceeding1,000ni, that loadto deep-seachanneison tite continentalrise.This
topographyis typical of Atlantic Oceancontinentalmargins.Themorphology
of thecontinentalsíopesegmentextendingfrom 61030’Wto about 650W is
quitedistinctfromotherAtlantic slopesinthat it lacksprominentirrogularitios.
In abasinwarddirection,the slopeis madeup of two segments.Forlesstitan
3 kmbeyondtheshelfedge,tite upporportionextendsto adepdiof 800m with
a gradientof 50 and is relativoly smooth.Tho lower portion, which lacks
appreciableirregularitios,descondsover60-80kw with a gradientof 2~ to a
depthof 2,500to 3,000m whereit mergoswitit the continentalrise.

Characteristically,bothportionsof tite smoothslopefrom 640W to 61~
30Whayomaximumrelief of only 150-200m (Swift, 1985;Piper& Sparkos,
1987).Irregularitieson titesmoothsegmentfrom 650Wto640 W havegroater
relief averagingabout 200 m (Uchupi, 1969). Small scalerolief includes
erodedvalleys(1-4kmwideandup to 100m deep;Piper,Farro& Shor,1985),
acoustically stratifiod sodimentblocks (35-150 m in relief and typically
elongatedownslope;Hill 1983;Swift, 1985;Piper&Sparkes,1987),erosional
scarpsorionteddownslope(reliel’ typically of 30-150butrangingup to 225
rn; Swift, 1985, ¡987; Hill, 1983;Moshercta/., 1989),¿md sodimontsUdes
(Swift. 1985;Piper.Farro& Shor, 1985;Piper,Farro& Sitor, 1989; Mosher
et al., 1989). Titese slidesappearto convergedown slope terminatingat a
deptitof 4,800to 5,000m (nearcontactbetwoendio continentalrise ¿md the
SohmAbyssalPlain) in a seriesof discretelobatodeposits(Hughes-Clarko,
O’Leary & Piper, in press). Sea MARC 1 doep-towedsídescansonar
recordingsfrom tite easternedgeof the smootit siopesogmentdisplayslides
andsUdesears,thatgive tite seatloora steplite morphology,anddobrisf)ows
at tho distal endsof the slides. Piper, Farro & Sitor (1985) ascribedtitese
sedimentfailuresto a largo earthquakethatoccurredbetwoen12 and5 ka. A
surveyusingtheGLORIA sidescansonarimagingsystemrevealedcitanneis
(200 to 1,000m wide, genorallylessthan20 m deopand5 to 100 km long)
intrieatelyconnectedoverwide areasin the smootit sogment.Theyappearto
convergein waterdeptitsgreatortitan4.500m on a f’ew largorchannelswith
reliefs of up to 50 m ¿md widths of 3 to 5 km (Hughes-Clarko,OLoary &
Piper,inpress).Otiter positivotopographicfeaturesrevealedby tite GLORIA
sidescansonaron the slopo includo contour parallel and transversoridges
associatodwith Mides. On tite continentalriso relief un-elyoxceeds30-40w.
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Low-relief, braidedchannelsanddobris flows areubiquitouswest of about
61 W, witereassodimentwavesanddeep-seachannolsarecommonto tite
east(Sitor& Lonsdalo,1981;Swift, 1985;1-Iugbes-Clarko,O’Loary & Pipor,
iii press).

PRE-QUATERNARYDEVELOPMENT

0ff Nova Scotia, sedimentationpattomsduring glacial opochswete
influencodby pre-oxistingsitolf¿mdsíopemorphology.Titis is well-establisitod
on the shell’, where King, McLean & Fador (1974) showod that Tertiary
fluvial erosionpatternsof shelf basins and b¿mks wero inherited. Theso
pattomsdiroctediceflow basinwardduring titeQuaternary.Ontite continental
slopo, Cenozoicmorpitological changosaro less well known. We suggest,
however,that thoy wero no Ioss influential.

Structurally,tite outer Seotianshell’ is divided noar610 W into tite sub-
siding Sable and Abenaki Basinsto tho east¿md tite relatively stabloLa
1-lavePlatformto the west (Jansa& Wade.1975).The locationof Mesozoic
carbonateplatform developmentfollowed the crustal hinge and, thus, is
farther soawardoff the wostern shelf titan in dio east. Ihose carbonate
buildups were bost developodon stablebasemonthighs, sucit as tite outer
itorstsof theLa Hayo Platform,wherelow ratosof subsidence¿md siliclastic
sedimontationprovidedthe most suitableenvironment(Eliuk, 1978; Jansa,
1981).In tite AbenakiandSableBasins.carbonatedepositionduringtiteMid-
Late Jurassicwasintormittont and diluted by doltaic siliclastics. Titis Sable
IslandDeltaprogradedsouthwardcovoring the carbonateplafform andsido
oscarp-mentsbenoath a thick regrossivewedge by the Early Cretacoous
(Given, 1977). On tite westernsitell’, tite carbonatebuildup on the La flavo
Platform was«drowned»during dio Neocomianby rising relativo sea¡ovol
(Eliuk, 1977).Early Crotaceousdepositionwasmuch sloweron tite LaHave
Platform thanin thebasinsto the east,sopartsof tite escarpmentfronting tite
carbonateplatformthatexistedseawardof tite sitelfsodgeremainedexposod
into dio LateCretaceousLong aftertite domineof theplatform(Fig. 8 iii Jansa,
1981;Fig. 7 in Swift, 1987). By the LateCretaceous,crustaldown-warping
of the outor sholfbasinward(seaward)hadincroasedwator dopthaboyotite
paleo-carbonateplatformsuchthat an uppersloperegionwith gradientinter-
mediatobetweentite progradingshelfwedgeandtite carbonateescarpmont
dovolopod. By mid-late Tertiary, upper rise deposits lapped onto oarly
Tertiary shelf depositslandward of tho carbonateplatform burying tite
escarpmentandcreatingasmootit,low-gradiontslopo(Swift, 1987).Dospito
rapid Pliocone-Ploistocenoprogradationof tite shelf, tite prosontshelf edge
wostof 61031Wsíill romainslandwardor aboyotho carbonateoscarpmont,
¿mdtite siopodoepeusat only t.5o~30rathorthanat 50270 to tho east.
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Sincetite Lato Crotaconus,canyonsformodepisodicallyon tite siopeasad
incisedtite sitolf edge(Swift, 1986, 1987).Theitistory of titosoc¿myonswest
of 610400 W differs fromthosoelsowherein tite Atlantic. Ah exceptono,tite
MohicanCh¿mnel,were filled by subsequentshelfprogradation.Reflection
profilos and borohole data indicate titat Mohican citannel, parí of tite
Sohubonacadiedrainage systern, is partially filled and itas a vestigial
niorphologyonly becauseof its enormousoriginal sizo(Given, 1977;Swift,
1987).Ontite shell’ titis canyonfilí is rnainly Neogone,whereason tho sholf’s
edgeandslopeit is Pleistoceno.D.J.W. Piper (personalcornmunication)also
beliovesthat tite canyonful on tho smooíhslopeis Pleistoceno.

GLACIAL CHRONOLOGY

Dospiteoveracenturyof dotailedstudy,titeQuaternaryglacialchronology
for tite CanadianMaritimo provincesis incompletoandstifl Iacks agreoment
with tite marinerocord in essontialways.On Anticosti Island, in the Gulf of
St. Lawrence,threetuis hayobeenrecognized,an earlyWisconsin (85,000
B.P. based on acid racemizationof shell fragmenísin overlying marine
sediments),a middleandalateWisconsin(St-Pierre,Gwyn & Dubois,1987).
Accordingto St-Pierre,Gwyn & Dubois,after36,000B.P. theice front in tite
Gulf of St. Lawrencewaslocatedalong the southcoastof Anticosti Island.
Therois poorly datedovidencefrom NovaSeotia (Grant, 1976, 1977, 1989)
andsoutheastMassachusetts(Oldale& Eskenasy,1983)for apro-Wisconsin
glaciatiosa(Iflinoian; ca. 150 kaor oidor). Althoughexposuresaro too sparse
to infer any details aboutthe natureof titis ovent, Grant (1989) usedtitose
depositsto infer that Wisconsinglaciationstitat followed wero weakeror
more hirnited in extont. In NoVa Scotia, a soquencoof organicrich beds
overlyingtite Illinoian depositsrecordanintergíacialopochcorrolatodto tite
Sangamonian(oxygenisotopestage5; 125- 75 ka). Palynologicalevidence
suggestsonvironmentalconditions woro similar to tite presentintergíacial.
Grant (1989) infers two major glacial pulsosfor tite Wisconsin.Tito first,
more extensivo,Laurentide ice ovent ponotratedsoutitward acrossNova
Seotia and,synchronously,out tite LaurontianCitannel in early Wisconsin
(ca.75-60ka; oxygonisotopestage4). Tite lackof ovidencefor glaciation isa
sornohighlandsandabsenceof post-glacialmarinedepositsindicatetitinner
or moro restrictodglacial ico titan in regionscloserto Laurontia(eg. New
England). Basedon tite intorpretation and citronology of King & Fader
(1986),Grant(1989)suggeststhat groundediceextendedacrosstite Scotian
shelf basinsand outor shelfbanksdepositingdio SeotianShelfDrift, a tiff
underlyingmostof tite sitolf. Ouring dio rniddleWisconsin,youngertUIs on
land indicato titat tite ice shoet reorganizedinto smaller,isolatoddomes on
high[ands ¿md,possibly,offshore.Tite lastice advancepliaseoccurredin late
Wisconsin(ca.25 ka). Howevor,tite extent,source,asaddirection of titis last
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ice advanceare disputodbetwoena«minimal»ice ovontwith localdomoson
itigitlands and ice marginsnearpresontsitorelinesanda « maximal»model
with a singlesoutitward ice advanceacrossNova Scotia to tite shelf edge
(Grant, 1989). We tend to favor tite «maxirnal» model ¿md our discussion
bolow is basedon titis premíse.

King & Fader(1986) presenía glacial scenariofor tite Seotiansitelf
basedonQuatemarymarinestratigraphy.Theirmodelindicatosthatgroundod
ice extendedacrossllie Scotian sholf basisas¿md outerbanksdepositingtite
Scotian SitelfDrift, an ovorconsolidatedtilí. Basedon total-carbonCtt age
dates,theyassignanearlyWisconsinage(70-45ka)to thisadvanee.Hotween
50-32 ka, groundedico retreatedto tite inner sitelf andtite outerbankswhile
an Ice siteil’ coveredtite middle sitelf basins.Final icerotreatboganaround32
ka openingtite inner sitelf. However,tite citronologyby King & Faderbased
on C ‘ datos on total organie nianer is sysíomaíicallyloo oíd due to tite
inclusion of reworked mairrial. Gipp & Piper (1989) datedun-roworked
nsolluscsitelís from tite EmeraldSilt aboyo tite tUl in EmeraidBasin witit
acceleratorrnassspectrometry (AMS) and estirnatedtitat tite top of tite
Scotian ShelfDrifí as 18 ka ratitor titan 35 ka. Similar measuremonisfrom
Lal-lave Basinyielded adateof < 18.5 ka for tite top of tite drift and 17.5 ka
for titeEmeraldSilt immediatelyaboyetitedrift (Piper,Gipp& Moran, 1990).
Sucitagesareconsistentwitha latoWisconsinglaciation.witicit depositedtite
Nova ScotianSholfDrift, andan iceretroatfrom tite outersitolf whicit bogan
about 18 ka. Amos & Knoll (1987) found evidonce on tite subsurfacoof
Banquereaufor only one Wisconsin ico advancoat 20-26 ka, audtite citro-
nologyof Mositoreta!. (1989) for tite lastglacialadvancoin Verrilí Canyon
is consisteníwith tite Banqueteanand EmeraidSilí dates.Amos & Miller
(1990)hayoreponedtite presenceof pro-glacial,marinesodimentsboneath
SableIslandBank titat titey belioved woro depositodfrorn an ice sitelf prior
to 35 ka, and ice proximal depositsdatedas 28-15 ka. Tite oidor datos,
however,arebasedon C4doterminationsmi mollusesthai sitowevidonceof
roworking castingdoubtson titoir accuracy.

Glacial episodeson dio continentalslopehayobeeninforredprimarily
on tite basisof soismicstratigraphy.Between610Wand640W,Swift (1986.
1981) correlatedíwo seismicunconformitiesformed during minor canyon-
cuttingevenísto earlyPliocenoandlate Wisconsinice advances.In thosanie
rogion,Piper,Normark& Sparkos(1987)correlatedaseismicunconforrnity,
rnarkingan incroasein sedimentaccumulationrato, tite beginning of a cnt-
and-fiIt sequence,audtite firsterosionofíhoVorrill-Dawsoncanyonsystom,
to a low sealevel standin tite late Plioceno.Titey also dated,by corrolation
to industryboreitolos,two overlying erosionalepisodesassociatedwith low
sealevel to tite mid-LatoPlioceno¿mdtitePilo-Pleistocenoboundary.Piper,
Norntark & Sparkes(1987) suggesíthat tite doepestof a sequenceof «til!
tongues»,acousíically-incohorentwedgestitinning basinwardfrorn tite shelf
odgo,wasformedduring tite rnid-Quaternary(—800ka). Titcy interprettitese
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unitsasevidoncefor advanceof groundedico to tite sitelf odge.Piper (1988)
reportedthat sequoncesof up to fiye «tilí tongues»occur along tite Scotian
margin, witoreasMositer et al. (1989) found titree (datedto oarly and lato
Wisconsinandtite Sangarnonian)near610W. Fartitereaston tito continental
slopeoff St. PierreBank (Fig. 2), a poorly-sorted,silty diamict, extonding
frorn tite sitelf edgeto —600wwaterdepth,is overlainby 2 toSm of stratified
sedimentscontaininga bonthicforaminiferal faunadominatodby Elphidium
excavatumandCansidulinarenífrn’rnewhichBonifay & Pipor(1988)interpret
as indicating ice-margin doposition.Radiocarbondoterminationsby AMS
yieldodagosof 3.3and 11.8ka for tite stratifiedunit whicit implios anagoof
moro than 11.8ka for thediamict unit. Bonifay & Piper(1988)proposedthat
tite diamict is a slumpodmorainalfaciesandproglacial sedimontsresulting
from a lato Wisconsinice surgethrough Halibut Channel.

QUATERNARY LITHOFACIES

On tho Scotian sitoJf, a surficiaJ Pleistoceno-Holocenosuccession,
comprisingfive fomiations 10w thick on tite innersitolf andup to 200rn on
tite outer sitelf, rostsunconformablyon pro-Pleistocenoand possibloolder
Pleistocenostrata.At tite baseof tite successionis tite ScotianShelfDrift. an
ovor-consolidated,poorly sorteddepositcontainingapprociableamountsof
gravelregardodasa tilí doposit(King & MacLean,1976;King, 1980).Witere
exposedits surface is irregular in part due to rolict iceberg furrowing.
lnterboddedwith andoverlayingtite tul is tite EmeraldSilt, a fine-grained,
woll-beddedsilt to sand, locally gravelly, proglacial formation doposited
undorbrackishtonormalmarinoeonditions.‘Elio Elphidiumfaunaassociated
witit tito siRprobablyrefloctsturbidglacial meltwaterconditionsfrow 20,000
to 10,000yoarsH.P. (Scotteta!., 1984).

UsingtiteAntarctic icesitelfas aprosent-dayanalog,King & Fader(1986)
proposodthat tite Emorald Silt was depositodbeneatha floating ice sitolf.
Oldale,Williarns &Colowan (1990)rojectedtite ice-shelfmodol bocauseof
titeformation’swideoxtent, its wefl boddedcharactoristics,scarcityofcoarso
clasts,and incornpatibility of anAntarctic-typeice sholf with tite temperate
climatethatexistodat tite endof titeWisconsinat tito latitudesof NovaScotia.
Titey proposedinsteadtitat the silt wastite productof glacial meltwaterthat
wasdiscitargoddiroctly into the seavia subglacialstreamsor indiroctly via
subaerialstreams.

In tito conterof tite centralshelfdepressionstite EmeraidSilt iscappodby tite
LaHavoClay,a Holocenodepositwinnowodoutof tite sediwontsfromadjacont
banksand land areas.Coevalto tite clay aro tite SambroSasad,a sub-littoral
dopositnow foundatadepdiof 115 mroworkedfrow tite Scoti¿mSitelfDrift ¿md
ErnoraldSilt. Tite SableSaudandGravel formsa basaltransgrossiveunit atop
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erodedremnantsof tho SeotianSitelfDáft andEmeraidSilt, andconfmedtotite
outorbanksandinsitore aroasin waterdeptitsof loss titan 115 m (King, 1980).

Tite outer margins of tite banks along tite sholf’s odgerepresentlocal
accumulationsof proglacialsedirnont.QnBanquereau,at tite northoastorn]of
tite Nova SeotianShell, titey consistof noarly 100 rn of a gravel-rich unit
barrenof faunaoccurringwithin stratifiedproglacialEmeraldSilt doposited
during dio lato Wisconsin26,000 to 18,000H.P. (Amos & KnoIl, 1987).Al
the topof tite soctionis a sequencoof channeldopositsthat arecoevalwith a
eustaticlow sealevelstand110wbelowtite presontlevol ca. 14,000H.P.Tite
marino transgressionthat tookplaco 8,000H.P. is markedby a widespread
orosionalsurfaceaboyowhich isasmuchas40 mof tite SableIslandSandand
Gravol. Dala from titreo boreitolos, ten vibrocores,andseismic rofloction
profilesindicatethat titestratigrapityof dio topmost5CmofSableIslandBank
iscomparableto tito 100m diick latePleistocenesectionon Banquereauto tite
oast:tite EmeraldSilt al tite baseconsistsof four members,a lowerstratified
sand,barren gravelly sand,an upper citannol gravel, ¿md stratified sands
(Amos& Miller, 1990).Tito SableIslandSasad¿mdGravolaboyetito Emerald
Silt is madenp of a lowerbeddodsandomplacedundoriteavy seaice, cross-
beddedsand,¿mda trough-beddedsand.High resolutionseismieref’lection
profilos from tite northernedgeof SableIslandBank revealtite presenceof
a sub-surfacechannelnetworkextendingover450 ni below tite prosont sea
level.Boyd,Scott& Dourna(1988)proposedtitat tite networkropresentssub-
ico tunnol valleys.

During tite Plio-Quatornary, titick, progradingsedimeníwodgeswore
depositedat tite sitelf edgealongtite ontire Seotianmargin (Jansa& Wade,
1975). Whule tite outer shell banks and gullios wero extendedsoaward,
orosionínctsodcanyonsinto tite slopeto tite oastof 61030’Waudto thowest
of 650W.IsaVerrilí andDawsoncanyonsalongtite eastemedgoof dio smooth
slopesogmont,canyoncuttingcanbedocurnentedin tite earliestlatePlioceno
asadlate Plioceno (Piper, Normark & Sparkes,1982). Canyoncutting by
turbidity curreníscontinued during tite Ploistocenecausingsodiment to
bypasstite síopeandsodimontationratosto diminisit to lesstitan 0.1 mIl 000
years(Pipor,Normark& Sparkes,1987).Mostcoarsesedimentsreacitingtite
sitelf odge weretransponedto dio continentalnso.

On tite srnootitslopesegmení,postmid-Plioconesodirnentsareovor1,000
m diiok neartite shelfodge(Jansa& Wade,1975;Austin eta!., 1982; Swift,
1987).At tite basoarePliocenoasadoidor Pleistocenodepositsandaboyetitem
isa latePleistocenosequencoof sandandmmdturbidites,gravellysandymud
debris flows, ice rafted dobris, and itomipelagie sediments(Hill, Aksu &
Pipor, 1982;Hill, 1984)which accumulatedatratosof about1 mIl 000 yoars
(Mositeret al., 1989).Tito topmostpanof dio sectionconsistsof 1 to 2 rn of
Holocenoitomipelagic sedimenídepositedduring dio last 13,000yearsata
rato0.05ml í,O00years(Mosheretal.,1989).Tite latePleistocenosedimonts
display slump structuros ¿md closely spacedgullies, instability featuros
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rolatedto tite itigit ratosof glacial deposition(Piper& Sparkes,1987).Wost
of tite Moitican citannelnear620 W (Fig. 2), titesefailures produceda 150 m
itigh scarpon tite uppercontinentalslopeat tito basoof witicit is a massive
debrisflow (Hill, 1983)surroundingautocittitonoussedimentblocksup to 50
m thick (Piper & Sparkos,1987). Tite depositsrost unconformablyon and
preforentially filled dio canyonserodedprior ¿mdduring tite last glaciation
producinglocal sedirnentaccumulationsin oxcessof 1,000rn witit Moitican
Canyoncontaining1,410rn of Plio-Ploistoconeful (Hill 1983; Swift 1986,
1987; Piper, Normark & Sparkes,1987). Furtiter landward, rnid-Tertiary
reflectors,datedat sitelf boreitoles,canbetracodacrosstiteburiodexpressions
of tite canyoncut-and-fill (Swift, 1986)indicating titatdie c¿myonextensions
on tite sitelf werefilled earlier titantitoseon tite siope.Qn tite siopo,canyons
cnt into Plio-Pleistocenedepositsare boingfilled now or wereburiodduring
tite Pleistoceno(Hill, 1983; Swift, 1987;Piper,Normark& Sparkes,1987).
Titis illustratestite origins of tite differing slope morpitologies. lii tite late
Neogene,tite supply of sodirnentto dio shell edgeopisodically increasod
onougitto burytite canyonsontitesitelf ¿mdmaintaintitecanyonson dio síope,
mucitas elsewiterein tite Atlantic. Unlilco olsewitore,itowever,tite canyons
botweon61030’Wand650Wwerosubsoquentlyfilled dnringtite Pleistoceno.

Seawardof tite diapirio sedirnontaryridge province, tite seismio unit
imrnodiately aboye Horizon Au, a Paleogeneunconformity, displays
itumrnocky roflectors (Fig. 1). Titis unit itas a fan-liko distribution and
maxirnumtiticknessof 1.2km (Hg. 3; Swift, 1987).Webelievethe unit was
emplacedby turbidity currents,wheroasEbinger& Tucitolte(1988)coneluded
titattitesodepositsunderwontreworkingby bottomcurrentsafterdeposition.
Tite sourceof titose sedimentswastito offsitorediapirs witicit woreupliftod
during tite Mioceno (Swift, 1987). Resting on titis unit is a Plioceno-
Pleistocenosequence300-400mtitick displayingaseismiesignatureanalogous
to olistostromes.Sedirnentfailure of tite youngestunit, witicit wasroworked
by bottorncurrontsduring tite Pleistoceno,also rosultedfrom tite rapid uplift
of tite sedimentarydiapiric ridge (Swift, 1987). Growtit of tite diapirsin tite
sedimentaryridgepro-vinceat botit timesresultodfrom sedimentloadingtitat
causedtite Mosozoicevaporitesto flow. Titis flow in turn lod to subsidence
landwardof tite ridge onbancingdopositionon tite siope.

GEOLOGIC SCENARIO PORSLOPEDEVELOPMENT

Tite prosentrnorpitologyoftite NovaSeotiamarginis titeresultof glacial-
marineprocessessuperposedon atopograpitymolded by preglacial fluvial
asad marineprocossos.From tite Eocenoto tite Pleistoceno,tite sitelf was
subjoctedto subaerial fluvial erosionduring tite rogressionsand manne
depositionduring tite transgrossions.Tite continentalsiope was a sito of
submarinoerosionduring tito regrossionsandmarinedepositionandpossibly
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non-depositionduring tite transgressions.Titose rogressivo/transgrossive
(orosional/dopositional)cycles wore tite result of waxing asad wanning of
continentalice siteets.During tite late Pleistoceno,tite cut andfil] terraneon
thesl’telf formedduringIheCenozoicby fluvial ¿mdmarineprocessoswasmo-
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difiedby glacial action.Altitongit titereisevidencetitattite nortiteastornNortit
Americansitelf wasglaciatodat leastonceprior to 50 ka, tite offoct of pro-
Wisconsinglaciationson tite morpitology of tite sitelf appearsto itavo beon
minoror effectivoly maskedandmodifiedby tite lateWisconsinglacialevont.

Tite lateWisconsinglaciationprobablyreacitedits maximumextent¿md
volumo—26,000-20,000yearsago.As aresultof titis iceadvance,eustaticsea
lovel droppedto 121-126m bolow its presentlovel (Fairbanks,1989).We
postulatotitat tite soutiternlimit of tite late WisconsinLaurentianloe Sitoot
was along tite sitelf’s odge adjacentto tite smootit slope segmentfrom
63030’Wto 62030W,at tite moutitsof NortiteastandLaurentialchannels,tite
Gully and tite smailercitanneisbetweentite sitelf edgebanks,andalong tite
nortitornedgosof Georges,Browns-BaccaroSable Island, and Banquoroau
banks.Titesebanksweroaboyesea-joyelat titat time(Fig. 4). Retroatof tite
ice front probably bog¿m soonafter tite Laurentian Ice Siteet reacitedits
soutiternlimit, a retreatmarkodby extremomeltingevents¿mdglacialsurges
ofsitortduration.As tite baseoftite groundediceboganto melt tite drift found
on much of tite Scotian sitelf was depositodsubaerially.Extensivo glacial
meltingaudrunoffload todopositionof glaciofluvial sodimentsontitebanks,
witilo glaciomarinosedimentsweredepositedon dio ontoredgesof titebanks
and on tite smootit siope sogment.Tite volurne of fresitwater releasedin
meltwater¿md calving of iceborgsmust itave been quito largo. Jones &
Ruddirnan (1982), for example,hayo calculatedtitat tite volumo of such
fresitwaterduring tite Pleistocenomayhayobeon1.5-2.0timestite discitarge
of titeAmazonRiver.Noicesitolfwill devolopinanenvironmentcharactorized
by sucitmolting ratos.Fora present-dayanalogto tite late Wisconsinglacial
front on tite Nova Seotia margin,dio groundedice margin in tite northern
BarentsSea(Pfirman, 1985) is morerealistic titan tite icesitelves off mucit
drier Antarctica (Oldale, Williams & Colman, 1990). As tite ice rotreated
nortitwardawayfrorndio outersitelf, glaciomarinesedirnentsweredeposited
on tite rnid-sitelf depressions.Glacial ico retreatpatterns,determinodfrorn
AMS dates,indicatetitat tite iceodgo wasneartite NovaScotiancoast14,500
H.P. (Stea& Mott, 1989),titeHayof Fundywasvirtually icefree 14,000H.P
(Stoa& Wightman,1987), ¿mddeglaciationof Nova Scotiamay itave boen
nearlycompletoby 11,000B.P. Froshwaterdiscitargosduring theicerotreal
must hayo affectednot only tite local sediment rogime but also climatio
conditions.Leitmanet al. (in press)believetitat sucita fresitwaterdiscitarge
about 15,000B.P. from tite FennoscandianIce Siteet reacitedthe nortitern
Nortit Atíantioandmayhayocontributedto extremeoceaniocooling similar
to titat suggestedfor tite YoungerDryas.Titis generalretreatwasinterruptod
about 11,000B.P. According to Mott et al. (1986)¿mdStea& Mott (1989)
titere is evidencoin easternCanadafor a local cool period¿mda local glacial
readvancobetween11 and 10 ka, coevalwitit tite Young Dryas cooling in
nortiternEurope.Hasodon diesesuppositionswo reconstructtito Wisconsin
glacial history of tite regionas follows.
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Fig. 4.—Paleogeographyof the NovaScotiamargin during late Pleistoceno(lateWisconsin)
approximately23,000yearsago. Note that alongte eastemandwestemendsof tho Nova
Scoíiansholf the glacieris frontedby anoutwashplain/deltasystom,whereas in thecenterte
tceextendsto themarinerealm.
Fig.4..—PaleogeografíadelmargendeNuevaEscociaduranteel PleistocenoSuperior(Wisconsin
Superior)haceunos23.000años.Nótesequeelglaciarterminabaensistemasdellanuraaluviall
deltaen losextremosestey oestedela plataformadeNuevaEscociamientrasqueenel centro
el hielo se extendíahastael domtniomarino.

As a result of pro-Wisconsinrogressionsand possibly pro-Wisconsin
glaciation (Mositner, et al., 1989) tito Nova Scotian sitelf surfaco was
somewitatirregular ¿mdtite continentalsíopewas indentod by a systernof
submarinocanyonstitat servedaspassagewaysfor sedirnentto tite deop-sea.
Prior to about 23,000 H.P. tite LaurentianIce Sitoot roacitodtite general
vicinity of tite Scotiansitelf odgo(Fig. 3).LaurontianandNortiteastcitannels
servodas drainagepatits for ice filling dio gulfs of St. LawrenceandMaine,
respectively.As tite glacierextendedacrosstite Scoti¿mSitelf, erosionby ice
stroarns,tite most energeticolomentsof large ice sitoets(Drewry, 1983),
modified tito pre-oxistingtopograpity.Tite seawardlimit of tite ice sitoot is
rofloctedby tite morpitologyof titecontinentalsiopo.At titeeastemendof tite
shell’, wherocanyonorosioncontinuodinto titelatePleistoceno,tite icemargin
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was along the northemedgesof Banquoroauand Sabio Island banks.Tite
streamsextendedtiteir caursosacrosstite bankswhicit wereaboyesealovel
at titat time, anddepositedtiteir load along tite soutitornedgeof tite banks
alongtite contemporarysitorelinelocatedon tite uppormostcontinentalslope
121-126m bolowtite prosentsealoVel to forin pro-glacialdeltasystems.Titis
sodimentinput musthayoboen massivoloading to unstabloconditionsand
downslopetr¿msportby turbiditycurrentstitatmaintainodtitec¿myonsinitoritod
frornpro-glacial timesandcut newones(Fig. SA). Titesecurrontsby-passod
tite síope¿md depositedtiteir load on tite continentalriso andadjacentSohm
AbyssalPlain.

At tite westomendof tite smootitslopesogrnontfrom 640Wto 650Wtite
ico torminatedalong tite nortiternedgeof Browns-HacearoBank.Along dio
soutiternodge of titis itigit wereaseriosof pro-glacialdeltasconstructodby
glacial streamstitat extendedtitoir coursesacrosstite bankto tite opon sea.
Episodic sedimentfailure led to formation of slumps¿md slides ¿md down
slopo sedimonttranspon.In contrastto tite síoposeawardof Sable Island
Bank andBanquoreauwitose steepnossonitancedturbidity currontactivity,
tite gontlor slopo seawardof Hrowns-HaccaroBank initibits sucit itigh
currentspreservingtite generalsmoothnessof tito siopo.

In tite smoodi siope sogmentfrom 62030’W and 6303C’W, tite ice siteet
advancodto dio odgo of dio sitolf (tite contemporarysitoro) titrougit tito wide
divide betweonEmeraldandLaHavobanks,asadtite narrowertrougitsbetweon
LaHave and Browns-Hacoarobanks¿md botwoonEmerald¿md Sable Island
banks.Tito nortit-soudi tronding Erneraldand LaHavebanksprobably were
formodin panby lateraldepositionfrom titoseglaciallobos.Sodimentroached
thecontinentalsiopevia sedinient-ladonme]twaterp]umosgeneratedby subglacial
strearnsdoboucitingoutof a groundedice wall (Fig. 5B). Ris sodirnent-laden
meltwator,witicit roacitedtite oponseatitrongit tunnelsattite baseof titeico front,
dopositeddieircoarseloadneartitegroundinglino on tite uppermostcontinental
siopefonning «ti]] tonguos»identif¡edby Pipor,Monnark& Sparkes(1987)asad
Mosheret al. (1989).Finer sedimentswerecarriedboyondtite sitelf edgeinto
deeporwater by near surfaco sodimentplumes active along tite ico front.
Accordingto Molnia (1983)sucitplumosmay transponglaciomarinornudsas
much as 50 km offshore. Dopositionon tite smooth slope off Nova Scotia
reacitedtiticknossesof over100Cmatratosof 1 mIl,000 years.Titis subaquoous
sodirnentation,itowever,wasnot responsiblefor tite lackof roliefon tite siope
sogmentbetweonSable Island ¿md Browns Banks. If sucit processeswere
rosponsible,titentite slopeoff titeLaurentian¿mdNortheastCitannels,witeredio
icefront also extendedto tite topof te siope,would hayolow reliefs. Yot bodi
of titesosogrnontsdisplaywoll dovelopodsubmarinocanyonswidi tite ono off
dio LaurontianCitannol itavinga massivesubmarinofan(LaurentianFan,Fig.
2) aí its base.Constructionon dio smoodi sogmentcontinuedbocausoof lis
initoritod low declivity, a gradientresulting frorn low subsidencerato asad
sodimontsupplytitatprolongedtite exposureof tite carbonatefrontduringearly
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Cenozoic.Soismic roflectionprofiles oriontedparallel to dio contourson tite
outersitolf ¿mdupperslopeshownumerousoxamplesofburiedcanyons(Austin
cfal., 1982;Piper.Farro& Sitor, 1985;Piper,Normark& Sparkes,1987;Swift,
1985,1987).Wesuggesttitat sodimentswereabletoRIl diesecanyonsbecause
tite overa]] inclination of tite continentalsiopowastoo low to sustaincanyon
excaVation.Altitougit valloysweroorododlocally at timosof low sealevel ¿md
itigit glacial sedimentsupply,extensivoturbidity currontactivity couldnot be
generatodon dio smootitslopoovor scalesof 100,CCOyearsto romovodie fin
from dio canyons.Witat rolo tite offsitore diapirie structuresplayed on dio
gooitistory of dio smoodislopo is yet to beresolved.Sornoof dio structures
oppositedio smootitslopewereupliftodduringtiteMiocenoasadPlio-Ploistoceno
bocoming tite major sedimentcontributor to tite region soudi of tite itigit.
Possiblyat tite sametime, as a result of dieseuplifts, dio diapirs may itavo
partially danimodtite sodimentsbeitiuddiem. Sucit anentrapn’ientwill ternA to
enitancedepositionon dio siope.

Witit timo tite glacial front retreatedacrosstite shelfandtite continental
slope bocamoa site of polagic deposition. As tite ice rotreatedsubglacial
runoffdopositoddio EmoraidSilt on tite mid-sitelfdopressionsatop tite basal
drift. As tite iceretreatodfrom tito regionandtite Holocenoseatransgressed
acrosstite NovaScotiansitelf, proglacialsedimontsworereworkedfrom tite
offshorebanksto forrn dio SableIslandSasadandGrayol,tite SambroSand,
andtite LaHaveClay.

Fig. 5—Schomaticdiagramsitowing natureof processesalong art ice front new tite outer
continentalshelL (A) On the eastemandwestemendsof te sitelf outerbanksblockedtite ice
front and subglacialstreamsdepositedtheir load on an outwashplain and delta. Massive
sedimentdepositionalongdeltafrontson thecrestof the steepcontinentalslope onthe astorn
shelllcd to considerableinstabiliíy, downslopefailures, forruationof turbidity currentsasid
canyoncuttingon tite slope.On the westernendof the shelfwheretite declivity ofthe slopewas
muchgentíererosionby gravitationalprocesseswasmuchless.E. Along the ice front segmení
in coníactwith marinewaterssedimentemplacementon theslope was via direct deposition
alongthe ice front on tite upperslope and pelagicdepositionfrom sedimentplumesfartiter
seaward.Massive sedimentbuildup on tite upper síope lcd to extensivesedimentfailure
producinglow relief gravitationalstructures.

Fig.5—Diagramaesquemáticoquemuestrala naturalezade losprocesosenun frentedehielo
cercade la plataformacontinentalexterna.(A) En los extremosoriental y occidentalde la
plataformalos bancosexterioresbloqueabanel frente de hielo y las corrientessubglaciales
depositabansucargabloqueabanel frentedehielo y las corrientessubglacialesdepositabansu
cargaenunallanuraaluvial(outwasit)y delta.En el flancoesteel depósitomasivoen losfrentes
deltaicossituadosen la crestadeuntalud continentalabruptocondujoa unainestabilidadmuy
considerable,desplomes,formacióndecorrientesde turbidezy excavacionesdecañonesenel
talud. En el extremooestede la plataforma,donde la inclinación de la pendienteera mucho
menor,los procesosgravitacioalosprodujeronmenoserosión.(E) En el segmentode frente
glaciarqueestabaencontactocon las aguasmarinasel emplazamientodel sedimentoserealizó
máshaciael ruar,las plumasdesedimentogeneraronsedimentospelágicos.La acumulación
exageradade sedimentosen ej talud superior dio lugar a desplomesgeneralizadosque
produjeronestructurasgravitoriasde bajo relieve.
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CONCLUSION

Tite continentalsíopeoff westernNova Scotia is unusualin diat it lacks
tite rougit morphologytypical of Atlantic continentalsiopes.Suohturbidity
currenttorrane,itowevor, is foundon tite subsurface,eroded,presurnably,by
turbidity currentsduring low sealovol. Tito ovoralí low gradientiniterited
from oarly Neogeneas a result of low subsidence¿md deposition ratos,
itowover, initibited turbidity durrontsanddio maintenanceof titesocanyons.
Titis allowedsmoodiingof síopovalley walls by local erosionandonlapping
of continentalriso sedimontationtoporsist subduingandovendio burying tite
rougit tenano formedby tite turbidity curronts.
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