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Abstract 

 

Weusetwodimensionalprestackdepthmigratedseismic reflectionprofilesandseafloor 

bathymetrytodescribe the continentalmarginstructureanda massivemasstransportdeposit off the 

westcoastofIndia.ThisgiantsliderunsfromtheGujurat–SaurashtramargintotheLaxmiBasin.Itisover330km 

long,amaximumof190kmwideanditsrunoutbasalgradientis1.2◦.Wenamethisgiantmasswastingdepositthe

NatarajaSubmarineSlide.Thisslidecovers49±16×103km2andrepresentsavolumeof 19×103±4×103 

km3,makingitthesecondbyvolumeofanypassivemarginlandslide/masstransport 

deposit.Seismicfaciesanalysisallowstheinternalstructureofthemasstransportdeposittobedescribedasfaras

thetoe.Thisslidehasbeenabletocircumventmassiveseamounts,thushighlightingthecapacityoftheflowandits

potentialenergyduringemplacementinafunnelbetweentheslopeoftheWesternIndianpassivemarginandtheL

axmiRidge.Stratigraphically,theemplacementoftheNatarajaSlidepredatesthemainpulseof sedimentation 

duringthe lateMiocene–Recentassociatedwith the 

IndusFanbutfollowsrapidsedimentationacrossSandSEAsiaduringtheEarly–

MiddleMiocene.Themarginarchitectureattheheadofthisslideisassociatedwithagravitycontrolledfoldandthr

ustbeltthatmayhavecausedslopesteepeningandtriggeringoftheslide. 
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1. Introduction 

 

Landslidesoccuronandoffshore,andrangein volumefromdm3to×103km3. 

Triggeringmechanismsareoftenunknownandalmostcertainlydifferbetweensettings(Hamptonetal.,1996).Massw

asting/masstransportdepositsrepresentsomeofthemostchallengingandimportantsedimentaryandmechani 

calfeaturesforgeoscientistsandstructuralengineerstounderstand(e.g.,Massonetal.,2006).Offshore,alongb

othpassiveoractivemargins(MoscardelliandWood,2015),masswastingplaysanimportantroleinshapingmost

continentalslopesthatleadtodeepabyssalplainsandhelpstoformthearchitectureofdeepwatersedimentarysy

stemswhenassociatedwithturbiditycurrents(Embley,1976;Woodcock,1979;Bellaicheetal.,1986).Massmov

ementscan,incertaincircumstances,affectmanmadeinstallations,suchasdeepseacablesorsubseaoffshore

structures(Gennesseauxetal.,1980;Piperetal.,1988).Movementoftheoverlyingwatercolumnduringemplace

mentmaygenerate 

tsunamis,asdocumentedforthewellknownHoloceneStoreggaSlideintheNorthAtlanticoffshoreNorway(Jans

enetal.,1987;Buggeetal.,1988;Yamadaetal.,2012).Despitethenumerousseafloorfeaturesdescribedandthe

proposedmechanismsfortriggeringslides(e.g.,overpressure,fluid/sedimentremobilization,earthquake)theli

mitednumberofgiantslidesintherockrecordthathavebeenstudiedindetaildonotallowadefinitiveanalogytobe

madebetweenthesemodernandancientexamples. 

ThemorphologyofthepresentdaymarginofwesternIndia(NainiandKolla,1982;Chakrabortyetal.,2006)isc

haracterizedbyaseriesofarcuateconcaveupandconcavedownfeaturesattheshelftoslopetransition(Fig.1).

Atthisscalewecandefinethemarginasbeingassociatedwithaseriesofprogradingsedimentarywedgesand/o

rretrogradingerosiveslopes(Steffensetal.,2003).ThemainsedimentarybodywithinthispartofthewesternInd

ianOceanistheIndusFan(Fig.1B)thatcontainsupto 

11kmofsediments(Exxon,1985;Clift 

etal.,2001).Thesurficialshapesfoundalongthemargincanbesummarizedbythreedipbathymetricprofiles(Fig.

1C).ThenorthernprofilecorrespondstotheIndusFanandshowsaconvexupwardprofilereflectingtheexcessof

Plio–

Pleistocenesedimentsaccumulatedbythisthicksedimentarybody(Fig.1B).Althoughtheinfluenceofdeltaicse

dimentarysystemsdiffersbetweenthethreeareas,wenotethattheprofilealongtheGujurat–

Saurashtrasectorshowsaconcaveupwardgeometrycomparedtoitsneighbors,suggestiveofmasswasting(Co

lemanandPrior,1998;AdamsandSchlager,2000).SlopefailureofPlio–

Pleistocenedepositsspatiallyassociatedwithhydrates,rapidsedimentationratesorseismicityhasbeendocum

entedalongtheslopeoftheWesternIndianmargin(Raoetal.,2002). 

TheLaxmiandGujurat–

SaurashtraBasinshavebeenextensivelydescribedandanalyzedinrelationtotheriftinghistoryofGondwana,wit

hparticularattentionhavingbeenpaidtothecontinentoceantransition(e.g.Bhattacharyaetal.,1994a;Todaland

Edholm,1998;Chaubeyetal.,2002;Krishnaetal.,2006;Calvèsetal.,2008,2011;Misraetal.,2015).Nonetheless

,detaileddescriptionofthedriftsequencesoftheGujurat–

SaurashtraandLaxmiBasinshasnotbeenperformedpreviouslybecauseofthelimitedavailableseismicreflecti



 

oncoverageandmodestnumberofwells/boreholesdrilledinthearea.Ourstudybuildsonpreviousstudiesandus

estwo 

dimensionalPreStackDepthMigrated(PreSDM)seismicreflectiondatatodescribethelargescalegeometryoft

hemargin.Weidentifysomekeyfaciesthatformamajorsedimentvolumeandrepresenttheproductofamajorlate

Mioceneeventinthehistoryof 

thismargin.Wedefinethespatialextent,theinternalstructureandtectonicoriginofthispreviouslyundescribedse

dimentarybody.ThisseismicallyobservedstructurehasrecentlybeencalibratedduringInternationalOceanDis

coveryProgram(IODP)Expedition355(Pandeyetal.,2015).PreliminaryresultsfromSitesU1456andU1457(Fi

g.1A),supportourinitialinterpretationsthatwerecompletedbeforedrilling. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1.A.RegionalsettingoftheWesternIndiamarginandadjacentArabianSeaBasin.Theseismicdatause

dforthisstudyaremarkedbygreylines.Alongmargin,convexupandconvexdownmorphologyofshelftoslo

peareexpressedbypositiveandnegativegreysymbols,respectively.B.Thicknessmapofsedimentswithin

thestudyarea(Exxon,1985),notetheextentoftheIndusfandepocentrenorthofthestudyarea.C.Bathymet

ricprofilesacrossshelfandslopefromthreelocationsalongthemargin,theseprofilesareeitherconvexup(I

ndusFan,i.e.highsedimentrateandimportantdeepseafan)orconcaveup(BombayHighorGujurat–

SaurashtraBasin).ThetwoIODPdrillsitesU1456andU1457arelocatedinthesouthwesternpartofthestud

yare(Pandeyetal.,2015). 

 

 

 

2. Materialsandmethods 

Theapproximately3500kmofseismicreflectiondatausedinthisstudy(Fig.1A)arepartofthemuchlargerregi



 
onalIndiaSPAN™surveyacquiredandprocessedbyIONGXTechnologyin2006–

2007.Theacquisitionwasdesignedforcrustalscaleimagingbyusingalongreceivercablewitha10.1kmmaximu

moffsetandalargesourcesizeof7480cuin.Crustalscaleimagingisachievedbyan18stwowaytimerecord(equi

valenttoaround40kmdepth).Theprestackdepthmigrateddataweremigrated(KirchhoffPreSDM)usingvelocit

iesderivedfromiterativetomographicvelocitymodeling.VintagesinglechannelseismicreflectionprofileRC17

07fromtheLamont–DohertyEarthObservatoryhasalsobeenused(Fig.1;accessedbytheGeoMapApp3.3.9–

link:http://www.geomapapp.org/). 

Weanalyzedtheseseismicreflectionlinesattwodifferentscales,fromthemega(basin)scaletothearchitecturalel

ementscale.Atthescaleofthearchitecturalelements,seismicfaciesanalysis(Mitchumetal.,1977)wasusedtodocu

mentanddescribethekinematicindicatorsofthemasstransportcomplexes(MTC)asdefinedbyBulletal.(2009).Ide

ntificationoftheheadwall,extensionaldomain,translationaldomainandcontractionaltoedomains(Prioretal.,1984)i

sbasedontheexternalandinternalgeometryofthemasswastingpackage,asimagedbytheseismicreflectiondata.T

heclassificationofattached/detachedMTCfollowstheschemeofMoscardelliandWood(2008).TheregionalGEBC

O(BritishOceanographicDataCentre,2003)bathymetricdataareusedtodescribethemarginandlocatethevarious

structureswheretheslideispresent. 

Inspring2015,twoIODPsitesweredrilledinthesouthwesternpartofourstudyarea(Fig.1A).Werefertothispr

eliminaryagecontrolandsedimentaryfaciesfromonboardanalysistocalibrateourgeophysicalobservations(P

andeyetal.,2015). 

 

3. Results 

 

3.1. Marginscalestructure–Natarajaslidelocation 

 

ThepresentdaystructureofthewesternIndianmarginismainlydominatedbyaseriesofinfilledriftbasinsspan

ningfromthelandwardGujurat–

SaurastrahmargintotheLaxmiBasinandboundedtothewestbytheLaxmiRidge,whereseawarddippingreflect

ors(SDR)markthetransitionbetweenabortedoceanicbasincrusttothetrueoceanicaccretiongeneratedalong

theCarlsbergRidge(e.g.NainiandTalwani,1982;Calvèsetal.,2011;Misraetal.,2015).Thissettingistheresulto

frepeatedridgejumpmarkedbySDRsequencesonbothsidesoftheLaxmiRidge. 

ThemaingeodynamiceventtohaveshapedtheonshorepartofthemarginistheDeccanLargeIgneousProvin

ce(e.g.WellmanandMcElhinny,1970;Mahoney,1988).Thiseventismarkedseawardbyaprominentseismicre

flectionpackageoverlainbycarbonateplatforms(Calvèsetal.,2008,2011)andinturnburiedbyCenozoicsilicicl

asticdepositslargelysourcedfromtheIndiancontinentandHimalayaviatheIndusRiver(e.g.,Cliftetal.,2001)(Fi

g.2A).TheflatlyingfloodbasaltsareintransitionwithseawarddippingreflectionpackagesintheLaxmiBasin(Calvès,

2009;Misraetal.,2015;Fig.2A).

http://www.geomapapp.org/


  

 

 

 

Fig.2.RegionalprestackdepthmigratedseismicreflectionprofilesacrosstheBombayHigh,LaxmiBasint

oLaxmiRidge.A.Thisseismicreflectionprofileofthemarginshowsthewidthofanextensivechaoticseismi

cfacieswithintheCenozoicsection.TheMeso–

Cenozoictransitionbelowtheslopeofthemarginismarked(purplefiledarrow)bythetopoftheDeccanLarg

eIgneousProvince(topDLIP)seismichighamplitudereflectiveevent.SeawardDippingReflector(SDR)s

equencesareobservedonbothsidesoftheLaxmiBasin.B.Thechaoticseismicfaciesismarkedbymassiv

ethrustandonlaplandwardontheMesozoicsequence.C.TowardtheLaxmiRidgethechaoticseismicfaci

esthinslaterally.D.TowardthePanikkarSeamountthefaciesislesschaoticandtheslidethinsandonlapsa

gainstthestructuralbasementhighs,seeFig.1Aforprofilelocation. 

 

 



 

 

 

Fig.3.RegionalprestackdepthmigratedseismicreflectionprofilesNW–SEacrossthe  LaxmiBasinand  

RamanSeamount  and,  Gujurat–

SaurashtratoLaxmibasinsB.,thechaoticseismicfaciesisthickertowardtheSW,notetheportionoftheInd

usFananditsgiantchannellevees.Thechaoticseismicfaciesrunsfurthersouth,beyondtheRamanSeam

ount.Notechangeofscalebetweendisplays,seeFig.1Aforprofilelocation. 



  

 

 

 

 

 

Fig.4.IsopachmapoftheNatarajaslide.Theseafloorcontoursarespacedevery500meters.Thegeomorp

hologicalelementsoftheseafloorsurfacearesimilartoFig.1.Thicknessofthemasswasteddepositsofthet

wodrillIODPsiteU1456andU1457aremarkedinbrackets(Pandeyetal.,2015).Twoconcavedownmorpho

logiesofthemarginaremarkedintheslopebyblueshadedareas.Thesearemarkingpotentialmassmissing

totheirlateralsectionalongthedownslopeoftheWestIndianmargin.Theshelfmargingeometryisrelatedtol

argescalegravityspreadingoftheslopewithconcavedownareasunderlainbycontractionaldeformation(s

eeFig.5).(Forinterpretationofthereferencestocolorinthisfigure,thereaderisreferredtothewebversionoft

hisarticle.) 

 

TheCenozoicIndusFansequenceiscomposedatitsbasebycontinuousparallelseismicreflectionsthatonlap

ontostructuralhighs(Figs.2B,2C,and3A).Abovethissequenceapackagedefinedbychaoticfaciesofregionalex

tentcoversmostoftheLaxmiBasin.ThispackagethinstowardsandeventuallyonlapstheLaxmiRidgetotheSE(Fi

g.2A).ItisthickertowardstheNE,whereitis>750mthick(Fig.4).Theinternalorganizationofthissequenceiscomp

osedofchaotictodiscontinuousseismicfaciespackages,brightsteeplydippingreflections,rotateddiscontinuou

sstratalreflectionsandlowamplitudestructurelessfacies(insetsFigs.2Aand2B).Eachofthesefaciescanbeinte

rpretedasmasstransportdepositsandhelpustodefinethepotentiallocationoftheultimateheadscarpandtoe(e.

g.,Bulletal.,2009)(Figs.2,3,4and5).The2Dgriddoesnotallowcompletemappingofthemasstransportdeposit,b

uttheoverallextentandlargescalethicknessvariation,andthusvolume,isconstrainedwithreasonablecertainty.

Theseismicreflectionprofilesinthedeepbasinallowonlytheidentificationofthetoeregionoftheslide(Figs.2B,3

C,and3D).Weareabletodefinetheedgeoftheseawardpartoftheslidewherethindepositsandlesschaoticfacies(



 
Figs.2B,3C,and3D)areexpressedtotheNW,SWandSE(Fig.4).TheNEtoSpolarityoftheslideandespeciallyitst

oehasbeendrilledatbothIODPSitesU1456andU1457(Pandeyetal.,2015).Regionalslopestothebasement,a

swellasthemodernbathymetryarealsoconsistentwithemplacementtowardsthesouth.Thechaoticfaciesonlap

sthefootoftheRamanSeamount(Figs.3Aand3B).TheRamanandPannikarSeamounts,locatedinLaxmiBasin

(Figs.1Aand3B;Bhattacharyaetal.,1994b),constitutedbarrierstotheflowoftheslidedeposit,whichflowedarou

ndthesefeaturestowardsthesouth(Fig.3B).Thecoredmasstransportdeposit(Fig.4)thicknessvariesfrom∼33

0m atSiteU1456to∼190m 

atSiteU145(Pandeyetal.,2015).ThesethicknessvariationsintheSWpartoftheNatarajaslideareinagreement

withtheisopachmapcomputedfromthetopandbaseoftheseismicallydefinedchaoticfaciesinthisregion(Fig.4). 

ThearchitectureoftheproximalpartofthemarginoffshoretheSaurashtraplatform(Figs.3,5Band5C)iscomp

osedofadeepwaterfoldandthrustbeltthatinvolvestheCenozoicsedimentarypackage.TheNWpartofthestud

yareashowsathinsedimentarycover,comparedtotheadjacentareas,withatransitionintoamajortroughwhere

twoburiedstackedcompressionalfeaturesareidentifiedandwhichareseentoemanatefromdetachmentsthatr

unintotheslopeofthemargin.Thesetectonicstructuresarelinkedtoextensionalstructuresthatseesignificantpi

lesofsedimentextendingtowardtheSE(Fig.5C).ThemaindepocenteroffthewesternmarginofIndiaisassociat

edwiththeBombayHigh(e.g.,Biswas,1982;Rao,1991;Figs.1Band5A). 

TheheadwalldomainofthismasswastingcomplexislocatedintheslopeoftheGujurat–

SaurashtraBasin.Basedonthemorphologyofthemargin,twoconcaveupareasarelocatedupslopeoftheNatar

ajaSlide(blueshadedareas,Fig.4).BasedonthepolarityoftheseismicfaciesanddrillingresultsfromIODPExpe

dition355,wefavorthenorthernpolygon(northof20◦N,Fig.4)aspotentialheadwallsourceforthefollowingreaso

ns:Basedonbathymetry/slopegradientandseismicprofiles,theheadwallisinferredtorunalongtheslopeandsh

elfbreak(Figs.1and5A).Thetruncatedreflectionsattheshelfedge/slopetransitionmarkstheheadofthescar(Fi

g.5B).Slopegradientsintheheadscarpregionrangefrom1.6◦to2.7◦,whicharetypicalofthedécollementlevelin

upperslopeandheadscarpregionsalongpassivemargins(HarrisandWhiteway,2011).Thedistalbasallowerh

alfgradientofthemasstransportdepositsliesatagradientof1.2◦.Thisvalueisconsistentwiththelargestslidesth

attendtooccuronthelowestsurfaceslopes(McAdooetal.,2000). 

BeforetherecentdrillingofSitesU1456andU1457,therewasnopreciseageinformationforthelandslidefacie

sitself.However,itsageisbracketeddownwardbythepresenceofupto1150mofbasinfilldepositbetweenthesli

deandthetopofthevolcanicbasementandoverlyingPaleogenecarbonateplatforms(Calvèsetal.,2008),andu

pwardbythechannelleveecomplexesoftheIndusFan,whicharedatedasEarlyMioceneandyoungerfurtherno

rth(Cliftetal.,2001).Thestratigraphicpositionofthemasstransportdepositsiscalibratedfurthernorthwhereitst

opandbasemarkerscorrelatewithhemipelagicsedimentsfromaboreholewithpoorlyresolvedagesfromearlytol

ateMiocene(∼15Ma)(http://www.dghindia.org;well:GSDW11A)(Figs.2Aand3A).AtSiteU1456(Fig.1A),thesedi

mentlyingimmediatelyaboveandwithinthemasstransportdepositisdatedat<10.8Ma,whereassedimentlyingdire

ctlyunderneaththedepositis datedas13.5–

17.7Ma(Pandeyetal.,2015).TheagegapbetweenthetworepresentserosionatthedrillsitelinkedtoMTCempla

cementaround10.8Maanddoesnotindicateslowsedimenttransport.ThebestageestimatefortheNatarajaslid

eisthusbetweenaround10.8Ma(lateMiocene). 

http://www.dghindia.org/


  
 
 

3.2. SizeandvolumetricsoftheNatarajaMTD 

 

ThesizeoftheheadscarpintheGujurat–SaurashtraBasinis∼100kmalongtheNW–

SEaxisand∼90kmalongitsNE–

SWaxis(Figs.4and5A).Itspresentdayminimumheightis∼2300m,thiscorrespondstothetopofthetruncatedr

eflectionsontheshelfedgetransitiontothebaseoftheslopewherecontinuousreflectionbegins(Fig.5B).Thee

stimatedvolumeoftheheadscarpcanbecomputedasthequarterofanellipsoid,sothatitsvolumeis 

estimatedat∼11×103km3. TheNatarajaSlidehasa surfaceextentof∼49±16×103km2and  a 

volumeofsome19×103±4×103km3, whichmakesthis 

oneofthelargestknownmasstransportcomplexdepositsalonganypassivemarginsofardocumentedonEart

h.Atthescaleofthemargin,thesliderepresents8%±3%oftheCenozoicsedimentdepositedintheGujurat–

SaurastrahandLaxmiBasins(Fig.1B;Exxon,1985,wholevolumeof∼600×103km3).Theminimumvolumeof

thescarpobservedonthebathymetryandtheestimatesoftheNatarajaSlidedepositareofthesameorder.Thea

realsize>100km2andvolume>1km3oftheNatarajaSlideallowustoclassifyitasanattachedmasstransportd

epositintheterminologyofMoscardelliandWood(2008,2015). 



 

 

 

 

Fig.5.A.ExtensionoftheburiedNatarajaslideandpotentialsourcearea.Therunoutdistanceisabout550k

mforalengthof338kmandamaximumwidthof193km,volumetricestimatesis19×103±4×103km3.B.Lin

edrawingofseismicsinglechannelRC1707(Columbia–Lamont–

DohertyEarthObservatory,GeoMapApp).C.RegionalNW–

SEprestackdepthmigratedseismicreflectionprofileacrosstheshelfandslopeoftheWestIndiacontinenta

lmarginoffshoretheSaurashtraplatform.Thestructural 

styleoftheTertiarysectionisassociatedwithastackoftwocompressionaldeepwaterfoldandtrustbelt.De

ccanLargeIgneousProvinceismarkedwithapurplearrow(topDLIP). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

Table1 

Volumetricandheightoffallhorizontalrunoutratioofthe‘giant’submarinelandslides(i.e.volume>103km3)

andassociatedreferences. 

 

Slidename Runoutlengt

hl 

(km) 

HeightH 

(m) 

H/lratio Vol

um

e(k

m3) 

Reference 

Nuuanu 230 5000 0.022 5000 Normarketal.,1

993 
IsraelSlumpComplex 150 2000 0.013 1000 FreyMartinezet

al.,2005 
Saharaslide 780 3300 0.004 1100 Embley,1976 
Bruneislide 120 2300 0.019 1200 Geeetal.,2007 
HinlopenSlide 300 1400 0.005 1350 Vannesteetal.,

2006 
CapeFearSlide 420 4250 0.010 1400 Popenoeetal.,

1993 
EasternAmazonFanMTCs

n 

275 3300 0.012 1500 Piperetal.,199

7 
WesternAmazonFanMTCs 245 3000 0.012 2000 Piperetal.,199

7 
Storeggaslide 770 3720 0.005 3000 Canalsetal.,20

04 
AyabacasFormation 500 500 0.001 10000 Callotetal.,200

8 
SouthMakassarStraitMTC 120 1700 0.014 2438 Armanditaetal.

,2015 
Makranaccretionarycomp

lex(Miocene) 

150 600 0.004 42000 Burgetal.,2008 
AgulhasSlump 750 800 0.001 20331 Dingle,1977 
GiantChaoticBody 255 3000 0.012 50000 Torellietal.,199

7 
Nataraja 550 3150(±15

0) 

0.006 18745(±4

075) 

Thisstudy 
 

4. Discussion 

 

4.1. SignificanceoftheNatarajaSlide 

 

Wehavecompiledfromvarioussourcestheheightoftheratiooftheoriginatingslopeheighttohorizontalrunoutofsubm

arineslidesasafunctionofthevolumeofeachmasswastingdeposit(e.g.,EdgersandKarlsrud,1982;DeBlasioetal.,20

06).Globally,theNatarajaSlideisthesecondlargestmarinemasstransportdepositalongapassivemarginbyvolume,

onlysmallerthantheAgulhasslump(Dingle,1977)(Table1,Fig.6).Basedonthesizeandshapeofthisbody,thelongrun

outofthismasstransportdepositacross a 

gentleslope,coveringlongdistancesandthedevelopmentofathickdepositfurtherpushestheenvelopeproposedby

DeBlasioetal.(2006),aswellastheempiricalcurvesofsubmarinelandslidesofEdgersandKarlsrud(1982)totheirli

mits.Thisslidehasasourcelocatedinamixedsedimentarymarginsequenceanditssinkisstructurallyboundedb

ymajorbathymetricfeatures,whichwearguehavefacilitateditsrunoutdistancebyfocusingit.Thepotentialmixed

lithologiessourcedfromtheslopeoftheWestIndianMargincouldexplainthevariousfeaturesobservedwithinthe

coredslidedeposits(Pandeyetal.,2015).TheobservedolistostromesintheMakran(onshorePakistan,Burgetal

.,2008)ortheGiantChaoticBody(offshoreGibraltar,Torellietal.,1997)arethelargestchaoticsedimentarybodies

yetobserved.Thesetwosedimentarybodiesshareaspecificgeodynamicandstructuralsetting,anaccretionary

prism,whichisdifferentfromthepassivemarginstructuralframeworkoftheWestIndianMarginwhereweobserve

theNatarajaSlide(e.g.NainiandTalwani,1982). 

 

 

4.2. GeneticfactorsoftheNatarajaSlide 

 



 

Atthemarginscale,thestratigraphicandstructuralsettingoftheproximalsourceareaallowsustoproposeaspa

tialassociationoftheheadwallandthecompressionalfrontbelowtheslopeofthemargin(Fig.5C).Thisconfigurati

on,whichisfoundalongmanypassivemargins,accretionaryprismsandtransformmargins,isasourceofmanysli

desandofmasswastinggenesis(e.g.,Morley,2009;Morleyetal.,2011).Atthescaleoftheslidethekinematiceviden

cefora 

singleeventassociatedwiththisslideisrelatedtothegeometryofthecompressional/extensionalfeaturesfromitsbodyi

ntoitstoe.Theabsenceofmultiplestackedcompressionalfeaturesin this slide(Figs.2B,2Cand3B)arguefor  a  

singlemassmovement.  A 

basalshearsurfaceisonlyidentifiedatthebottomofthemasstransportcomplex(Fig.2B). 

ThepotentialperiodofemplacementoftheNatarajaSlideiscoincidentwithmajorchangesinsouthernAsia(Clift, 

2006).Onefactoristheclimaticevolutionandchangeinsedimentaryproductionandsedimentationaroundthecontine

ntalmarginsofSandSEAsiaatthattime.DuringtheearlyPaleogenethemarginrecordedcarbonateplatformgrowthfoll

owedby 

astressshiftexpressedbyfocalclasticsedimentaryloading(Whitingetal.,1994)thathasplayedanimportantroleonbui

ldingsequencesofsedimentarygravitationalsliding.ThisisobservedonothermarginsaroundtheIndianOceansucha

stheKrishna–

GodavariBasin(Rao,2001)andRovumaBasin(MahanjaneandFranke,2014).TheMiddletoEarlyMiocenewasatim

eofrapidsedimentdeliverytothecontinentalmarginsofIndia,drivenbyfasterosioncausedbyaheavysummermonsoo

n.Developmentofa 

majorclasticwedgemayhaveresultedingravitationalinstabilitythatresultedincollapse∼10.8Ma. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig.6.Heightoffalltohorizontalrunoutratioofthe  slide  as  a  functionof  

thevolumeofthemasswastingdeposits.ThecoloredenvelopesarefromDeBlasioetal.(2006,seewithinfor

compileddata).IndividualslidesarefromHaflidasonetal.(2004)fortheStoreggaslideoffNorwayandfromv

ariousslidesintheglobalocean(Hamptonetal.,1996).Giantslidesaredepictedbytrianglesorcoloreddiam

ondsforvolumes>103km3(seeTable1forreferences).CurvesfromEdgersandKarlsrud(1982),theupper

boundvaluesforsubmarinelandslidesandsubaerialquickclayslidesareplottedforreference.(Forinterpre

tationofthereferencestocolorinthisfigurelegend,thereaderisreferredtothewebversionofthisarticle.) 

4.3. Perspectives 

 

Regionally,theNatarajaSlide,ifassociatedwithasinglecatastrophicevent,couldhaveleftitsmarkonthecoas

talrecordoftheArabianSeaintheformoftsunamigenicdeposits,althoughthe>10.8Maageofthedepositmaym

akepreservationanissuewhensearchingforequivalentsedimentsonshore.Thestructuralanalysisofdensergr

idofdataontheslideshouldallowdeterminationofthekinematicsofthisslideandthepotentialmechanismsofitse

mplacement(catastrophicorcreeping).ThelongrunoutandtherelationshipwiththeseamountsintheLaxmiBa

sinhowevercouldarguesfromcatastrophicemplacement.Specificcharacterizationofthesedimentsassociat

edwiththeslideisneededtoinferanyroleplayedbybaselevelvariation,hydratedissociation,localtectonicsorev

enbasinfluidmigrationinrelationwithhydrocarbongeneration.Comingafteratimeofrapidmarginsedimentatio

nmayargueinfavorofgravitationalinstabilityastheunderlyingcause. 

IntheArabianSeathepresentdayriskofcoastaltsunamisisanalyzedassumingasourceofmassmovementsf

romtheMakranaccretionaryprism,oreventheAndamantoJavaarcinthecaseoffarfieldsources(e.g.Heidarza

dehetal.,2008;OkalandSynolakis,2008).Thisapproachisassociatedwiththelimitedoccurrenceofearthquak

esalongthewesterncontinentalmargin(Chandra,1977),becausethesearecommoncausesoftsunamisintheI

ndianOceanregion.Yetnoriskassessmentisdiscussedinthesestudieswithasourceofmassmovementsandw

atercolumndisplacementsrelatedtotheWestIndianContinentalmargin.OurdescriptionoftheNatarajaSlidehi

ghlightsthisregionasapotentialsourceofmassmovementsintheWesternIndianOceanandshouldguidefutur

eresearchonthismargin.Giventhelargesedimentmassthathasbeenbuiltalongthewesterncontinentalmargi

nduringthePlio–

Pleistocenephaseofrapidsedimentdeliverythepotentialforfurthermajormasswastingeventsmaywellexist.T

hisnewinformationaboutalargeLateMioceneeventiscentraltorefiningourassessmentoftsunamihazardalon

gthedenselypopulatedwesterncoastofIndia.Convexupwardareasalongthemarginaremorelikelytoslip,thisri

skisunderlinedbythedepthandslopeofthedécollementobservedbelowtheSaurashtrashelfthat 

isdeeperthanitformedoriginally. 

 

5. Conclusions 

 

ThispaperreportsthediscoveryandfirstdescriptionandquantificationofthegiantNatarajaSlideoffshoreMu

mbai,thesecondlargestlandslidesofardiscoveredalonganypassivemarginworldwide.Thelandslidecoversar

ound5×104km2andcomprisessome2×104km3sediment.ItislateMioceneinage.TheNatarajaSlide’sroleinf



 
ormingatopographicalhighfortheeasternborderoftheIndusFancanbe 

questioned.Inbothactiveandpassivemarginsweshouldconsiderthatmasswastinghasimportancealongside

carbonateaccumulationandfluvialinputinshapingtheseafloorofsedimentarybasins.TheNatarajaSlidewillre

quirefurtherstudiestofullyunderstanditsstructureandspatialorganization,whichmaybeachievedinpartwithf

utureworkonthecoresrecoveredbyIODPExpedition355. 
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