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Abstraet  

ThePalaeoproterozoic（1・7Ga）basementrocks丘omMaddhapara，Bangladeshshowa   

largerangeofchemicalvariations（e・g・，SiO2＝50．774．7％）andincludediorite，quartZdiorite，   

monzodiorite，quartZ mOnZOnite and granite・They have acommon mineralassemblage of   

Plag10Clase，hornblende，biotite，quartZ，K－fbldspar，titanite，andsecondaryepidoteandchlorite・  

The plutonovera11displaysmetaluminous，Calc－alkalineorogenic suite；mOStlyトtypesuites  

fbrmedbysubduction－relatedmagmatism・Themqorandtraceelementsillustratetheunlque   

Chemicalftaturesbyaprocessthatincludedbothpartialmeltingofcalc－alkalinelithologleSand   

mlXlngOfmantle－derivedmagmas，fb‖owedby什actionalcrystallizationoflargelyplaglOClase，   

amphiboleandpossiblybiotite，andbyassimilationofcountryrocks・Someofthe丘actionated   

magmasmayhavemixedwithmorepotassicmelts放omdistinctparts（e．g．，metagreWaCkes）of   

thecontinentallithospheretoproducegranites．  

Applicationofhornblendethermobarometrytothebasementrocksyieldedpressureand   

temperature conditions of4・9－6・4 kbar and680－7250C，Which probably correspond to   

CrySta11izationconditions・Zirconsaturationthermometryandnuidinclusionsdataofpegmatite   

gave reliable condition of～4・8kbarand660－6700C．The basementrocks，therefbre，likely   

CryStallizedatadepthof～17－22km，Withaminimumaverageexhumationrateof～12－15m／Ma   

during Palaeoproterozoic to Lopinglan time．Such slow exhumationindicateslow relief   

COntinentalshieldsurfaceduringthisperiod．  

Fluidinclusion studiesin dioritic rocksidentined aqueous two－phase prlmaryfluid   

inclusionsinplagioclaseandquartz．Theydemonstrate鎖nalice－meltingtemperatures（Th）ofO   

toJl・00C，WhichnarratetoNaCleqsalinitiesofOto6・4wt・％・Homogenizationtemperature（IL）   

OftheseincJusionsranges丘om＋259．5to＋358．2OC，WhichreJatestobulkdensitiesofO．54」）．82  

g／cm3・Ontheotherhand，thefluidinclusionsinpegmatiteandapliteveinsshowthe㍍andThof   

thedominantcarbonicinclusionsrange舟om－56・60Cto－58・lOCand倉om－6・80Cto＋30OC，  

respeCtively；the7LvaluestranslateintothedensitiesofO．59－0．97g／cm3・Rareaqueousnuid  
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inclusionsinthesamerockshavebothnnalThvaluesintherangeofOOCto－10．80CandTh   

Valuesintherangeof＋209．80Cto＋405．50C，WhichcorrespondstobulkdensitiesofO．52－0．97  

g／cm3．Fluidinclusionsindioriticrocksrecommendthatlow－tOmedium－Salinity（0」；．4wt．％   

NaCl。q）H20－richfluidsaretrappedduringthecrysta11izationofquartzandplagioclase．Both   

prlmaryCO2－richandH20－richinclusionsinpegmatiteandapliteveinsarepresent，eVeninthe   

Sameinclusion cluster，PrObably renecting a single stage of nuid activity durhlg the   

CrySta11izationoftheveins．Therefbre，H20－richnuidsindioriticrocks，andCO2－richandrare   

H20－richinclusionsinveinsaswellaslackofH20－CO2mixednuidsindioritesamplesimply   

two－Stage椚uidactivities（earlierH20－richandbylaterCO2－rich月uid）．  

NewU－PbSHRIMPzircongeochronologlCaldatafbreuhedralzircons斤omadiorite   

Sampleyieldaconcordiaageof1730±11Ma，Whichisinterpretedasthecrystallizationage・The   

COnSistentmagmaticagesarealsocommonintheCentralIndianrrbctonicZone（CITZ），India，   

theTransamazonianofSouthAmerica，BohemianMassifandtheSvecoftnnian，Poland．These   

areashaveidentinedthesequentialgrowthofthecontinentthroughtheamalgamationofjuvenile   

terrains，SuCCeededbyam年lOrCOllisionalorogeny．Thesubduction－relatedbatholithsindi飴rent   

areasin the world signifythat the crust contributed e飴ctively to fbrmations of the   

Palaeoproterozoic supercontinent・The Palaeoproterozoic magmatic age of the examined   

basementrockandthecommonoccurrencesofsimilar～1．7GageoIoglCunitsintheCJTZand   

Meghalaya－Shillong PlateauinIndian Shield represent their apparent continuation・The   

consistentPalaeoproterozoicmagmatismintheCITZandMeghalaya－ShillongPlateauaswellas   

the occurrence of～1．7Ga geologlC unitsin the Albany－Fraser beltin Australiaand East   

AntarcticaindicatethatthebasementrocksinBangladeshfbrmedtowardsthe蔦nalstagesofthe   

assemblyofColumbiasupercontinent・  

Keywords：Geochemistry，Calc－alkaline，AmphibolethermobarOmeby，Fluidinclusion，U－Pb  

SHRIMPage，Palaeoproterozoic，Basementrocks，Bangladesh，Columbiasupercontinent・  
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CHAPTER I 

GeneralIntroduction   



Bangladesh，aSaWholecoveredbyrTbrtiaryandQuaternarysedirnentSwithouthaving   

exposedigneousormetamorphicrocks，iswellknownfbrthedevelopmentofathick（～22km）  

andlargestsedimentarysuccessionintheworld（Curray，1991）．DominantQuaternarySediments  

deposited mainly by Ganges（Padma），Brahmaputra（Jamuna）and Meghna rivers and their  

numerous distributaries，COVer about three quarters ofBangladesh．On the other hand，the  

ChittagongandChittagongHillTracts，theonlyextensivehillareas，islithologlCallyconsistof  

rrbrtiary sediments・Inadditiontothehillsalongthesouthern spurofthe Shillong Massif：a  

numberofhillocksarealsocoveredbyrItrtiarysediments．Interestingly，thePalaeoproterozoic  

basementrocksunderlievastareasofthenorthwesternPartOfBangladesh，thoughsedimentary  

COVerhidessuchplutonicsuites．However，atMaddhapara，Studyarea，thebasementrocksoccur  

atashallowdepth斤omthesurfacewithasuccessivethincoverofPerrnianGondwanaGroup，  

PlioceneDupiTilaFormation，PleistoceneBarindClayFormationandrecentalluvium・Several  

Wells dri11ed during coal，mineraland hydrocarbon exploratory activities have encountered  

basernentrocksintheareaofthe Western ForelandShelfandoftheRangPurSaddlebeneath  

sedimentarycovera11uvialdeposits・Geophysicalstudiesanddri11ingshowedthatthethickness   

ofthesedimentarysuccessiondecreasesupdip丘omabout5，000mattheshelfedgetoabout150   

mintheareaoftheRangpurSaddle（Reimarm，1993）．AlthoughArchaeaJltOPhanerozoicrocks   

varieties arewidely dominantinlndian subcontinent，the Palaeoproterozoic entityis a   

conspicuoussparselyintheCentralIndianrTbctonicZone（CITZ）withotherdi飽rentareaSin  

lndia．  
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In1959－60，theStandardVacuumOilCompanynrstdiscoveredthebasementrocksnear  

Kutchma，Bogra at depth2150m，andin1974，GeologicalSurvey ofBangladesh（GSB）  

discovered the basement rocks at Maddhapara，Din毎Pur at Shallow depth（128m），Which  

providegreatopportunitytostudythebasementrocksforpetrologists．However，theavai1ability  

Ofthebasementrocks，detailedpetrologicalandgeochemicalstudiesareverylimited（Ameenet  

al．，1998；Kabiriet al．，2001；Zaman et al．，2001，2002；Hossain et al．，2008a）．Recently  

Publishedsomeworksprovideimmenseopportunitytoachievethedecisiveremarks（Ameenet  

al．，2007；Hossainetal．，2007；Hossainandl七unogae，2008；Hossainetal．，2008a，2008b）．  

The Palaeoproterozoic basement rocks舟om Maddhapara，Bangladesh characterize a  

Calc－alkalinepluton．Ingeneral，Calc－alkalineplutonsarecharacteristicofmagmaticarcs，and  

knowledge oftheirgenesis，emPlacement，andcrystallizationiscriticalinunderstandingthe  

SubductionzoneprocessesthatultimatelyproducecontinentalcruSt・However，reCentteCtOnic  

modelsfbrPalaeoproterozoicorogenicbeltsinNorthAmerica，Europe，AfricaandAsia（CITZ，  

lndia）havehighlightedmostlysimilaritieswithmodernSubductionandco11isionzones（e・g・，   

Windley，1993）．Although calc－alkalineplutonshavebeenthe subjectofmanygeochemical   

investigations，detailed studiesofevaluation oftheircrysta11ization conditions（temperature，   

pressure，andwaterandoxygenfugacities）havenotcommonlybeenundertakenbecauseofthe   

di庁icultyofobtainingwelトconstrainedvaluesfbrintensiveparameters・Thedimcultiesariseas   

theseplutonsarepredominantlycomposedofquartz，plag10Clase，K一免1dspar，biotite，hornblende   

andopaquemineralsthatarestableoverawiderangeofcrustalconditions・  
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Carefu1applicationofgeochemistry，mineralchemistry，aPprOPriategeothermobarometry，  

and 刊uidinclusion studies could，neVertheless，yield petrogenetic characterization and  

reasonableestimatesofcrystallizationconditions，Whichprovideslgnincanceimprovementfbr  

tracking the evolutionary history of a pluton・Infbrmation on overallgeochemistry，  

geochronologyandcrysta11izationconditionscanbeusedtocomparerelatedplutonicunitsfrom  

aparticularintruSivecomplexandfromplutonsofdi舵rentterrains，andtoevaluatepetrogenetic  

models，Which bear on source－reglOn COmPOSitions fbr calc－alkaline magmas and the  

mod浦cationofthesemagmasbyhigheト1evelcruStalcontaminations．Evaluationoftemperature  

and pressure conditions fbrplutonic rocksis alsoimportantin constralnlnggeOPhysicaland                                                                                                                                                                                                                  ●    ●  

tectonicmodelsofthecrust（Zen，1989）．  

Fromoverall蔦eldobservations，dataanalyses，reviewofliteraturesandfbrobtainlngthe  

exact picture ofthe Palaeoproterozoic basement rocks，ldivided the whole topicinto fbur  

fundamentalchapters．ChapterIlincludespetrography，mineralchemistry，andgeochemistryof  

m往IOr，traCeandrareearthelements・PetrographyisaverylmpOrtanttaSkfbrgettlngrealideaon  

minerals，StruCtureS and textures of rocks，Whichis prerequlSlte fbr rock characterization．  

MineralchemistryglVeSthecluefbrmineralsfbrmation，WhatprocesseswereinvoIved．Some  

mqior minerals（e．g・，ftldspars，amphibole，biotite，ePidote and titanite）were considered fbr  

getting the authentic picture ofmagmatism・Onthe other hand，detai1ed geochemistry of   

basementrocksinthischaptermakesitmostvaluablepartofthedissertation・lnthispart，I   

highlighted geochemicalclass浦cation of rocks，Calcqalkalinity，mqior and trace element  
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variationswithsilica，traCeandREEspidergramsanddi能renttectonicsettingandmodel，Which  

explainedthenatureofmagmatismsignincantly．ChapterIIIincludesgeotherrnobarometersand  

nuidinclusionsindioriticrocks，Whicho能rde甫niteschemeonamphibolethermobarometryfbr  

P－T conditions，Characterized nuidinclusions and comparlngltS preSSure COnditionswith  

amphibolebarometry．Ialsoextendedtheirapplicationfbrcalculatingtheemplacementdepth  

and exhumation ratein this chapter，Whichis verylmPOrtantinfbrmation fbrpostorogenic  

conditionsofthereglOn・ChapterIValsofbllowedtheextensionofthenuidinclusionstudyin   

the pegmatite and aplite veins，Which characterize magmatic nuid compositions and   

determinationofthecrystallizationpressureandtemperatureofthehostrocks・  

InchapterV，IpresentedU－PbSHRIMPzircongeochronologlCaldataねrbasementrocks   

in Bangladesh，and discuss therelationshipwiththeCentralIndianrrbctonicZone（CITZ），   

Meghalaya－Shi1longPlateauinIndianShieldandnnallypalaeogeographyofthebasementrocks   

duringthefbrmationoftheColumbiasupercontinent・  
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CHAPTER II 

PetrologyandGeochemistryoftheBasementRocksinBangladesh：   

AremnantofPalaeoproterozoicmagmatism  

Thischapterisinpreparation伽rthesubmissioJ）tOJournalofPetrology  
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Abstract  

The Palaeoproterozoic（l・7Ga）basementrocksfrom Maddhapara，Bangladesh show alarge  

range ofchemicalvariations（e・g・，SiO2＝50・774．7％）andinclude diorite，quartZ diorite，  

monzodiorite，quartZ mOnZOnite and granite・The pluton overalldisplays metaluminous，  

Calc－alkalineorogenicsuite，mOStlyI－tyPeSuitesfbrmedwithinsubduction－relatedmagmatism．  

The observed mqor elementsillustrate generaltrends fbrfractionalcrystallization．Trace  

elementcontentsalsoindicatethepossibilityofa＆actionationorassimi1ation；eXPlaintheentire  

Variation舟om diorite to monzonite，eVen granite・The pluton may have evoIvedthe unlque  

Chemicalftatures by a process thatincluded partialmelting ofcalc－alkalinelithologleS and  

mixlngOfrnantle－derivedmagmas，fbllowedby舟actionalcrystaIlization，andbyassimilationof  

COuntryrOCks・Theplutonshowsevidenceofcrystal斤actionationinvoIvinglargelyplagioclase，  

amphiboleandpossiblybiotite．Someofthe丘actionatedmagmasrnayhavemixedwithmore  

POtaSSic melts什om distinctparts（metagrewackes）ofthecontinentallithosphereto produce  

訂anites．  

TheconsistentmagmatisrnisalsocommonintheCentralIndianltctonicZone（CITZ），  

1ndia，theTransamazonianofSouthAmerica，BohemianMassifandtheSvecofbnnian，Poland，  

thathaveident摘edthesequentialgrowthofthecontinentthroughtheamalgamationofjuvenile  

terrains，SuCCeeded by a mqor collisionalorogeny．Subductionィelated bath01ithsin the  

Albany－FraserbeltinAustraliahavesimi1arcounterpartsintheWindmillislandsandBunger  

HillsinAntarctica，SuggeStingthatsuchcruStWereaCtivelycontributingtomagmatisminthe  
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Palaeoproterozoicsupercontinent．  

Il．1．Imtroductiom  

U－Pb SHRIMP zircon geochronologlCalresults of subsurface basement rocksin  

BangladeshrevealtheoccurrenceofPalaeoproterozoicage（～1．72p］．73Ga；Ameenetal．，2007；  

Hossainetal．，2007）．Thecommonoccurrencesofsimi1ar～1．7GageologicunitsintheCentral  

Indian TbctonicZone（CITZ）and Meghalaya－Shillong PlateauinIndian Shield suggesttheir  

apparentCOntinuationwithacon坑gurationoftheColumbiasupercontinent（Hossainetal・，2007）・  

In recent reconstructions ofEast Gondwana，the compositeofthe CITZis recognized asan  

importantProterozoiccollisionalzone，alongwhichtheNorthIndianBlock（NIB）andtheSouth   

Indian Block（SIB）were amalgamated during the Palaeoproterozoic to fbrm thelndian  

subcontinent（Yedekaretal．，1990；Jainetal．，1991；Mishraetal．，2000）・TheDinqjpurshield，  

NWBangladesh，therefbre，COnStituteanintegralpartofthecollisionalzonebutasitfbrmsa   

grabenduetofhultingalongtheJamuna（Brahmaputra）andtheGanges，itgetsseparatedonor   

nearthe surface betweentheChhotonagpurand ShillongPlateaus・ThesetectonicslgnatureS   

persuadeustoinstrumentthemagmatismofsubsurfacebasementrocksaswellasthereviewof  

magmatismofdi飽rentareasoftheworldduringthisperiod・  

Although severalpetrologlCaland geochemicalstudies on the basement rocksin   

Bangladeshareavailable（Ameenetal．，1998；Kabirietal・，2001；Zamanetal・，2001，2002；   

Hossainetal．，2008a，2008b；HossainandT血nogae，2008），nOSyStematic，indepth，PetrOgenetic  
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Studieshavesofarbeendone舟omtheserocks．Ameenetal．（1998）andKabiretal．（2001）  

analyzedm毎Orelements（SiO2，A1203，K20，Na20，CaO，MgOandFeO＊（＊，tOtal）ofsome  

boreholes and tunnelsamples and concluded that the main rock types（tonalites and  

granodiorites）belongtoI－typegranitoidplutonfbrmedunderorogenictectonicenvironment，  

Whichmighthavesubductionィelatedorigin．Zamanetal．（2002）analyzedmqior，traCeandrare  

earthelementsofcoresamplesandsuggestedthatthetonaliteqgranodioritesuitepossiblywas  

derivedbypartialmeltingofthegranitoidbasementand斤actionationofFe－Mgphase・Theyalso  

POlnted outthat granites are the partialmelting productsofthe metasedimentsirtjectedthe  

斤acturesofthetonalite－granOdioritesuite．Theseworksweremostlyconventional，Whichcould  

not fbcus comprehensive petrologlCaland geochemicalaspects・ln this point ofview，fbr  

understanding ofpetrogenetic characterization，its origin，and specifyorogenic signaturein   

Bangladesh，detailed甫eldinvestigations，petrOgraPhy，mineralandwholerockgeochemistryare   

verylmPOrtantphenomena・Inthepresentpaper，WepreSentSubsurfaceneldoccurrencesofthe   

rocksatstopel，StOPe4andstope5areasinproductionlevelwithsub－levelandventilationlevel   

ofmining sitein Maddhapara area（Fig．ⅠⅠ．1）．A detailed petrography，PetrOlogicaland   

geochemicalstudyofthe＆eshtunnelsamples，mOStly丘omproductionlevel（－270m）and   

sub－1evel（－246m）aswellasventilationlevel（－230m）oftheMaddhaparaGraniteMining   

CompanyLtd．，andsomecoresamples（GDH－34，GDH－32，BH－11，BH－13，GDH－35，GDH－36）   

areaimedinordertounderstandthePalaeoproterozoicmagmatisminBangladeshandcompare  

tosimilarorogensinotherpartSOftheworld．  
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Fig・TI・1・LocationmapoftheMaddhaparabasementrocksinBangladesh，Showingdifftrentlithologicalunitsand  

tectonicelementsofCentralIndianrIbctonicZone（CITZ）（modi坑edaRerHossainetal．，2007；Acharyya，2003；Roy  

etaI・，2002）・Abbreviations；BC：BastarCraton，BG：BetulGroup，BGB：BarapukuriaGondwanaBasin，BN：  

BundhelkhandCraton，CGGC：ChotanagPurGraniteGneissComp】ex，CH：Chattisgarh，CIS：CentralIndianShear  

Zone，DGB：DamodarGondwanaBasins，DS：Darieeling－SikkjmHimalaya，DT：DeccanTrap，KG：Kadmnagar  

GranuliteBelt，M：Mohakosha］andequiva）ents，R：RqjmahalTrap，SG：SausarGroup，SC：SinghbhumCraton，  

Si：Singhbhum（Palaeoproterozoic），SMGB：SonMahanadiGondwanaBasins，SONA：SonNarmadaLineament，  

Ⅴ：Vindhyan．  

Ⅲ．2．Geologicalse相ng  

Bangladesh，amgOrPar（OftheBengalBasin，is mainlyjunctionofthelndianand  

EurasねnplatesaswellasBurmesesub－Plate．Itisacompositebasinwithavariedtectonic  

history・1n between the exposed Peninsular shield and Shillong massifinIndialay the   

Garo－R可mahalgapcorrespondingtoashallowbasementridge（Desikachar，1974）knownaS  

Platformflankzone・ThePalaeoproterozoicmagmatismshapedtheplatformnank，Whichwas  

underlainbyPermianGondwanasediments．TheLateCretaceousR再mahal（117Ma；Baksi，  
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1995）basaltictrap刊owsandCretaceous／rbrtiarysedimentsinturnhavebeendepositedoverthe  

Gondwanasediments・Thenorth－SOuthtrendingMaldah－PurneabasinandGhatal－Burdwanbasin  

fbrmasegmentofthecontinentalri魚edbasinzone（KhanandChouhan，1996）．Thezoneof  

Mohounwarping（basementfault）andcontinentalriftmarkamantleactivatedcontinentalri氏  

ZOne along whichIndia has been ri魚ed什om Australia・Maddhapara，the study areaisthe   

ShallowestpartwithinanareaofthePlatfbrmknownasRangpursaddle（Fig．1l．2）．Itisinthe   

fbrmofadomeboundedbyN－Strending払ultsintheeastandthewestandslopeinthenorth  

known asnorthern slope（Dinqipurslope）andanotherinthesouthknownassouthernslope  

（Bograslope）・Thebasementoutsidethebasinalareaisdirectlyoverlainbyrrbrtiarysediments  

（Miahetal・，2002）．SeveraldrillingsinBangladeshshowedthatthethicknessofthesedimentary  

SuCCeSSiondecreasesupdip舟omabout5，000mattheshelfedgetoabout150mintheareaof  

theRangpurSaddle（Fig．ⅠⅠ．2）．  

Regionallytwo CentralIndian Archeancratonic domains（e．g．，nOrthern Bundelkhand  

andsouthernBastarcratons）wereaccretedalongENE－WSWtrendingCITZ（Fig・II・1）・The  

CITZ contains Proterozoic supracruStalbelts of varied metamorphic grades setinlargely  

undi能rentiatedmlgmatiticgneissesandsyn－tOpOSt－kinematicgranitoids・Recentstudieshave  

broughtoutthepresenceofthreegranulitebeltsinthisreglOn・Thecontactsbetweengranulite  

beltsandthea句Oininglow－tOmedium－gradesupracrustalbeltsaremodinedduetodefbrmation   

andmagmatism（Royetal．，2002）．Thebasementgneissesoccurasalenticularstrip舟omSindhi   

toBansagarbetweenMahakoshalGroupinthesouthandtheVindhyansedimentsinthenorth・A  
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1argebodyofgranodioritealongwithgneissesisexposednearDudhitothesouthofMahakoshal  

Group・TheoverallcompositionofDudhigneissishornblendegranodiorite・TheSon」ヾormada   

South Fault shows severalphases of sheet－1ike granite（Palaeoproterozoic）belonging to   

granodiorite－granite－adamellite（GGA）suite ofthe shearzone．Importantgranite bodies are   

Madanmahal，BarambabaJhirgadandi，ThmakhanandRihad－Renusagar；alongwithsomealbite  

granites・SomeofthesegranitesaredatedbyRbMSrisochrones，e．g．Jhirgadandimonzodiorite  

（1750j＝100 Ma；1708士40 Ma and1813j＝65 Ma），Tbmakhan granite（1856土68Ma）and  

Rihand－Renusagargranites（～1730Ma）・SomealkaligabbrosindicatearangeofRb－Srages  

触）m1610to1760Ma．The available dates suggest an age range of1700－1800Ma fbr  

MahakoshalGroup，Similartothe age oftheundefbrmedsedimentsofBtiawarGrouplnthe  

north（RamakrishnanandⅥlidyanadhan，2008）．  

ThesubsurfacebasementrocksinBangladesharedominantlydioriticrockswithminor  

granitoids．ThenrstdiscoveryofbasementrocksatKuchma，BograidentifiedgraniticgnelSSata  

depth of2150m（Khan，1991）．Microcline－rich granite，quartZ diorite，Syenite and quartz  

monzoniteaswe11asminormetamorphosedrockssuchasmicaschist／gnelSSandhornblende  

bearlng quartZ－ftldspathic gnelSS Were also reportedfrom severallocalities such as the   

Barapukuria basin（Di両Pur），Badargong，Pirga瞭and Mithapukurareas（Rangpur district）  

（Khan，1991；HussainandCurtin，1995；Uddinetal・，2005）・  

Thebasementrocksoccuratashallowdepthof128matMaddhaparaareaandtopof   

thisbasementhasathincoverofkaolinitewitharangeof2T3m・Therocksoftheproduction  
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levelaremostly舟eshandshownoslgnincanteffbctoflaterhydrothemlalalteration，although   

SOmealteredgraniticrocksoccurloca11y．Theyaresometimescutbylatergraniticpegmatite（up   

to～50cm），aPlite，andquartzveins．Theupperpartofbasementishighlyweatheredandtherock   

exhibits greyto greyish black color，depending onitsweatheringlevel．Duetoweathering，  

ftldspar was decomposed and fbrromagnesianminerals（biotite and amphibole）lost their  

CryStalline fbrms（Juand Chun，2001）．Mostofthe boreholesconsistofthewhitishgranite，  

Whichliesatdi能rentdepthlevelsanditsthicknessranges什om20cmto5．4mbutBH－3shows  

exceptionallyhighthickness（27．8m）．Therockcontainswhitishfも1dspar，COarSe－grainedquartz  

andsmallamountofdarkminerals．Tnsomecasestherockshowspinkcolor．Feldspar，Su句ected  

toalteration，impartslightpinkcolor（JuandChun，2001）．  

In ventilationlevel，the rocks are altered and舟acturedin places by the structural  

innuence．Jointsand丘actureplanesaregenerallyⅢ1edwiththinveinsofcalcite，Whilepyrite  

beingloca11yconcentrated．Wbathereddioriticrocksarecommonlypresentwithwhitishgranites  

and／or aplites fbrm as smalldykes／veins．Minerals are highly weathered and calciteis  

dominantlypresentthere．Highlyweatheredpinkishgranitearealsocommonatthisleveland  

a）soin sha允areas．Asthe depthincreases，therockgradesintolessweatheredanditscolor  

becomesmoregreyish．Sub－1evelandstopeareasinproductionlevelaredominantlydioriticwith  

Pinkishgranitic－Pegmatite（Fig・II・3a）andapliteveins・  
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Fig・II・2・Schematiclithologicalcrosssection（WNW－ESE）ofBangladesh（modほedatterGSB，1990）  

¶・3・Petrograpby  

The main plutonic body at Maddhapara consists ofdiorite，quartZ diorite，granite，  

monzodiorite，quartZmOrLZOniteandsyenite（Fig．II．4）．Dioriticrocksareoccasionallycutby  

granitic－pegmatite，aPliteandquartzveins．Mostoftheplutonicrocksarepheneriticwithfヒw  

myloniticlithologleS・Dominant dioriteand quartz diorite with monzodiorite and quartz  

monzoniteshowsimilarpetrOgraphicfeatures・Theyaremesocratictomelanocratic，VeryCOarSe  

tomediumgrained・ModalabundanceofmineralsinrepresentativesamplesislistedinThblelI．  

1．Mi血r alteration products ofthese rocks are sericite，Chlorite and calcite．Euhedralto  

Subhedra］plagioclase show oscillatoryzonlng，mOStlypolysyntheticallytwinnedwithalbite  

twinningandprismatic－Cellulargrowths・ConcentricplagioclasezonlnglSalsopresentinsome  

rocks（Fig・II・3g）・Medium to coarse grained，Subhedralorthoclase are common．Large   

PlagioclasegralnSSpOradical）ysurroundedbyhomblende，quartZandbiotiteindicateporphyritic  
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texture（Fig．Il．3c）．Onthe otherhand蔦ne－grainedbiotiteenclosedinplagioclaseindicates  

POikilitictexture（Fig・lI・3d）・Somelargeplagioclasecrystalsmaycontainsmallquartz，aPatite，  

and／or hornblendeinclusions（e・g・，SamPles PLS12，P2）．Myrmekiticintergrowths and／or  

myrmekitictexturesareoccasionallypresent（Fig・IT．3e）．Largeeuhedralhornblendecrystalsare  

COmmOn・Quartz occurs as subhedralto anhedralcrystals withirregularcracks and mostly  

non－undoluseextinction．Thereisnocorrelationbetweentheamountsofhomblendeandbiotite；  

althoughhornblendeusuallydominates．Fine－grainedmyloniticdioritesshowpara11elaIignment  

Oflight（Plagioclase，quartZ）anddarkminerals（hornblende，biotite）（Fig．II．3h）．Thestudied  

biotitesoccurassubhedraltoeuhedralcrystalsincloseassociationwithplaglOClase，hornblende，  

K－ftldspar，quartZ，epidote，titanite and apatite（Fig．1I．3b）．Epidote occursas anaccessory  

mineralindiorite（uptol．7％）andmonzodiorite（upto8．3％）inthestudiedrocks．Itscrystal  

facesaremi1dly sub－rOunded，Slnglybutgeneraloutlinesareeuhedral・Titaniteisacommon  

accessorymineralindiorite（uptoO．8％）andmonzodiorite（upto2％）instudiedrocks・Common  

euhedral，Wedge－Shapedcrystalsarerelatively坑ne－grained（0．2－0．7mm）andareottenincluded  

inhornblendecrystalsbutthemselvesgenerally什eeofinclusions・  

Mostoftheboreholes丘omdi舵rentdepthlevelsarewhitishincolor（JuandChun，   

2001）．In fact，these rocksare dominantlyaplites，COmPOSedmainlyof重ne－grainedquartz，   

plagioclaseandK－fbldspar．Granitic－pegmatitescomposedmainlyof免Idspars（upto3cm）and   

quartzwithminorbiotite，ePidote，Chlorite，Zirconandapatite・GraniteveincontainsftwgarnetS   

showingnearlyeuhedralcrystalfbrm．Quartzoccursasisolatedgrainsand／oraggregates・Rare  
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quartzintergrowthswithK－ftldsparandplaglOClaseformedmicrographicand／orgranophyric   

textures・K－fbldsparsarebothmicrocline（Fig・1I．3f）andorthoclase，fbrmingthemqjorityof   

phenocrysts・Coarse－grainedsubhedra］orthoclasegrainsarerelativeIyfresh（e．g．sampleP3）．  

Fig．ⅠⅠ．3．（a）  

homblende，Pl：plagioc］ase，Qtz：quartZ，Bt＝biotite，Zm：Zircon，Ep：epidote，SamPlePlO），（C）Largeplagioclase  
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grainandsporadicallysurroundedbyHbl，QtzandBtindicateporphyritictexture（SamPleClO），（d）Fine－grainedBt  

enclosedinsidethePlindicatepoikilitictexture（SamPlePLS2），（e）Myrmekiticintergrowthsortexturesarerarely  

PreSentingraniticrocks，（f）Micl・OClinedisplayscross－hatchtwimingandnon－Perthiticnature，（g）Rareplagioclase  

ZOningpresentinsomedioriticrocks（SamPlePLSl），（h）Fine－grainedmyloniticdioriteshowingparallelalignrnent  

Oflight（Pl，Qtz）anddarkminerals（Hbl，Bt）．  

Oua再三  

Atk石油Feld叩ar  P璽agl∝油＄e  

Fig．II．4．Thesirnpli11edQAPternarydiagramshowsthemodalcompositionorthebasementrocksinBangladesh．  

rrhblelI・1・ModalcompositionsorbasementrocksinBangladesh．  

SampleNo．   Rock name Qtz  PI  Kfls  Hbl  Bt  Ttn  Ep Others   

PLS2  Diorite   

ClO  Diorite   

PLSI  Diorite   

SL3  Qtzdiorite   

PL3   MorlZOdiorite  

VI Monzodiorite   

SL2  Qtz diorite 

PLS12  Qtz diorite 

PLS10  Qtzdiorite   

PL8  Qtzdiorite   

SL4  Qtz diorite 

PLS8 QtzMonzonite   

PL5  Syenite  

C5  Granite   

PLI  Granite  

Cll（2）  Granite  

C9  Granjte  

0．7  44．3  

1．7  41．7  

4．8  48．2  

6．8  56．5  

2．2  60．9  

5．＄  57．6  

17．7  59．2  

13．4  44．6  

7．1  37．1  

12．7  40．1  

10．4  3l．7  

10  18．1  

22．9  0．5  

23．4  12．5   

30  12．4   

30  8．2  

30．2  3  

1．4  52．5  0．5  

l．3  52．8  0．8  

0．6  40．9   4．7  

0．5  26．4   7．7  

6．5  26．4   2．9  

10．1  1g．8  4   

7  10．4   5，4  

10．4  18  9．8  

0  0．2  0．3  

0．8  0．6  0．2  

0．5  0．1  0．2   

0  l．7  0．3   

0  0．7  0．3  

0．1  3．2  0．4   

0  0  0．2  

0．3  3．1  0．3  

0．4  1．9  0．5   

0  0．2  0．3   

2  8．3  1  

0．2  0．2  0．l  

19．9  27．9  

19．8  18．4  

14．8  15．5  

40．1  24．7  

75．8  0．1  

2（i．6  19．4   

53  0．7  

60．9  0  

6l．2  0．1  
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ⅠⅠ．4．Mineralchemistry  

ⅠⅠ．4．1．Analyticalme仙od  

Chemicalanalyses ofmineralsin basement rocks were carried out by electron  

microprobe analyzer（JEOLJXA－8621）at the ChemicalAnalysis Division ofthe Research  

Facility Center fbr Science and Technology，Universlty Of Tsukuba．The analyses were  

Perfbmedunderconditionsof20kVacceleratingvoltageandlOnAsamplecurrent，andthe  

datawereregresseduslnganOXide－ZAFcorrectionprogramsuppliedbyJEOL・  

ⅠⅠ．4．2．Results  

ⅠⅠ．4．2．1．Feldspars  

CompositionofplaglOClaseindiorite，quartZdiorite，mOnZOdiorite，andquartzmonzonite  

variesfromAn21（01igoclase）toAn53（1abradorite）．Thatindioriteshowshigheranorthitecontent  

Of An26＿53 than thatin quartz diorite，mOnZOdiorite，and quartz monzonite（An2ト36）・  

Compositionalzoningisobviousfbrplagioclaseinsomediorites（Fig・II・3g，SamPlePLSl），   

showing anorthite－richcore（An53L40）and albite－richrim（An32－35）・K－fbldsparin diorite and  

monzodioritehasrelativelyconsistentcompositionofOr91－95－Ab4－9・  

II．4．2．2．Calcic－amphibole  

Ca－amPhibolein the examined samples has awide compositionalvariationin XMg＝  

18   



Mg／（Fe＋Mg）＝（0．50功．66），（Na＋K）＾（0．22」）．62pfu），Si（6．35」；．71pfh），andFe3’／（Fe2＋＋   

Fe3十）＝0・10→）・45・Most ofthem are compositionally magnesiohornblende based onthe  

Classincation ofLeake et al．（1997），While some pargasite，magneSiohastingsite，edeniteand  

tschermakitearealsopresent．Althoughcompositionsofamphibolesindiorite，quartZdiorite，  

andmonzodioritearegenerallyindistinguishable，rareCOarSe－grainedamphiboleindioriteshows  

SlightlyhigherXMg（0・52－0・66）thanthoseinquartzdioriteandmonzodioriteXMg（0・50J）・63）・  

Slight compositionalzonlngCan be seen fbrcoarse－grainedamphibolein dioriteintermsof   

（Na＋K）＾：thevalueincreasesslightly什omcore（0．45－0．48p叫torirn（0．52－0．54p凡l）．However，  

in temlS OfXMg，thecoreand rirn valuedonot showanyremarkablevariation・Amphibole   

compositionalsovariesdependingonco－eXistingminerals，Withbiotiteshowslower（Na＋K）A  

Value（0．52－0．55pfh）thanthatassociatedwithplagioclase（0．55欄・58pfu）indioritesample  

（P28），  

ⅠⅠ．4．ヱ．3，Biotite  

Biotitein diorite and monzodiorite has almost consistent composition．Its  

FeO＊／（FeO＊＋MgO）ratiovariesonlys）ight】y什omO・49toO・62（Tbb］eIl・2）・TiO2COntentisalso   

nearlyconsistent，havingtherangeinquartzdiorite（2・ト2・6％），isslightlyhigherthanthatin   

diorite（l．6－2．5％）andmonzodiorite（l．8％）．TheTicontentgenerallyincreaseswithdecreasing  

Xヽtぎ・  
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TableII．2．Chemicalcompositionofselectedbiotites斤ombasementrocksinBangladesh．  

SampleNam品L3．1SL3．2SL3．3PLSl．1PLSl．2SLl．1SLl．2PLS3．1PLS3．2PLS12．1PLS12．2PLS12．3P28．1P2＄．2 P28．＝  

35．72 36．0】  

15．42】5．1；  

1．76 2．41  

0．03 0．04  

17．2017．鋸  

0．19 0．35  

12．161l．45  

0．11 0．01  

0．07 0．12  

臥91 9．62  

0．08 0．07  

Siq 36．403（i．7136．85 36．84 3（i．92 36．5137．31  

Aちq15．3215．2015．15i4．7514．7714．8415．32  

TiQ 2．10 2．05 2．57 2．51 2．501．59l．64  

Cちq O．05 0．00 0．11 0，03 0．00 0．05 0．05  

FeO＊17．2016．9817．0317．3317．8416．6（i16．80  

MnO O．25 0．26 0．27 0．23 0．23 0．33 0．32  

MgO12．8412．9512．9212．8312，9613．0813．48  

CaO O．00 0．00 0．02 0．00 0．00 0．O1 0．OI  

N鞄0 0．07 0．06 0．02 0．04 0．09 0．03 0．08  

晦0 9．69 9．55 9．45 9．72 9．85 9．50 9．46  

ZnO O．08 0．02 0．11 0．06 0．02 0．06 0．08  

1’ola193．9893．7894．50 94．32 95．19 92．65 94．54  

FeO＊＋Mg（30．0429．9329．95 30．15 30．80 29．73 30．28  

FeO＊／（FeO＊十MgO凱57 0．57 0．57 0．57 0．58 0．56 0．55  

36．59 32．3935．61  

15．32 Ⅰ3．32】5．02  

l．77 l．291．93  

0．04  0．Ol仇04  

1（i．10 10．9218．40  

0．29  0．15 0，27  

12．68 11．5411．28  

0．01 0．14 仇04  

0．10  0．110．14  

9．23  6．46 9．69  

0．00  0．03 0．03  

36．44 35．72 36．74  

14．7515．65 15．09  

2．18 l．74 1．79  

0．06 0．03  0．00  

17．9718．28 16．41  

0．28 0．25  0．25  

12．5613．97 12．94  

0．03 0．06  0．06  

0．12 0．05  0．09  

9．28 7．75  り．46  

0．04 0．0る  0．05  

93．7193．57 92．87 92．11 76．3692．43 り1．65 り3．0て  

30．53 32．25 29．34 28．78 22．4529．68 29．3（i29．33  

0．59 0．57  0．5（i O．5（i O．49 0．62 0．59 0．61  

III．4．2．4．Otherminerals  

Compositionofepidoteindioriteandquartzdioriteisalmostconsistentandclosetothe   

chemicalfbrmulaCa2Fe3＋A12Si3012（OH）．ItisremarkablylowCr203（＜0．1％）．Nocompositional  

ZOnlnghasbeenidentinedwithinslngegrain．ThesemineralsoccasionallyshowoptlCalzonlng  

Pattern・  

ChemicalcompositionoftitaniteisclosetotheidealformulaofCaTiSiO5，yetitcontains  

rareFe2030fO．9－1．2％．  
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II・5・Whole－rOCkgeochemistry  

ⅠⅠ・5．1．Methodology  

Nine（9）representative samplesofbasementrockscollected斤omdi舵rentlevelsand  

COreS，havebeenanalyzedfbrwhole－rOCkgeochemicalanalysesofmqor，traCe，andrareearth  

elements・Samplinghasbeendonecarefu11yfrom di能rentlevelsandcoresamplessoasto  

mltlgatethepossibleefftctsofweathering．Thinsectionsweremadefbra11theanalyzedsamples  

andweconfirmedsecondarymineralsarerareintherocks．Theanalyseswereobtained伽）mthe  

methodsoffusionICP／MSattheActivationLaboratoriesLtd．（Actlabs），Canadaaspresentedin  

TableII．3．  

ⅠⅠ．5．2．Results  

ⅠⅠ．5．2．1．Majorelements  

The basement rocksin Bangladesh have alarge variation ofSiO2（50・7－74・7wt％）  

COntentS（rrableII．3）．Thetotalironcontentsare6．3－10．1wt％indioriticrocksandaroundl  

Wt％in granite whereas the content ranges斤om4・O to11・O wt％in previous study ofthe   

basementrocks（Zamanetal．，2002）．Thetotaliron contentsin dioriticrocksareveryhigh  

comparetoBastargranitoids（1．6A．2wt％），butBundelkhandgranitoids（2・ト11・Owt％）and   

Maladkhandgranitoids（7．0岬15．2wt％），India，Showconsistentresults（Hussainetal・，2004；   

KumarandRino，2006）．Na20andK20contentsofdioriterangeof3．0司．Owt％andl・6－2・1  

2l   



Wt％，Whereasthoseofgranitesare2．6T3．Owt％and5．5－6．2wt％，reSPeCtively．Theresultsare  

nearly consistent with those ofdiorite（Na20＝2．7－1．3wt％，K20＝1．5－5．7wt％）and granite  

押a20＝3・3－4・4wt％，K20＝2．0」l．8wt％）ofpreviousstudies（Zamanetal．，2002；Kabiretal・，  

2001）・Mostoftherocksanalyzedinthisstudyarernetaluminous，Onlyagranite（e．g．，SamPle  

PL5）showingperaluminousinnature（Fig．rI．6）withmolarA／CNKvaluesrangingfromO・76to  

1．02．  

22   



’TbblelI・3・M函randtraccelementabundanccsof、selcctcdsamples什ombaseTnentrOCksinBangladesh．  
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ThechemicalnomenclatureofsamplesbasedontotalalkaliversusSiO2（TAS）shows  

thatthesamplesarediorite，granite／alkaligraniteandgabbro（Coxetal．，1979，Wilson，1989）  

（Fig・lI・5a），Whereastheyareclassinedasdiorite，granite，gabbroicdiorite，mOnZOdioriteand   

monzogabbro based on the class捕cation of Middlemost（1997）（Fig．ⅠⅠ．5b）．These   

Class捕cationsareconsistentwiththeresultsofmodeclassincationexceptonesampleclassified  

asgabbro，althoughtexturallyitissimi1artootherdiorites，COnSistsdominantlyofplaglOClase，  

hornblendeandbiotite．Ofthedi舵rentrocktypes，dioritesaretheleastsiliceous（～50wt．％），  

Withmonzodioriteshowingintermediatesilicacontents（…55－60wt％），andgraniteshowingthe  

highestsilicacontent（～75wt％）．  

A11themqiorelements ofthe basementrocksonsilicavariationdiagram（Fig．1Ⅰ．9）  

exhibit decreaslng A1203，FeO＊，MgO，CaO，MnO and P205COntentSwithincreaslng SiO2，  

WhereasK20broadlyincreases．ThereisnocleartrendinNa20．Silicavariationsshowclear  

COmPOSitionalgapbetween61to70wt％SiO2COntentS．Diorite，quartZdiorite，mOnZOdiorite  

andmonzonitearerelativelyma坑candhavelowmolarAl203／（CaO＋Na20＋K20）（A／CNK＜1，  

（0．68－0．91）metaluminous）andmolarFeO＊／（FeO＊＋MgO）（0．4ト0．52）relativelyconsistentto  

the ma石c pluton．On the other hand，granites show A／CNK（0・94－l・02）＞1，indicating  

Peraluminous nature・Dioritic rocks arecharacterized bylow values ofthe molar ratio of  

K20／Na20（＜1）andingeneraltheconstituentplutonhashigheralkalicontent（Na20＋K20）and  

becomesmorepotassicasafunctionofincreasingSiO2・OntheplotPa20＋K20）versusSiO2，  

the pluton plotswithinsubalkaline貞eld，Whiletheyareplottedincalc－alkaline重eldwithin  
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FeO＊／MgOversusSiO2diagram（Fig．II．7b）．ThisisconsistentwithaPeacock（Alka］i－Lime）   

index of about5＄，Whichindicates generalIy calc－alkaline trend，if plotted（K20＋Na20）  

一FeO＊－MgO（AFM）diagram（Fig．II．7a）．  
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Fig．1I．5．（a）ThechemicalclassificationmdnomenclatureofbasementrocksinBangladeshusingthetotalalkalis  

versussjlica（rTAS）diagramofCoxetal．（1979）adaptedbyWIson（1989）forplutonicrocks（thecurvedsolidline  

subdividesthealkalic斤omsubalkalicrocks），（b）TASdiagramaRerMiddlemost（1997），（SymboIs：bluetriangle，  

presentstudy，redcircle，previousstudies（Ameenetal・，1998；Zamanetal・，2001，2002；Kabiretal・，2001）・  

Frostetal．（2001）proposedathree－tieredschemethatusesfamiliarchemicalparameters，   

manyofwhichappearinothergeochemicalclassincationschemesforgranitoids（Petroetal・，  
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1979；ManiarandPiccoli，1989；Barbarin，1990，1999）・Theseare（1）Fe＃＝FeO／（FeO＋MgO）or  

Fe＊＝FeO＊／（FeO＊＋MgO），（2）themodifiedalkalilimeindex（MALI）＝Na20＋K20－CaOand（3）   

thealuminumsaturationindex（ASr）＝Al／（Ca－1．67P＋Na＋K）（Shand，1943）．ThevariableFe＊  

orFe－numbershowsthemagnesiannatureoftheanalyzedbasementrocks（Fig・TT・8a）・SiO2   

versusMALlofbasementrocksshowsthattheMALIincreaseswithincreasingSiO2．Mostof  

theanalyzedsamplesshowcalc－alkalic（78％）and／oralkali－Calcic（22％）characters（Fig・II・8b）・   

ASIvaluesofbasementrocksranges丘omO・9toO・7，indicatingmetaluminousnature，Onlya  

granitesample（PL5）showingtheperaluminousnature（ASl＝1・02）・  

0・5  l・5  

1〟CNK   

Fig．II．6．A／CNKversusA朋KShandindexdiagram（ManiarandPiccolli，1989）ofbasemeTltrOCksinBangladesh・  
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Fig・II・7・（a）Diagramfor Pa20＋K20）－FeO■－MgO（AFM），（b）FeO／MgO＊vs SiO2diagramwiththe  

tholeiitic－Calc－alkaline dividingline．Diagramsillustrate the generalcaIc－alkaJinetrend ofthe basement rocks  

（SymboIs：bluetriangIe，PreSentStudy，redcircle，preViousstudies（Ameenetal．，1998；Zamanetal．，2001，2002；  

Kabiretal．，2001）．  
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Kabiretal．，2001）．  
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II．5．2．2．Traceelements  

Traceelementsabundancesgeneral1ydonotvarysystematical1ywithincreaslngSiO2in  

theanalyzedbasementrocks．Asawhole，thosearescatteredornon－SyStematicabundanceswith  

increasing SiO2．Althoughmosttraceelementsonsilicavariationdiagrams（Fig・II．10）show  

negativecorrelationwithSiO2（e．g．，Nb，Y，andZr），RbandBashowpositivetrend．TheK／Rb  

Valuesoftherocksrangefrom294to674，thereisnosystematicvariationinK／RbwithSiO2，  

broadlycomparabletocalc－alkalinesuiteselsewhere（e．g．，Bertrandetal．，1984）．Thevaluesfbr  

Zr／Hf（25．5－80．8），Rb／Sr（＜1），Rb／Zr（0．4－2．3）andNbrIb（3．2－14．9）ofthebasementrocksare  

withinthe rangeofplutonicrocksfbundincontinentalmagmaticarc（afterAyusoandArth，  

1992）．These values areinconsistent with a simple origin fbr the pluton ftom melting a  

homogeneoussourceregion．Sr／Yratioisveryhigh．Somediorites（SamplesSLl，C8andPL9）  

recordahighCrcontent（upto180ppm）．C11Ni，Zn，Scabundancesgenerallydecreasewith  

SiO2（rrbbleII．3）．YbNValuerangesare6．0－8．8indiorite，andO．9－1．3ingranite．Diorite（Sample  

PL9）hasthelowestRbcontent（50pprn），Whilegranite（SamplePL5）showsthehighest（106  

Ppm）content・  
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Fjg・1Ⅰ・10・Si】icavariationdiagramsforrepresentatjvetraceeJements（ppm）ofthebasementr∝ksinBangIadesh．  

Ⅲ・5・2・3・REEandm山ti－elementalpaIler血S  

Chondrite－nOrmalizedrareearthelement（REE）pattems（afterTaylorand McLennan，  

1985）forthebasementrocksinBangladeshshowsignincantlightREE（LREE）emichmentand  

nat heavy REE（HREE）trend（Fig．ⅠⅠ．11）．Most ofthe REE concentrations decreasewith  

increasingSiO2COntentS・Ingeneral，dioriticrocksshowhigherREEcontentthangranitesand  

ShownearlyneutralEuanomaly．Italsoshowsagradualdecrease丘omLatoLuwith（La／Yb）N  

OflO・6・16・5，Eumu＊ofO・8－1・OandnegativeEuanomalyisabsentorverysmall．Therockswith  

thelowestconcentrationpatternREEingranites（samplesPLS3andPL5）showapositiveEu  

anomaly，Whichmaybeindicativeoffbldsparaccumulationandalsoshowstrongly舟actionation  
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OfLREEoverHREEwith（La〝b）NOf24．4－35．8，andEumu＊ofl．9～2．2．MREEpattemsare  

diminutivelykinked・Theestimatedresidualassemblageintheexaminedrocksisdominatedby   

PlagIOClase and hornblende andincludes trace amounts ofzircon，titanite andapatite・The   

StrOngly舟actionatedREEpatternSandageneraltrendofdecreaslngheavyREE，CaO，YandCo   

withincreasing SiO2is consistentwith removalofhornblende by crystallization（Arth and  

Barker，1976）・Avolumetricallyminorgraniterepresentingthemostsilicicrockinthepluton   

di穐rs什omthebulkoftheintrusivebecauseitsREEabundancesarealllower、thoLlghheavy  

REEshowalmostflat（Fig．1I．11）．  
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Fig・ⅠⅠ・11・RareeartheIementabundancesorthebasementrocksinBangladesh，nOrmalizedtochondritevalues  

（【ねylorandMcLennan，】985）．  

Theprimordialmantlenormalizedmulti－elementalpatternS（a触rTaylorandMcLennan、  

1985）oftheanalyzedbasementrocksshowrnarkedenrichmentinboththeLILEandHFSEin  

diorite，but granites（Samples PLS3and PL5）show highenrichment ofLILE and alesser  
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abundanCeOfHFSE・Ontheotherhand，Ba，K，Sr，SmandTishowstrongpositiveanomalies  

andTh，NbandTbshowstrongnegativeanOmalies（Fig．II．12）．Theanalyzedrocksalsoshow  

increaslng Of Th and Ta withincreaslng SiO2，Whichis consistent with the genera11y  

incompatiblenatureoftheHFSEandThintheserocks．However，Zr，HfandNbconsistentwith  

SiO2uptO61％，theyaredecreasedsignincantlyingraniticcomposition．  
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Fig・lI・12・MORB（Sun and McDonough，1989）normalized trace element plotfor the basement r∝ksin  

Bangladesh．  

ⅠⅠ．‘．Discussio皿S  

II．6．1．ImplicatioJ10fgeochcmicald孔ta  

GeochemicalclassiBcationschemesoftheanalyzedbasementrocksindicatethattheyare  

mostly qalc－alkalic，Subalkaline，metaluminous and consistent with a Peacockindex（58）．  

Å1thoughitisknownthatcalc－alkalinesuitesconsistofrocksthathaveawiderangeofchemical  

ftaturesproducedbymlXlngOfmagmas斤omdi飴rentreservoirs，舟actionalcrystal1ization，and  
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CruStalassimilation，amOngOthers，the relative e飽ctofeach process onindividualsuites of  

rocksis often di用cultto assess（e．g／Tbylor1980；Barker1981；DePaolo1981；Gil11981）．  

Generally calc－alkalinerocksbearthecharacteristicofmagmaticarcs．Metaluminousrockis  

relatedtoboththemagmasourcesandtheconditionsofmelting（Frostetal．，2001）．Incontrast，  

the ASIofa granitic rockis mostly afunction ofthe source ofrnagma，withperaluminous  

magmasfbrmed什omhydrousmeltingofmancrocks（EllisandThompson，1986）ormeltingof  

Peliticorsemipeliticrocks（HoltzandJohannes，1991）．TheASItakesintoaccountthepresence  

Of－apatite，SO that rocks that have ASl＞1・O are corundurn－nOrmative and are termed  

Peraluminous（Zen，1988）．Forslightlyperaluminousrocksofthisphasemaybee抒tctofbiotite，  

Orfbrming丘om a sedimentary source（Chappelland White，1974），OreVen bywater－eXCeSS   

meltingofmancrocks（EllisandThompson，1986）．Metaluminousrockscontaincalc－alkalic  

phases such as homblende but lack either muscovite or sodic ferromagnesian phases. The 

distributionofthestudied samplesallowsdistinguishing meta－igneous andmeta－Sedimentary  

rocksofintermediatetofも1siccomposition；itindicatesthata11samplesofthisstudyderived  

fromigneousprotoliths（Werner，1987）・Thepredominantlymetaluminouschemistry，WithNa20   

prevailingoverK20（Janouseketal．，2004；Sokoletal．，2000），COrreSpOndswiththatoftypical  

トⅣpegr弧itoids．  

Composition of plaglOClasein diorite，quartZ diorite，mOnZOdiorite，and quartz   

monzonitevaries什omoligoclase（An21）tolabradorite（An53）・Accordingly，thehighMg，Cr，Ni  

dioriticrockshaveawhole－rOCkchemicalcompositiontypicalofacumulateofma蔦cmineraIs  
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（amphibole and biotite）and records ofepisode orearly resorption ofanorthite richcoreof  

Plagioclase（PietranikandWeight，2008）・ltisalsopossiblethatbiotiteandamphibolefbrmedby   

reaction betweenanhydrousma椚cmineralsandwaterィichmelt・Suchresorptioncouldbean  

e飴ct ofmagma mlXlng Or・altemative］ylpartialmelting ofma貞clower crustinduced by   

intrusionorhydrousbasalticmagma（Annenetal．、2006）．TheproductionofasmallamOuntOf  

dioriticmagmasbypartialmeItingorIowercrtlStWithabasalticcompositionisaIsopossible  

（Annenetal・，2006）・Theporphyritictexture，OCCaSionalexisting，rePreSentSanearlygrowthof  

1arge柁1dsparcrystalsduringslightcoolingormagmafb1lowedbyfinegrainsresulting舟om  

morerapidcoolingduetoemplacementatsha1lowlevels（Best、1982）．Thelateststageevent  

duringexhumation，OCCaSionallyobserveddefbrmationissupportedbythewavyextinctionand  

recrystallization of quartz，kinked biotite，and joints，Which arelikely responses to  

POSトemplacementregionalstressesonbasementrocks（Hossainetal・，2008b）・  

Biotitehasapotentia）torenectboththenatureandthephysicalconditionsofmagmas  

伽）m Whichit fbmed（AbdeトRahman、1994）．The chemicalcomposition ofbiotite minerals  

represents three di拝むent magmatic rocks（anorogenic extensionaトrelated alkaline rocks，   

calc－alkalineトtypeOrOgenicsuites、andperaluminousincludingS－typerOCks）・Theanalyzed   

biotiteindioriteandquartzmonzodioriteinbasementrocksshowstheFeO＊／MgOratiobetween   

l．25Ml．63（averagel．36）．Naturallyinthe払ctthattheaverageFeO＊／MgOratioofbiotites   

doubles 丘om calc－alkaline（l．7軋 to peraluminous（3．48）to alkaline suites（7・04）   

（ÅbdeトRahmarl。199恥Accordingtocomparisonofbiotitediscriminationandtheexamined  
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basementrocksinBangladeshalsoshowtheneldofmostlysubduction－relatedsuitesincluding   

トtypeorogenicsuite（Abdel－Rahman，1994）・TheFeO＊／MgOratioofbiotitesinMalanjkhand   

microgranularenclavesandMaladkhandgranitoidsisnearlyconsistentasl．49to2．20andl．43  

tol．90，reSPeCtively（Kumarand Rino，2006）・In calc－alkaIinemagmatic rocks，thelack of  

biotite alteration（to chlorite）and a n・eSh appearance ofplagioclase mostly excludes alater  

retrograde greenschist－fhcies overprint and therefbre makesit unlikely that epidote fbrmed  

throughasubsolidusreaction（SchmidtandThompson、1996）・  

M往ion traceand REEabundancesand patternsa恥ctedtheevolutionofthebasement  

rocksofBangladesh．Allthemqorelementsmayindicatethepresenceofsornesortofchemical  

heterogeneity（Sub－grOuPS）withinlargerchemicalgroupings・Comparableresultsareobservedat  

Malanjkhand，BastarandBundelkhandgranitoids（KumarandRino，2006；Hussainetal・，2004）・  

The chemicalcompositionaJvariationsofbasementrocksareusedtodeterminetheminera）  

phasesthatcontrolthetwo steps・Asfbrexample，thedecreasein FeO＊，MgO，MnOwith  

di飴rentiationindicatescrystallizationofbiotiteand／orhomblende，WhilethedecreaseinCaO   

andAI203Showscrystallizationofplag10CIaseand／orhornblende・ThedecreaseofTiO2indicates   

theinvoIvementoftitaniteaswellasbiotiteandノorhomblende．TheK20behaviorindicatesthe  

invoIvementofK－ftldsparsintheevolution（Vbskovicetal．，2004）（Fig・Il・9）・Theobserved   

m卑iorandtraceelementplots（Fig．Il．9andFig．‡Ⅰ．10）arealsoinagreementwithgeneraltrends   

fbr触ctionalcrysta11ization・The rocks are related to each other by a process ofcrystal   

触ctionation，generalm句Orelementtrendsasliquidlinesofdescent・ThegeneraIdecreaseofthe  
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Zr、P205，TiO2andVcontentsandthecomplexbehavioroftheimmobiletraceelementswith  

di穐rentiationwerelikelyduetocrystallization／removalofaccessoryminerals，SuChasapatite   

andzircon什omthemelt．NegativecorrelationbetweenYandSiO20bservedfbranalyzedrocks  

（Fig．1Ⅰ．10）maybeduetotheearlycrystallizationofCa－richaccessoryphasessuchasapatite  

and titanite，Whichis consistent with the observed depletionin P205Withincreaslng SiO2  

（Kumar and Rino，2006），Fractionation ofplagioctase，in additionto homblende，may have  

COntributedtoatrendofincreaslngBaandRbabundances什omdioritetogranite．Rb／Srratios  

areIow（＜l）andthereisnosystematicvariationinK／Rb（187－527）withSiO2COntentS，broadly  

COmparabletocalc－alkalinesuiteselsewhere（e・g”Bertrendetal・，1984）．PlagioclasecontainsSr  

（and Eu）andanymeltproducedintheabsenceofresidualplagioclasewillbeenrichedinSr  

COntentS．  

TheREEpatternremains丘actionatedindioritebutshowagradualdecrease・TheREE  

ingranitesmaybeindicativeofftldsparaccumulationandalsoshowstrongIy斤actionatedof  

lightREEoverheavyREE・TheREEpatternsofdioriticrocksaresmooth，inclinedandparallel，   

indicatlngSimilarsourceofbasementrocks・TheREEpatternsoftheBundelkhandandBastar  

granitoidsshow吊attrendswithstrongtoins】gn浦cantEuanomalies・  

Themulti－elementalspidergramofthebasementrocksshowmarkedenrichmentinboth   

LILEandHFSEindioritebutgranitesshowhighemichmentofLILEandalesserabundanceof   

HFSE．SimilarpatternswereobservedinthegranitoidsofBundelkhandandBastar（Hussainet   

al．，2004）．Suchmulti－elementalpatternsaretypicalofsubductionzonemagmatism（Peacock，  
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1990；Saundersetal・，1991；Hawkesworth，1994）・ThelowcontentsofHf（1．l－3．6ppm）andZr  

（47－147ppm）relate with the patternS Ofsyn－and post－COllisiongranites（Kumarand Rino，  

2006）・NegativeNbanomaliesarecharacteristicofthecontinentalcrustandmaybeanindicator  

OfcruStalinvoIvementinmagmaprocesses（Rollinson，1993）．  

The signaturesofsubductionzonemagmatism werefurtherdisclosedinthetectonic  

discriminationdiagramsespeciallyintheRbvs．（Y＋Nb）ofPearceetal．（1984）．Allofthe  

SamplesoftheanalyzedbasementrocksplotwithinthevoIcanicarcgraniteneld（Fig．Il．13）．ln  

addition，theirhigh Z〟Yratios（5・8「21・4）（Pearce，1983）aswellastheirTh〝b（0．9－18．7）  

VerSuSWYb（0・3－3・l）ratios，anddiagramsTⅣYbvs・rrm（Fig．II．14a）andTh瓜vs．Yb（Fig．  

II■14b）arecompatiblewiththegeochemistryofrocksformedinacontinental－marginsettingor  

inamatureislandarc（Gortonand Schandl，2000）・TheArchaeangneissesandProterozoic  

granitoids舟omBundelkhandandBastarshowsimilarresults（e．g，Hussainetal．，2004）．  

10  100  
（Y＋Nb）（PPm）  

Fig・lT・13・Rb＜Y＋Nb）discriminant diagram fbr the basement rocksin Bangladesh（Abbr．，Syn－COLG：  

Syn・COllisiongranite，VÅG：VOIcanicarcgranite，WPG：withinplategranite，ORG：OCe弧ridgegranite）．  
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Fig．II．14，Geodynamicscttingoftheca．l．73GamagmaticsuiteinBangladesh，（a）Th／Ybvs．Th／Yband（b）Tm  

VS．YbdiagramsofGortonandSchandl（2000）．（Abr，，ACM：aetivecontinentalmarginsandmatureislandares，  

WPVZ：within－pJatevoJcaniczones，WPB：within－P如etnsal1s，MORB：mid－Oeeanicrjdgebasalts）．  

ⅠⅠ．后．2．M昭maSOurCe  

BasementrocksinBangladesharemostlikelyrockstorepresentmantle－derived．The  

maficmagmaisultimate）yofmantleorlgln，WhichmayinteractwithcruStallyderivedgranlte  

meltstQfbrmhybridcalc－alkalinerocks（Atherton，1993），PrOducingverylaTgebodiesofgranite  

（Castroetal．，1990）．Theappreciationoftheinteractionbetweencontemporaneousma抗cand  

fblsicmagmacanalsobeviewedastheprlmerOleofma坑cmagmageneratingheatenergy，1．e．，  
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mancmagmaunderplating（HuppertandSparks，1988）andvolatilesupply（Whitney，1988）to   

cruStal－derivedmelts・ThegeneralviewofmagmatisminorogenicsettingsinvoIvesintrusionof   

mantle－derivedmagmasintothelowercrust，remeltingofthelowercruSt（underplatedrnaterial  

and pre－eXistingoldercruSt）to produce dioritic to granitic magmas，and evolution ofboth  

mantle－andcrustaトderivedmagmasby丘actionalcrystallizationand／ormagma－CruStinteraction  

（e．g．．Annenetal．，2006；Kempetal．、2007）・  

Neitherpluton，however，hasma爪crockswithprimitivecompositions（AyusoandArth，  

1992）．Ⅵllues of elementalratios characteristic of the basement rocks，lbr exarnpIe，  

Ce／Pb＝0．5一句．0，Nb／U＝1．4－1l．3，Rb／Cs＝16－65（abnormalvalue133in sample PL5），  

Barrh＝284A563，Larrh＝1．ト9．1（abnormalvalue25．4insamplePL9），donotmatchthoseof  

N－typeMORB（Cen）b＝25，Nb／U＝50，Rb／Cs＝80，Barrh＝47，Larrh＝21），OrOCeanislandbasalts  

（Ce／Pb＝15－3l，Nb／U＝40－13，Rb／Cs＝70－90，Banb＝130，Larrh＝9）（Ho触ann，1988；Sunand  

McDough，1989）．However，the basement rocks approximate or overlap the range ofsome  

relevantratioscharacteristicoforogenicandesites（Ce／Pb＝2．2」l胤Nb／U＝1．ト6．7，Rb／Cs＝～25、  

Barrh＞450，Larrh＝2－7；Gill，1981）．ThewiderarlgeandespeciallythehighvaluesfbrLaNb  

ratio（16－53）intheplutonresemblethefractionatedREEpatternsfbundinandesites丘omthick  

COntinentalmargins（Thorpeetal．，1979；Bailey，1981）．TheRb／SrratiovariesO・06toO．14．The  

COrreSpOndingK／Rbratiosofanalyzedbasementrocksusuallyvary舟om187to527；thisrange  

istypicalofgranitoid（Bertrandetal．，1984）．Basementrockscarlbeeliminatedaslowercrustal  

COmPOnentS because they are allrelatively depletedin7も（0・4－l・O ppm）compared t（）the  
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batholith（highvalues of（Hf＋Th）／Th＝9．6～25・6）so that mixing ofa mantle－derived magma  

（AyusoandArth，1992）．TherelativelycoherentcorrelationbetweenSrandRbabundancesis  

readilyinterpretablein term offractionalcrystallization modeland calculated mineral  

assernblage（Pl，46％andHbl，54％）andcompositionsaresummarizedinrTbblelI．4・  

TheassemblagewasestimatedassumlngaStartingmagmacompositionrepresentedby  

the舟eshest，leastevoIved rockinthe pluton，and uslngthe Rayleigh丘actionationorcrystal   

surface－equilibriummodelCL／C。＝F（D‾1）（Hanson，1978），WhereCL＝COnCentrationofagiven  

elementsinresidualmelt，C。＝COnCentrationofelementintheorlglnalmelt，F＝斤actionofmelt  

remaining，andD＝bulkdistributioncoe餌cientsarefromthecompilationsofArth（1976）and  

Fttjimakietal．（1984）．  

FractionationmodelsindicatethatthevariationinRband Srabundancescouldwellbe  

explainedbythepredominanceofpIagioclaseintheresidueduringtheevolutionofdiorite（46％  

Ofthe assemblage）but this estimate are only approximate．Fractionation ofplagioclase，in  

additiontohornblende，mayalsohavecontributedtoatrendofincreaslngBaandRbabundances  

丘om dioriteto quartz monzonite．The processes ofthe evolution ofthe basement rocks are  

di餌cult to establish，though remarkably trace element variations plotted on  

COmpatible－incompatible elements diagrams are used to assess the relativeimportance of  

fractionalcrystallizationandpartialmelting（e．g．，McCarthyand Hasty，1976；Hanson，1978；  

Cocherie，1986）．Applications ofmathematicalapproaches fbrgeologicalvariables stillhave  

uncertainty・As fbrexamPle，the exact parentalmagma compositionis generally difncultto  
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establish，andidentincation ofthe residualmineralassemb］ageis oftenimperfbctly known．  

Moreover，aPPrOPrlate Partition coefncientsas afunctionofmagmaevolution o触nare not  

available and the餌Irange of compositions of possible contaminants as depthis rarely  

determined．We simplyillustrate possible Rayleigh ftactionation assemblage ofhypothetical  

ma吊cparentalmagmaandselectedassimilationpathasameanstoexplainatIeastsorneofthe  

trace element variations．Accordingly、itis nrst necessary to establish the composition and  

a用nitiesofthemancrocksofthepluton．Thebulko▲rtheevidencepresentedherealsoindicates  

thataIthough什actionalcrystaIlizationwasanimportantmechanismcontroIlingtheevolutionof  

thepluton，aSimple什actionationmodelcannotexplainmanyoftheincompatibletraceelement  

Variations．Forexample、Cs．Pb，1ightREEetc．、andhighandvariableratiosofRb／Cs（2T53），  

Thrrh（ト司．4），Th／Yb（34」19），allsuggestextensivecontributionsofcrustalcomponents，either  

as crustalmelts or assimilates．Modelparameters assumed a parent magma（SamPle PL9）  

COntalnlng Rb＝50ppm，Th＝l．45ppm，Tb＝0．37ppm and Co＝l14ppm and sample C2  

COnSideredarepresentativecontaminant，ShowsSiO2＝58％、Rb＝64ppm，Th＝5．59ppm  

0．59ppmandCo＝100ppm．Estimatesoftheratiosofmassassimi1atedtomass什actionatedare  

generally＜0．5andthebulkofthevariationsisexplainedbyreasonableextentsorcrysta11ization  

（＜80％）；reSults fbra］ower ratio ofmass assimilated to mass fhctionated，R＝0．3，arealso  

ShowninlbbleII．5．  
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ThbleIl．4．Fractionalcrysta11izationmodelsfbrbasementrocks．  

Fractionalc  ,stallization 

Parent   

Elements  D  PL9   FC20   FC40   FC60   FC80   

Rb  O．2   

Sr  l．03   

Ba  O．34  

Kヱ0  0．63   

Ce  O．53   

Nd  O．81   

Eu  l．38   

Yb  O．97   

Lu  O．92   

Y  O．6  

r【’iOユ  0．89   

Zr  O．31   

トIr  O．31   

Nb  O、47   

′m  O．3   

II O．06  

（’u  l．17   

50  bO  75   

812  き蔓07  81）0  

1047  1213  1466  

2．08  2．2（i  2．51   

76．4  85  97  

34．5  3（i  38．1  

l．97  1．81  l．62  

Ⅰ．5b  l．57  l．59  

0．231  0．235  0．24  

18．1  19，8  22．2  

0．913   0．935   t）．964   

79  り2  112   

之．1  2．4  3   

5．1  5．7  （）．7  

l．45  1．7  2．1   

0．45  0．55  0．73  

114  110  105  

104  柑2   

7り0  774  

1915  3024  

2．92  3．76  

1柑  l（i4  

41．2  47．2  

1．39  1．07  

l．61  1．64  

0．248   0．263  

26．2  34．6  

l．004   l．008  

148  239   

3．り  6．3   

8．3  1l．り   

2，8  4．5  

l．n6  ユ   

98  87  

恥blelT．5．Assimilation一汁actionalcrystallizationmodelsfbrbasementrocks．  

Assimilation一打actional（：  stall ization Assimi18tion一打actionalc  stall血iom  

P乱rent Contaminanl  
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0．34  1047  779  1253  155（i  2066  

0．63   2．08   l．92   2．31  2．ら1  3．1  

0．53   7（i．4   73，1  88  104  128  

0．85   34．5   31．7   36．4   3臥8   4l．9  

1．3壬i  l．り7   l．66   l．73   1．4り   1．24  

0．97   1．56   l．53   1．57  1．59  1．6  

0．92  0．231  0．226  0．236  0．242   0．25  

0．6  18．1   17．8   20．4   23．6   2臥2  

0．89  0．913  0．7（）9  0．924  0．938  0．955  

0．31  79  147  104  142  206  

仇3I  2．1  3．6  2．7  3．7  5．3  

0．47  5，1  6，1  6．1  7．5  9．7  

軋3  】．45   5．59   2．22   3．37   5．35  

0．06   軋45   l．43  0．7  l．12  l．91  
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TheHトTh⊥職diagramfurtherillustratesvariationsinincompatibleelementcontentsin  

thepluton（Fig．1Ⅰ．15）．TherelativelydecreasingcontentofHfcomparedtoThand7もisbest   

attributed tothe cornbined e舵cts of什actionation ofamantle－derived magmacoupledwith  

progressivemagmamlXlngandcontaminationwithheterogenouslowercrusttoproducetheleast  
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evoIvedpluton．  

Tax5  

Fig・II・15・PlotofHf－Thx5－Th・Diagranli11ustratesthemaintrend録om diodtictograniticr∝ksinthe  

Maddhapara，Bangladesh・ThecompositionsofN－typeMORB（SunandMcDonough，1989），aVeragelowerand  

upperCruSt（1如lorandMcLeTman，1985）andpotentiallowercruStalcompnentsareshownforcomparison（Ayuso  

andArth，1992）・Mixingtrendsbtweenmantle－derivedmagmaandaveragelowercruStarethoughttohaveinitiated  

theevo）ution・Themaintrendrenectsthee飴ctsoffhctionalcTyStallization，mlXJngwithTh－enrjchedcrustalmelts，  

andassimilation．  

FractionalcrystallizationestimateshavenotindicatedanimportantrOleforgarnetinthe   

residueofthepluton，areSultinagreementwithitsevolutioninthemid－COntinentalcrust，Simi1ar  

resultsreportedourhornblendethermobarometricdata（Hossainetal．，2008b）．Duringmagmatic   

di飴rentiation by crysta】＆actionation，fiom originallylow－VOlatile silicate melts（yielding   

normalplutonic rocks），through hydrous silicate melts（yielding pegmatites），tOlate－Stage   

Water－rich nuids（yielding quartz veins），the composition ofthe residualliquid changes   

drastical1y（Roedder，1992）．  

TheoverallenrichmentinThinthemaintrendofthepluton，舟omdioritestogranites，is  
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thoughttorepresentawidevarietyofinteractionswithcruStalcomponents，andespeCiallythe  

COmbinedef托ctsofassimilation－ti－aCtionalcrystallization（AFC）（Fig．ⅠⅠ．16）．  

Cl画Ia鵬Za蹴爪  

Fig．II．16．CartoonfbrsubductionzoneandmagmachamberatcruStaldepths．Massandchemicalcompositionof  

magmachambervaryduetoassimilationandcrystallization．  

WeconcludethatitispossiblethatmagmasgenerateddeeperinthecruSthadalarger  

COmpOnentOfmantle－derivedmelt（e．g．diorite），andmagmageneratedhigherinthemid－CruSt  

COntainedalargercontributionofsialicmaterial（e．g．，Quartzmonzonite，granite）．High Sr／Y  

ratioimplies partialmelting of a basaltic sourceina high PH20enVironment．This also  

COrreSPOndstoasubductionzoneenvironment（Hussainetal．，2004）．  

II．6．3．Magmatism and tcctonic evolutioA dllring the Columbia stLPCrCOTLtiTLent  

amalgamation  

Thebulkofthechemicalfbaturesofbasementrocksthusresemblethoseofigneousrocks  

generatedincontinentalarcswherethecruSthasreached substantialmaturity（Brown，1982；  

Stephens and Ha11iday，1984）．Recently Hossain et al．（2007）recognized thatl．7 Ga  
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PalaeoproterozoicageoftheMaddhaparabasementrocksandfbundrelationshipwiththeCITZ   

andMeghalaya－ShillongPlateauinlndianShield・TheCITZisacomplexorogenicbeltthathas   

amalgamatedthesouthemDeccanProtocontinentwiththenorthernBuldelkhandProto－COntinent  

intheProterozoic・TheCITZisboundedtothenorthbytheSon⊥NormadaNorthFault（SNNF）   

and to the south by the CentralIndian ShearZone（CISZ）．The CITZ）inks upwith the   

ChhotonagpurGneissintheeast，thensubsurfacePalaeoproterozoicMaddhaparabasementrocks   

COntinuesintoMeghalayaplateau（Hossainetal．，2007）．  

GeographicallytheCITZrepresentsamobilebeltofcollagedterranes，Withacollageof   

Stable crustalblocks andintervenlng Weaker zones ofsuturing，Or remnantS OfArchaean  

greenstonebeltsofriftsetting，teCtOniczonesandmagmaticarcsoranabortedriftwithmantle  

activatedvoIcanics（Jainetal．，1995；Acharyya，1997）．Thenarrownorthembeltrepresentsthe  

CO11apsed early Proterozoic Mahakoshalri氏zone，NorthernStruCturalBelt ofCITZ which  

developsinto afbld belt andis presentlycon且nedtothe Son⊥Narmada（SONA）1ineament，  

WhichisextendedoverthealluvialcoveredGangaplainsandtheBengalBasintothenortheast  

IndiaastheBrahmaputralineament（Sen，1991）．TheSon⊥Narmada（SONA）boundedbytwo  

m毎or Mohoreachingfaults（basementfault），the Son－NarmadaNorth Fault（SNNF）andthe  

Son⊥NarmadaSouthFault／ShearZone（SNSF）（Acharyya，2003）．TheDeccanTrapcoversthe  

WeSterneXtenSion ofthe CTTZ，althoughits northernlimiting Narmadalineament can be  

recognizedbytheBouguergravityanomalypattem（NGRl，1978）．TheMahakoshalBeltextends  

withoutanybreakfromthecentraltotheeasternSeCtOrSOftheCITZ（Fig．II．1）．TheBeltshows  
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COnSistentcalc－alkalinerockswithpresentstudyarea，aSfbrexamples，Calc－alkalinegranitoidsat  

Rihand－Renusagar（1・73Ga），mOnZOdiorite，quartZ－SyeniteatJhirgadandi（1．75Ga），Syenitesat  

Bori（1．8Ga）andgraniteatBarambaba（2．05Ga），Whichoccurtothenorthandsouthofthebelt  

（Sarkaretal・，1998；RoyandDevrqian，2000）．Furthermore，SimilarprecedentBetulGranitoid  

COmPOSitionsincludetonalite，trOndrtjemite，granOdiorite，quartZ－mOnZOniteandgranite（Royet  

al・，2000）・Incredibly recent recognition of mal弓c／ultramanc magmatism associated with  

COnCOmitantintra－COntinentalri食ing ofa Palaeoproterozoic（189ト1883Ma）largeigneous  

PrOVinceinthesouthernBastarcratonandnearbyCuddapahbasin舟omthea（匝centDharwar  

CratOn，Indiafb1lowedinstinctivetrend，andconfもrredampleJuStincationfbrsequentialgrowth  

OraCCretionofthecontinentinthisregion（Frenchetal．，2007；Anandetal．，2003）．Yヒdekaretal．  

（1990）suggestedthetime什amefbrthetectonicactivitiesintheCentralIndianSuture（CIS）．The  

OCeanic cruStbetweentwo blocksnamelythe Bundelkhand cratontowardsthenorthandthe  

Bastar craton towards the south started subducting ca．2．3Ga．The plutonic activities of  

Calc－alkaline magmatism started almost at the same time glVlng rise to Mala再khand and  

Dongargarhplutons，SUbsequentlyca2・lGa，theSakoliandtheNandgaonvoIcanicsfbrmedthe  

islandarcoverthesouthemblock．Theco11isionofthetwoblockstookplaceca．2．1tol．7Ga  

andCISfbrmed・APalaeoproterozoicdepositionage（Ca．1750Ma）isin托rred斤omtheageofa  

metarhyolite associatedwiththe sedimentsinthe eastern Himalaya，Bhutan（Richards etal．，  

2006）．Tbwardsthenortheast，Ghosh etal．（1991，1994）reported agesas oldasl．7Gafbr  

basementgraniticgnelSSeS斤omtheMeghalayaplateau．  
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The extensive study ofthe Palaeoproterozoic crust ofthe rrtansamazonian ofSouth  

Americabetween2．5－2．OGahasidentinedthesequentialgrowthofthecontinentthroughthe  

amalgamationofjuvenileterrains，SuCCeededbyam毎orcollisionalorogeny（Hartmann，2004）．  

Similarstudiesintheice－COVeredinterioroftheEastAntarcticshieldinexposedbasementofthe  

TransantarcticMountainsand WilkesLandmarglnSuggeStCOrrelationwithPalaeoproterozoic  

granitoid rocks and Mesoproterozoic ma且cigneous rocks什om the Gawler and Curnamona  

CratOnSOfAustralia（01iverandFanning，1997；Peucatetal．，1999；Goodgeetal．，2001；Peucat  

et al．，2002）．Subduction－related batholiths between approximatelyl．7andl，6Gain the  

Albany－FraserbeltinAustralia（Nelsonetal．，1995）havesimilarcounterpartsintheWindmi11  

islandsandBungerHillsinAntarctica，SuggeStingattachmentsinpre－driftconfiguration（Harris，  

1995）．This type ofmagmatisrnis also commonin Bohemian Mass埼Poland，Where the  

dioritic－tOnaliticmagmaswerein factderived舟om～1．9土0．1Gama坑ccruSt，SuggeStingthat   

suchcrustwasactivelycontributingtomagmatisminthePalaeoproterozoicsupercontinentand   

shouldbetakenintoaccountingeochemicalmodelsofbasementrocksevolution（Pietranikand  

Weight，2008）・  

TheabovesummaryofgeochronologlCalinfbrmationwithdetai1ed neldinvestigation，  

petrography，mineralchemistryandgeochemistryofMaddhaparabasementrockssuggesting   

arc－relatedsubductionmagmaticactivityat～1・7Ga，Whichisconsistentwithtectoniceventsof   

CITZ，BohemianMassifaswellastheSvecoftnnian（Wiszniewskaetal・，2007；Anderssonetal・，  

2006）andothersglobal－SCalePalaeoproterozoicmagmaticactivities・  
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CHAIITERIII  

Geothermobarometry and fluid inclusions of dioritic rocks in 

Bangladesh：Implications払remplacement depth and exhumatioh   

rate  

ThischapterhasbeenpubIishedinJournaIofAsianEarthSciences（2008）  

（DOI：10．1016仏j5eaeS．ユ008．10．010）  
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Abstra（：t  

ApplicationofhomblendethermobarometryandnuidinclusionstudiestothePalaeoproterozoic  

（1・7Ga）basement rocks付om Maddhapara，NW Bangladesh，PrOVideinfbrmation on the  

pressure and temperature（PJT）conditions of crysta11ization，the emplacement depth and  

COmPOSitionofmagmaticnuid．Thebasementrocksarepredominantlydioriteorquartzdiorite  

withamineralassemblage ofplaglOClase，hornblende，biotite，quartZ，K－ftldspar，titanite，and  

SeCOndary epidote and chlorite．The calculated P－T conditions of the dioritic rocks are  

680－7250C and4．9－6・4kban which probably correspond to crystallization conditions・Fluid  

inclusionstudiessuggestthatlow－tOmedium－Salinity（0－6．4wt・％NaCleq）H20－richfluidsare  

trappedduringthecrystallizationofquartzandplagioclase．Theisochorerangecalculated fbr  

prlmary aqueOuSinclusionsis consistent with the P－T condition obtained by  

geothermobarometry．Thebasementrocks）ikelycrystal1izedatadepthof～17－22km，witha  

minimumaverageexhumationrateof～12－15m／MaduringPalaeoproterozoictoLopinglantime・  

Suchslowexhumationindicateslowreliefcontinentalshieldsurfhceduringthisperiod．  

ⅠⅠⅠ．1．Introduction  

RecentgeochronologlCalinvestlgationson basementrocksinthe northwesternPart Of  

BangladeshindicatethatPalaeoproterozoic（1．72－1．73Ga；Ameenetal．，2007；Hossainetal．，  

2007）tonalitictodioriticrocks，regardedasacontinuationoftheCentrallndianT七ctonicZone  

intheColurnbiasupercontinentcon重guration（Hossainetal．，2007），OCCurintheMaddhapara  
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areaatashallowdepth（128m）斤0rnthesurface．Theoverlyingcoverconsistsofsuccessive  

unitsofthePermianGondwanaGroup，PlioceneDupiTilaFormation，PleistoceneBarindClay  

Formation and recent alluvium（Fig．1Il．1）．Although severalpetrologicaland geochemical  

Studiesonthebasementrocksareavailable（e．g．，Ameenetal．，1998；Kabiretal．，2001；Zaman  

etal・，2001，2002；Hossainetal．，2008a），nOSyStematicmineralogic，geOthermobarometric，and  

nuidinclusiondatahavesofarbeenreported什omtheserocksexceptfbrourrecentpreliminary   

fluidinclusionstudyofpegmatiteandapliteveins（HossainandTbunogae，2008）．  

GeothermobarometricstudiescoupledwithnuidinclusionstudiesareimportanttooIsfbr   

theestimationofpressureandtemperature（fしT）conditionsofcrysta11izationofigneousrocks  

（e・g・，AndersonandSmith，1995；Tu1lochandChallis，2000；Zhangetal．，2006；Mishraetal．，   

2007；HossainandT盲unogae，2008）・1nthisstudy，WeaPPlyhornblendethermobarometrytothe   

dioritic rocks斤om Maddhapara areain northwestern Bangladesh to estimate their PwT   

COnditionsofcrystallization・MicrothemlOmetricinvestigationsoftrappednuidinclusionswere   

alsocarriedouttoconfirmthepressureestimatesandtodeterminethecompositionofmagmatic   

nuids・WefurtherestimatetheemplacementdepthofdioriticrocksuslngtheP－Tandnuid   

inclusiondata，Whicho能rdirectevidencefbrtheexhumationhistoryofbasementrocksthrough  

tlme．  

ⅠⅠⅠ・2・GeologleSettimg  

BengalBasin，WhichoccupleSam往IOrPartOfBangladesh，isacompositesedimentary  
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basinbetweenthePeninsularlndianshieldandShi1longmassif（Fig．III．1）．Itislocatednearthe   

junctionoflndianandEurasianplates，andBurmesesub－Plate．Khan（1991）nrstreportedthe   

discoveryofsubsurfacebasementrocks（graniticgneiss）atKuchma，Bograatadepthof2150m．   

Microcline－rich granite，quartZ diorite，Syenite and quartz monzonite as we11asminor   

metamorphosed rocks such asmica schist／gnelSSand hornblende bearlng quartZ－fbldspathic   

gneisswere also reported斤om severallocalities such asthe Barapukuriabasin（Dinqjpur），   

Badargong，Pirga再，andMithapukurareas（Rangpurdistrict）（Khan，1991；HussainandCurtin，  

1995；Uddinetal・，2005）・InMaddhaparaarea，thebasementrocksoccuratashallowdepthof   

128m・Therocksaremostly舟eshandshownoslgn描cante飴ctoflaterhydrothermalalteration，   

although somealtered graniticrocks occurloca11y・Theyare sometimescut bylatergranitic  

Pegmatite（up to～50cm），aPlite，and quartz veins．The basementrocksin Maddhaparaare  

unconfbrnlably overlain by thin sedimentary cover ofPermian Gondwana nuvialsediments  

（KhanandChouhan，1996），WhichisassumedtobeofLopingian（LatePermian）age（～0．26Ga；  

ICS，2004）．Although thereis no availableisotopic age data舟om the Gondwana椚uvial  

Sedimentsin Bangladesh，Islam et al．（2003）reported Late Permian agefrom Barapukuria  

Gondwanacoal，inthevicinityofthepresentstudyarea，basedonthepresenceofmiospore  

genera（e・g・，PTVtOhqplo仰inus，StriatqpodbcaTPites，Striatites，mttatina，etC・）・  

5l   



Fig・uI・l・LocationmapoftheMaddhaparabasementrocksinBaTlgladeshshowingprobabledepthoftherocks  

（mod描ed什omKhan，1991；Hossainetal．，2007）．Contourindexindicatesdepthvariationsofbasementrocks什om  

thesurfhce．  

III．3．Petrography  

ThemainplutonicbodyatMaddhaparaconsistspredominantlyofdioriteandquartz  

diorite■Mostofthedioriticrocksampleswerecollectedfromundergroundtunnel（300rndepth）  

andsub－1eve］（270mdepth）miningsiteduringdetailedundergroundobservations．Thedioritic  

rocksconsistofmedium－tOCOarSe－grainedplagioclase（42－jl％），hornblende（19－53％），biotite  

（1－8％），quartZ（1－7％），K－ftldspar（1－10％），andtitanite（＜1％）withaccessoryepidote，Pyrite，  

Chalcopyrite，Zircon，andapatite（Fig．TII．2a）．Epidoteoftenreplaceshomblendeandbiotite．  

Plagioclaseandbiotitearepartlyalteredtosericiteandchlorite，reSpeCtively．  
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Thedioriticrocksaresubdividedintotwotypes；undefbrmeddioritewithlarge（uptoa  

ftwmm）subhedralplagioclase（Typel）andslightlyrecrystallizedand／ormylonitizeddiorite  

（Type2）．SamplesP14，P15andP10aretypicalexamplesofTypeldioriticrock（Fig．TIT．2b）．  

Theydonotshowanyevidenceoflaterdeformationorrecrysta）1ization．SampleP8（Type2）  

alsocontainssubhedralgrainsofplaglOClaseandhornblende，butitshowsweakfbliationandthe  

mineralgrainsaresurroundedbyaggregatesof坑ne－grained（＜0．3mm）quartzandbiotite（Fig．  

III．2d）．The重ne－grained minerals show wavy extinction（Fig．2c），prObably due tolater  

defbrmationduringupli氏．Theyexhibitdeformationtexturessuchaslineationand／orfo1iation，  

bendingoftwinplaneS，etC．（Fig．I11．2d）．Somemyloniticsamples（e．g．，SampleP39）werealso  

CO11ectedfromfracturedzoneswithindioriticrocks，buttheiroccurrenceisrestrictedalonglocal  

払ults．  

Fig．IIl．2．Microphotographs showing representative texture of dioritic rocks．（a）Mineralassemblage and  

petrOgraPhicrelationshipamonghornblende（Hbl），plagioclase（Pl），quartZ（Qtz），biotite（Bt），titanite（Ttn），ePidote  

（Ep）andzircon（Zrn）（Typel），（b）Undeformeddiorjte（Type1，SamPJeP10），（C）Wavyextjnctioninquartz行‖he  

Type2diorite（SamPleP8）．（d）InternaldeformationstruCtureSandtexturesandtheoccun・enCeOfsecondarychlorite  
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（Chl）in「丹Pe2diorite・  

III・4．Mineralchemistry  

III．4．1．AIlalyticalmethods  

Chemicalanalysesofmineralsindioriticrockswerecarriedoutbyelectronmicroprobe  

analyzer（JEOLJXA－8621）attheChemicalAnalysisDivisionoftheResearchFacilityCenter  

fbrScienceandrrbchnology，theUniversityof恥ukuba，Japan．Theanalyseswereperfbrmed  

underconditionsof20kVacceleratingvoltageandlOnAsamplecurrent，andthedataregressed  

uslnganOXide－ZAFcorrectionprogramsuppliedbyJEOL．TheresultsofrepresentativeanalysIS  

OfmineralsareglVeninlbblesl11．1andlll．2．StruCturalfbrmulaofamphiboleswascalculated   

basedon230Xygenand130r15cations，andpartitionlngOfFe3＋andFe2＋＆omtotalironwere  

CalculatedfbllowingthemethodoutlinedbySchumacher（1997）．  

ⅠⅠⅠ．4．2．Results  

ⅠIl．4．2．1．Calcicamphiboles  

CalcicamPhiboleintheexamineddioriticrockshasawidecompositionalvariationin   

Xhg（Mg／（Fe＋Mg）＝0・53－0・63），（Na＋K）A（0・40－0・57pfu），Si（6・41J・71pfu），and   

Fe3＋／（Fe2＋＋Fe3’）（0．20」）．34）．MostoftheamPhibolesofthepresentstudyareCOmpOSitionally   

magnesiohornblendebasedoftheclass摘cationofLeakeetal・（1997），Whilesomepargasite，   

magnesiohastingsite，edenite，andtschermakitearealsopresent（Fig・III・3）・Thecompositional   

variationsmentionedaboverenecttheslightproportionoftschermakitic，PargaSitic，andedenitic  
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Substitutionsasaconsequenceofneトtransfbrreactionsandexchangeequilibria，andiso鮎n  

reportedfbrcalcicamphibolesfromma甫candintermediaterocks（e．g．，HammarstromandZen  

1986；Hollisteretal・，1987；JohnsonandRutherfbrd，1989）．Slightcompositionalzoningcanbe   

seenfbrcoarse，grainedamphiboleintermsof（Na＋K）A；thevaluedecreasesslightly斤omrim  

（0・52－0・57pftl）tocore（0・40岬0・49pfu），althoughtheir端gisconsistent（0・5ト0・52，SamPlePlO）・   

Amphibolecompositionalsovariesdependingoncoexistingminerals；amPhiboleswithbiotite   

generallyshowlower（Na＋K）＾values（0．52－0．55pnl）thanthoseassociatedwithplagioclase  

（0．55－0．57p丘1）．  
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lII．4．2．ヱ．Feldspars  

1もbleIII・2providesrepresentativemicroprobeanalysesofplaglOClasecoexistingwith  

Calcic amphiboles．Plagioclase shows a wide compositionalrange ofAn21司2（01igoclase to  

andesine）with～1％orthoclasecomponent．Rimofplagioclase（An2ト36）generallyshowslower  

anorthitecontentthancore（An32－42）fbra）1samples．K－ftldsparindioriticrocksshowsaunifbrm  

Orthoclase－richcompositionina11samples（Or9ト95Ab小9）．  

ThbIe‖1．2Representativeplag10Clasecompositionsofthedioriticrocks．  

SampleName SL3 PLSI PLS3 PLS3PLS12 P10 P10  P28  

Rim Rim Rim Core Rim Rim Core Rim  

SiO2 58．42 58．1158．32 59．22 60．58 60．23  

Al203 25．40 25．4125．29 25．75 24．93 24．22  

CaO  7．30 7．31 7．04  7．24 6．16 5．75  

Na20  7．02 7．60 7．41 7．64 8．06 8．31  

K20 0．18 0．09 0．16 0．14 0．13 0．10  

Tota1 98．3198．52 98．22 99．99 99．85 98．62  

Numberofionsonthebasisof8oxygens  

Si 2．649 2．636 2．648 2．644 2．697 2．714   

59．41 58．71  

25．25 25．30   

6．67  6．91   

8．13  8．16   

0．11 0．06  

99．57 99．14  

2．662 2．646  

1．333 l．344  

0．320 0．334  

0．706 0．712  

0．006 0．004  

5．027 5．040  

3l．0  31．8   

6g．4  67．9   

0．6   0．3  

All．357l．358 l．353   

Ca O．354 0．355 0．342   

Na O．616 0．668 0．652  

K O．010 0．005 0．009  

Tota1 4．986 5．022 5．004  

An％  36．1 34．5  34．6  

Ab％  62．8 65．0  64．4  

0r％   l．1  0．5  l．0  

l．3551．308l．286  

0．346 0．294 0．278  

0．661 0．695 0．725  

0．008 0．007 0．006  

5．014 5．0015．009  

34．1 29．5 27．5   

65．1 69．8 7l．9   

0．8  0．7  0．6  

1ⅠⅠ．4．2．3．Otberminerals  

BiotiteindioriticrocksisMg－rich〔‰Ig＝0・52－0・59）・ItsTicontentislow（1・3－2・6wt．％   

TiO2）andincreasesslightlywithdecreasingXMg・Compositionofepidoteisclosetotheideal   

chemicalfbrmulaofCa2Fe3＋Al2Si30．2（OH）．Nocompositionalzoninghasbeenidentif7edwithin  
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individualgralnS，althoughitcommonlyshowsopticalzonlngPatternS．Chemicalcompositionof  

titaniteisalsoclosetotheidealfbrmulaofCaTiSiO5，butitcontainsminorFe203，0．9－1．2wt．％．  

III．5．Geothermobarometry  

Eightsamplesofdioriticrockwereselectedfbrgeothermobarometricstudy．Numerous  

COmputationsofP－Tconditionsfbramphibolecrystallizationhavebeenproposed（e．g．，Blundy  

andHolland，1990；Holland and Blundy，1994；Anderson and Smith，1995；Anderson，1996；  

Ague，1997），reneCting anincreasing）y quantitative thermodynamic data base；neVertheless，  

SOlid－SOlution and activity models remain somewhat problematic．For fしT calculations，  

measurementswerecarriedoutonrimsofcoexistinghomblendeandplag10Clase，Whicharein  

COntaCt With quartz and／or K－fbldspar－ animportant prerequisite fbr application of  

aluminum－in－hornblendebarometry（SteinandDietl，2001）．  

III．5．1．Aトin－hornblendebarometry  

HammarstromandZen（1986）andHollisteretal．（1987）suggestedthat，inthepresence  

Ofanappropriatebu飴rassemblage（amphibole＋plagioclase＋K－fbldspar／quartz，atmediumto  

highoxygenfugacityconditions），thetotalAIcontentofcalcicarnphiboleincreaseslinearlywith   

pressureofcrystallization・Subsequent坑eld－basedandexperimentalstudies（e．g．，Johnsonand   

Rutherfbrd，1989；Schmidt，1992；Rutteretal・，1989；Anderson and Smith、1995）provided  
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generalconnrmationofincreaslngAIcontentofhomblendewithincreaslngPreSSure，Inthelast  

two decades，Al－in－hornblende barometry has been widely used to calculate pressures of  

magmatic crystallization，and to constrain the emplacement depths ofbatholiths or vertical  

displacementsofcrust（e．g．，AgueandBrandon，1992，1996；AndersonandSmith，1995；Stein  

andDietl，2001；Zhangetal．，2006）．Inthisstudy，WehavechosenthecalibrationofAnderson  

andSmith（1995）tocalculatethecrystallizationpressuresoftheinvestigateddioriticrocks，aS  

thiscalibrationismorereliablefbrconsideringtheinnuenceoftemperatureandoxygenfugacity  

Onthepressurecalculationthantheothermethods（e．g．，Zhangetal．，2006；Steinand Dietl，  

2001）．Theresultsyieldedapressurerangeof4．9－6．4kbarat680－7250C（rrhbleIII．1）．Thisis  

nearlyconsistentwiththeranges obtainedbythe methods ofHammarstrom andZen（1986）  

（4．5M6．4kbar）andJohnsonandRutherfbrd（1989）（3．7－5．2kbar），withslightlyhigherpressure  

estimatesobtainedbythemethodsofHollisteretal．（1987）（4．7－6．8kbar）andSchmidt（1992）  

（5．0－6．7kbar）．  

III．5．2．HorJlblende－Plagioclasethermometer  

As hornblendeandplaglOClasecommonlycoexistincalc－alkalinelgneOuSrOCks，they  

havebeenusedfbrthermometry（BlundyandHolland，1990；HollandandBlundy，1994）．Based  

onhornblendesolid－SOlutionmodelsandwelトconstrainednaturalandexperirnentalstudies，tWO  

geothermometerswerecalculatedbyHollandandBlundy（1994）basedontheedeniteニtremOlite   

reaction（edenite＋4quartz＝tremOlite＋albite），Whichisapplicabletoquartz－bearingigneous  
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rocks，and edenite－richterite reaction（edenite＋albite＝richterite＋anorthite），Whichis   

applicableto bothquartz－bearingandquartz－freeigneousrocks（Hollandand Blundy，1994；   

Stein and Dietl，2001）．On the basis ofan assessment ofthe di飽rent Aトin－hornblende  

thermometric algorithms on data負・Om plutonic rocks，Anderson（1996）concluded that   

edenite十richterite thermometeris the most reliable calibration．Therefbre，We uSed  

edenite－richteritethermometerto calculatethetemperatureofcrystallization ofthebasernent  

rocks．Thecalculatedresultsare680－7250C（rIbbleIII．1）．  
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rrhbleIII・1Representative hornblende microprobe analyses 丘・Om the dioritic rocks and calculated   

thermobarometricresults．  

SampleName PLS3 PLS12  SL3 PLSI PlO P28  
Wt．％  

SiO2 42．83 43．72 44．80  

TiO2 l．00  0．85  0．60  

A120310．6110．41 9．51   
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0．002 0．000 0．000  0．000  Fe O．000  0．023  

Ca l．887 1．836 l．881 1．904 1．888 1．897  

0．117  0．096 0．112  0．103  

2．000 2．000 2．000  2．000  

Na O．113  0．141  

SumM4 2．000  2．000   

Asites  

Ca O．000  0．000  

Na O．279  0．242  

K O．262  0．238   

SumA O．541 0．480  

0．000 0．000 0．000  0．000  

0．235  0．294 0．198  0．273  

0．164 0．256 0．210  0．240  

0．399 0．550 0．408  0．513  

Sum＿Cat15．54115．48015．39915．55015．408 15，513  

Al（Total）l．886 1．848 1．681 2．0471．847 l．952  

ThermobarometricResults  
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T（ed－tr）（qC） 744  

T（ed一再）（OC） 7ヱ3  

トSch（kbar） 5．97  

P－，＆R（kbar） 4．53  

P－A＆S（kbar） 5．27   

Depth（km）17．9  

ⅠⅠⅠ．‘．FlⅦidinclusions  

Five samplesofdioriticrocks（P8，PlO，P14，P15，and P39）were selectedfbrnuid  

inclusionstudy．SamplesP14，P15．andPlOcorrespondtoundefbrmeddiorite（TYpel）with  
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medium－tOCOarSe－grainedplagioclaseandquartZ・Slightlyrecrystallizeddiorite（SamPleP8）and   

myloniticdiorite（SamPleP39）（Type2）werealsoexaminedfbrcomparison．Doublypolished  

thin wafbrs（～120－150トLm thick）of the rocks were prepared fbr petrographic and   

microthermometricstudiesofnuidinclusions．  

ⅠⅠⅠ．軋1．Petrography  

Fluidinclusionsaregenera11yrareinthedioriticrocks，althoughtheyareabundantinthe  

associatedpegmatiteandapliteveins（HossainandT如nogae，2008）．Althoughtheyaremostly  

VerySmall（lessthanafbwmicronsinsize）inbothTypeland「けPe2rocks，SOmelargefluid  

incIusions suitable fbrmicrothermometric measurements are presentin quartz and rarelyln  

PlaglOClase．Itisgenera11yknownthatfヒIdsparShaveabettercapacityofretainingearly吊uidsas  

theminera＝smorerigidthanquartz（C£，Touret，1987）．Rare椚uidinclusionsarealsofbundin  

quartzandplag10ClaseinclusionsinhornblendesinType2rocks・  

Based on the occurrence，nuidinclusionsin theexamined samplesareclassinedinto  

threetypes：Primary，pSeudosecondary，andsecondary（Cfl，Roedder，1984）・Asmostinclusions  

discussedinthisstudyoccurasisolatedaggTegateSOrlocalclustersfbrmedawayfromthegraln  

marginsofquartzandplagioclase（Figs，ⅠⅠⅠ．4a，b，andc），theyareregardedasprimarynuid  

inclusionsthatwereprobablytrappedduringthecTyStallizationofthehostminerals（quartzand   

plagioclase）．Rarenuidinclusionsinquartzandplagioclasewithinhomblendearealsoregarded   

tobepnmaryastheinclusionswereprobablytrappedbefbrethecrysta11izationofthehost  
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hornblende．AsplaglOClaseandquartzinTypeldioritesshownoevidenceoflaterdefbrmation  

and／orrecrystallization，Prlmaryfluidinclusionsinthemineralswereprobablytrappedduring   

thecrystallizationofhostminerals，andtheymaystillpreserveinitialmagmaticnuids・  

Primarynuidinclusionsarealsopresentwithinquartzandplag10ClasegrainsinTシPe2   

dioritesaswellasTシPelrocks・Althoughthereisnoslgnincantdi能renceinsize，Shape，and  

OCCurrenCeSOfprimarylnClusionsbetweenType1and√吋Pe2rocks，microthermometricdataof  

乃Pe2rocksarediscussedseparatelyasthelatterinclusionsmighthaveundergoneslgn捕cant  

nuiddensityandcompositionmod捕cationduetolaterdefbrmationand／orrecrystallization．  

SecondarylnClusions are typICallylocated within healed録actures thatintersectthe  

host－CryStalboundaries（Fig．TII・4d）probablyfbrmedafモerthecrystallizationofthemineral．  

Suchinclusionsareverysma11andnotsuitablefbrmicrothermometricmeasurements．Incontrast，  

PSeudosecondarylnClusions are fbrrned along micro cracks that develop during the partial  

growthofthecrystalandfbrmarraysthatpinchoutwithinthegralnS．  

Asdiscussed below，allthenuidinclusionsare H20－rich．Theyare mostlytwo－Phase  

liquid＋vaporinclusionsatroomtemperature，withtheoccurrenceofraremultiphaseliquid＋  

VaPOr＋solid（mainlyliquid－rich）inclusions．Thelatterinclusionsarepresentonlyinquartzand  

COntainoneormoresolidphasesthatdisappearduringheatingexperiments．Allthesolidswithin  

thenuidinclusioncavitiesaretherefbreconsideredasdaughterminerals．Thecubichabitandthe  

similarindexofre丘actionasthehostquartzsuggestthatthedaughtermineralsareprobably  

halitecTyStals．  
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Fig・lII・4・PhotomicrographsofrepresentativenuidinclusionsinTypeldioriticrocksdiscussedinthisstudy．  

Isolatedprimaryaqueousf］uidinclusionsin（a）quartz（SampleP14），and（b）plagioclase（SamPleP10）．（C）Prhary  

aqueousfluidjnclusionsinplagioclaseinclusioninhornblende（sampleP14），（d）Trai1sofverysmaIIsecondary  

（indicatedbyarrow）nuidinclusions（SampleP10），WhicharenOtSuitablefbrmicrothermometricmeasurements．  

ⅡⅠ・‘・2・Micro仙ermometry  

III．6．2．l．Analyticalmethods  

MicrothermometricmeasurementsofthenuidinclusionswereperfbrmedwithaLinkam  

heating／freezingsystemattheUniversityofl加kuba，Japan・Calibrationwasperfbrmedusing  

SyntheticstandardmaterialssuppliedbyFluidInc．，Denver，atOOC（triplepointofH20）andat   

374・1OC（CriticalpointofpureH20withadensityofO．317g／cm3）．Duringtheheating／cooling   

experiments，theme）tingtemperature（Th．）andhomogenizationtemperature（TL）oftwo－Phase  

（gas－VapOr）inclusionsweremeasured．HeatingratesofthesampleswerelOC／minfbrThand  

5OC／minfor7L・Repeatedmicrothermometricmeasurementsindicatedthattheprecisionofthe   

microthermometricresultsreportedinthisstudyiswithin±0．lOCfbrTL．and±0．2OCfbr7L．The  
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results ofmicrotherrnometric measurements are shownin histograms（Fig．rII．5）and  

SummarizedinrrhbleIII・3・RelationsofsalinityandlLvaluesareshowninFig．ⅠIL6．  
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Fig．＝I．5．Histograms showing the distribution of（a）melting temperature（㍍），and（b）hornogenization  

temperatureS（TL）ofaqueousfluidinclusionsindioritjcrocks・PF‥Primarynuidinclusions，PSF：PSeudosecondary  

nuidinclusions．  
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Fig・‡‡Ⅰ・6・Correlationbetweenhomogenizationtemperaturesandsalinitiesofaqueousnuidinclusionsindioritic   

rocks．  

1払blcIIl・3・MicrothermOmetricdatafbraqueousnuidinclusionsofdioriticrocksinBangladesh  

S狐ple  憮 Wt％  
刊厄m鮎r  Min． Max． AY併age  Min．  

p14，P15，plO（Typ¢l）  ヰ．0  －1．0  －1．1   259．5   35臥2  315 0．17－6．ヰ  

P14，P15（Typel）  －l・1 0．0  －0．3  294．1  347．4  3柑 0．0－Ⅰ．g  

pg，Pユタ（Typ82）  ・9．ユ  ー0．6  叫．8   164．9  301   242 1．0－Ⅰ3．1  

P8，P39（Typ82）  －9．7  －0．9  －5．7  235．5   ヱ54．8  244 1ふ13．6  

p14，P15（Typel）  －17．3  －0．3  －9．2  柑9．1  295．1   247 0ふ20．4  

Density  

（釘emコ）  

0．54－0．73  

0．57－0．72  

0．79－0．93  

0．＄2・0．92  

0．8ト1．02  

Inclusionけpe  

＆Hostminモーd  

PF＆pl   

PF＆qtz   

PF＆qtz   

PF＆PI   

PSF＆q鱒  

触
回
石
…
2
一
8
2
■
。
摘
 
 Pl，Pl喝ioclase；Qtz，quartZ；PF，Primary伽idinclusions；PSF，PSeudosecondaryfluidinclusions  

ⅠⅠⅠ．‘．2．2．Re甜旺s  

Theresults ofmicrotherrnometricmeasurements show cleardif稔rencebetweenthetwo  

CategOriesofsamples（TypeIandType2）．Primarytwo－PhasefluidinclusionsinplagiocIaseand  

quartzin’吋Pelsamplesshow且nalice－meltingtemperatures（ILz，ice）ofOto－ヰ．00c（Fig．ⅠⅠⅠ．5a），  

Whichcorre甲OndtoNaCleqsalinitiesofOto6・4wt・％・先Oftheseinclusionsranges倉om＋259・5   

to＋358．20C（Fig．ⅠⅠⅠ．5b），Whichcorre甲OndtobulkdensitiesofO．54功．82g／cm3（ThbleIII．3）．  

Thereisnoobviousdi舵rencebetweentheinclusionstrappedinplagioclaseandquartz．Thereis  
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nocorrelationbetweenTl，andsalinityofthelヤpelinclusions（Fig．ⅠⅠⅠ．6）．  

Ontheotherhand」㌦iceOfprimarynuidinclusionstrappedinquartzandplag10Clasein  

lYpe2samplesisslightlylowat－0・6to－9・7OC（Fig・III・5b），WhichcorrespondtohigherNaCleq  

Salinitiesofl．0－13．6wt．％．Their n、isalsolow（＋164．90Cto＋30l．00C；Fig．ⅠII．5b），Which   

correspondtobulkdensitiesofO．72Ml．01g／cm3（7bble‖．3）．Thedensityrangeishigherthan  

thoseorprlmarylnClusionsinr丹Pelsamples．AsshowninFig．III．6，aqueOuSnuidsinTシPe2  

quartzshowacorrelationofTLandsalinity．The TL，，iceandT），rangeSOfrarepseudoseconda11′  

inclusions（rrypel）inquartz卜0．30Cto－17．30Cand＋199．lOCto＋295．lOC，reSPeCtively）are  

COnSistentwiththeresultsofType2samples．  

The composition and density of aqueous nuids trappedwithininclusions can be  

representedthroughanisochore（lineofconstantvoIume）inPJspace．Thenuiddensitiesand  

isochoreswerecalculateduslngthecomputerprogram“MacFlinCor，”developedbyBrownand  

Hagemann（1994），uSingtheequationandthermodynamicdataofBodnarandVityk（1994）・For  

COnStruCtionofisochoresinFig．III．7，theT）2Valueswereadoptedfbreachcategoryofinclusion．  

TheimpIicationoftheresultswillbediscussedinthenextsection・  
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Fig．Hl．7．P－Tdiagramshowingisochoreslbraqueousnuidinclusionsinvarioushostmineralswithinrrypel（a）  

andTゝpe2（b）dioriticrocks．Thedarkshadedareaindicatesthetcmperatureandpressurerangesofdioriticrocks  

Obtainedbyhornblendegeothermometry（680－7250C）andAトin－homblendegeobarometry（4・9－6・4kbar）・  

IlI．7．Diseussion  

III．7．1．Characterizationofmagmaticfluid  

Detailedpetrographicandmicrothermometricinvestlgationsofnuidinclusionsindioritic  

rocksfrom northwestern Bangladeshindicatethat H20－rich nuids are trappedin quartz and  

Plag10Clase．Primarynatureofoccurrenceoftheinclusionsincoarse－grainedmineralsin′吋pel  

dioritesindicatesthatthenuidsweretrappedduringthecrystallizationofthehostminerals，and  

thatthetrappedH20ィichfluidcanberegardedasatraceofmagmaticnuid・AsshowninFig・IlI・  

7a，isochoresfbrprlmaryhigトdensitynuidinclusionsinplaglOClaseinr丹pe1dioriteintersect  
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theP－Tconditionoftherocksat～6．Okbarandca．7100C，Whichbroadlycorrespondstothe  

CryStallizationconditionsoftherocks（680－7250Cand4．9」5．4kbarinFig．1Il．7）obtained丘om  

geothermobarometry．However，isochores fbrsome prlmary nuidinclusionswithinquartZin  

Typelrocksshowslightlydepletedpressure（～4．5kbarat7250C）．Theprimarynuidinclusions  

inTypeldioritethushaveawidedensityvariation，andsomeplotbelowtheP－TrangeinFig．  

川．7aduetolow－density．However，boththehigh－andlow－densityinclusionsareo触npresent  

inthesameinclusionclusters，SuggeStingthattheyweretrappedatthesamestage．Suchawide  

density rangeis probably duetolater slight density mod捕cation ofsomeinclusionsduring  

exhumation，Whichisacommonfbatureofnuidinclusionsinorogenicbelts（e．g．，Ohyamaetal・，  

2008；Tsunogae et al．，2002，2008；Santosh and Tsunogae，2003；Santosh et al・，2008）・In  

COntraSt，isochoresfbrType2dioritesareplottedaroundlower－Tsideofthe「丹pelisochores  

（Fig．11l．7b），SuggeSting that the rocks underwent sign描cant recrystallization and／or  

defbrmationduringcooling．Fluidinclusionsinsuchdefbrmedsamplesaretherefbrenotsuitable  

fbrcharacterizationofthemagmaticnuids（e．g．，WilkinsandBarkas，1978）．  

Our microthermometric results suggest that the magmatic nuids related to the  

CryStallizationofdioriticrocksareH20十rich（Th，ice＝Oto」l．OOC）withlowtomedium－Salinity   

（0」；．4wt・％NaCleq），althoughaqueousfluidswithslightlyhigherdensityisalsopresentinType   

2diorite（upto13・6wt・％NaCleq）・However，thisresultcontraststotheoccurrenceofCO2」rich   

nuidsinlatepegmatiteandapliteveinscuttingacrossthediorite（HossainandTSunogae，2008）・  

Such occurrences ofboth H20－and CO2－rich nuidsin slngle plutonic complex have been  
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reportedasresultsofnuidimmiscibility（e．g．，Roedder，1971，1979；Bodnari1995；Heinrich，  

1995，Reyfこ1997）．However，inthiscase，di能rentintrusionstagesofdioriticrocksandveinsas  

Wellaslack ofH201：02mixed nuidsindiorite samples suggest two－Stage nuid activities  

（earlier H20－rich and bylater CO2－rich nuid），Which have been reported fbr dioritic rocks  

elsewhere（Roedde111992）．  

ⅠIl．7．2．Emplacementdepthandexhumationhistory  

Thecrystallizationtemperatureandpressureconditionsofthedioriticrockshavebeen  

estimatedtobe680－7250Cand4．9－6．4kbarbyhornblende－plag10ClaseandAl－in－homblende  

geothermobarometers・AstheP～Tconditionhasbeenobtainedfromcoarse－grainedplag10C）ase  

andhornblendepairsinundefbrmed（「吋pel）dioriticrocks，itcaJlberegardedasthecondition  

Ofmagmaticcrystallization，althoughwecannotneglectpossibleslightmodincationofmineral  

COmPOSitions during cooling．The P－Tconditions are nearly consistentwith the range of  

isochoresestimated丘omprlmaryaqueOuSnuidinclusionstrappedinquartzandplag）OClasein  

Tシpeldioriticrocks、Whichfurtherindicatesthatthetrappednuidisatraceofmagmaticnuid・  

Thepressurerangeenablesustoestimateminimumemplacementdepthofthedioritic   

rocksat～17－22km，iftherockdensityisassumedtobe～3g／cm3・Theresultisnearlyconsistent  

Withavailablepalaeodepthestimatesfbrpegmatiteandapliteveinsintrudingthedioriticrocks  

（～16km／Jl．8kbar；HossainandTsunogae，2008）andalsofbrplutonicrocksintheCentral  

lndianrrbctonicZone（～17kmな5kbar；Mishraetal．，2007）．Asthebasementrocksinthestudy  
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areaislocatedclosetothesurface，thethicknessoferodedrocksa氏erthecrystallizationofthe  

dioriticrockscanbeestimatedtobe～17－22km什omthepressurerange．AstheMaddhapara  

basement rocks were overlain by thin cover of Lopingian（～0．26Ga）Gondwana nuvial  

Sediments，We eStimate the erosionalperiod ofthe basement rocks to bel．47billion years  

（＝l．73－0．26），and the minimum average rate ofexhumation ofthe rocks as～12－15m／Ma，  

SuggeStlng relatively slow exhumation during Palaeoproterozoic to Lopinglan time・The  

estimationofminimumaverageexhumationratewasdonebyconsideringtheentiredepthversus  

time，fb1lowingthemethodofRubattoandHermann（2001）．Hereweconsideredtheextentof  

timebetweenthetimeofcrystallizationofbasementrocks（U－PbSHRIMPzirconage）andthe  

LopinglanSedimentationagerecord・Theexhumationrateresultsarecomparablewithestimates   

丘om otherorogenicbeltsmadebydi能rentmethods，includingcosmogenicisotope，aPatite   

nssiontrack，andthevolumeofsedimentsinstreamsordeposits（e．g．，Ybshinobuetal．，2002；   

McInnesetal・，2005）・Theexhumationratecalculated舟omtheemplacementdepthofthepluton   

isonlyaminimumestimate・Theplutonmightbereburiedand／orsomesedimentationmight   

have occurred duringthe period ofoverl・47bi11ion years・Although the sedimentation of   

Lopinglan timeisthe oldest similar eventin Bangladesh and most parts ofthe CITZ and   

aqjoining areas，rare Upper Carbonif邑rous to Permian Gondwana sedimentsin eastem and  

SOuthぺentralIndia，andalso托wisolatedareas（inlndia）havealsobeenreported（rrbwari、1999）．   

The slow exhumation rate could indicatelow relief continentalshield surfhce fbr the  

northwesternBangladeshduringtheNeoproterozoictoPalaeozoic．OurP－randfluidinclusion  
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datatherefbreprovidevaluableinfbrmationontheexhumationrateofthebasementrocksin  

Bangladesh，WhichiscruCialtounderstandtheearth，sgeologlCCyCles，includingthegeographic  

evolutionofcontinentalsurfaces（e．g．，WilkinsonandKesler，2007）．Thebasementrockswere  

PrObablyLLPli触dalongtheSon－Narmada）ineamentthatcorrespondstoanENE－WSWtrending   

deepcrustalfault（Acharyya，2003），andsubsequentlycoveredbya11uvialsedimentsduringthe   

Lopinglan・The exhumation rate ofthese Palaeoproterozoic basement rocks were probably   

decreased soon after the termination oftectonic activity（Matmon et al．，2003）．Then the  

basementremained relatively stableandthesubsequentrockupli魚wasinequilibriumwith   

denudationsincethetectonicactivityterminated．Asaresult，thelandscapewasfacilitatedto  

approachabalanceintermsofmasslossovertimewhenconsideredonsuchlongtimescales   

（Pazzaglia and Brandon，2001）．Thelongevity andtopographic persistenceofthe basement  

mightalsoexplaintheexistenceofathickenedcruSt・  

Ourstudyprovidesthenrstemplacementdepthandexhumationratedataaswe11asthe  

characterizationofmagmaticnuidindioriticrocksinBangladesh．Theresultswi11beusefulin  

furtherunderstandingthetectonicactivitiesinCITZandaqjoiningareasinIndia・  
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CHAPTERIV  

Fluidinclusion study of pegmatite aIld aplite veins of   

PalaeoproterozoicbasemehtrOCksinI主angladesh：Implicationsfbr   

magmaticfluidcompositionsandcrystallizationdepth・  

ThischapterhasbeenptlblishedinJournalofMineralogicalandPetrologlCalSciences  

（ユ008，Vbl．103，pp．1ヱト125）  
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Abstra（：t   

WereportthenrstnuidinclusiondataonPalaeoproterozoicbasementrocksinBangladeshfbr   

the characterization ofmagmatic椚uid compositions and determination ofthecrystallization   

pressure and temperature of the host rock．Fluidinclusions are present as prlmary and   

PSeudosecondarytypesin quartz grainswithinpegmatiteandaplite，Whichoccurasveinsin   

dioritic rocks．Bothprlmary CO2－richandH20十richinclusionsarepresent，eVeninthe same   

inclusioncluster，PrObablyrenectingaslnglestageofnuidactlVltyduringthecrystallizationof   

theveins．Themeltingtemperature（rn）andhomogenizationtemperature（TL）ofthedominant   

Carbonicinclusionsareintherangesof－56．60Cto－58．lOCand」5．80Cto＋30OC，reSPeCtively；  

then－ValuestranslateintodensitiesofO．59qO．97g／crn3．RareaqtleOuSnuidinclusionshavea   

蔦nalTn valuein the range ofOOC to－10．80C and a n valueinthe range of＋209．80C to  

＋405・50C，WhichcorrespondstobulkdensitiesofO・52→）・97g／cm3・lsochoresoftheinclusions   

andtemperahlreSObtainedfromthezirconsaturationthermometryofpegmatiteindicatethatthe   

Veinscrystallizedat～4．8kbarand660J700C（depthof～16km）．Theresultsofthisstudywi11   

be usefu1in understanding the magmatism and metallogeny of fblsiclgneOuS rOCks of   

Bangladesh，Whicharere］atedtothefbrmationoftheColumbiasupercontinent．  

IVl．IntrodlJCtion  

Recent geochronologlCalstudies on basement rocksin Bangladeshindicate that   

Palaeoproterozoic（l．72－l．73Ga；Ameeneta］．，2007；Hossainetal．，2007）tonaliticanddioritic   

rocks existintheMaddhaparaarea（Fig．IVl），Whichareregardedasacontinuation ofthe   

CentralIndianl七ctonicZone（CITZ）asapossibleremnantoftheColumbiasuperCOntinent   

（Hossain et al．，2007）．Although petrographicaland geochemicaldata on basement rocksis   

available，nO detaiIed geothermobarometric and幻uidinclusion studies have thus fhr been   

COnductedonthem．Fluidinclusionsinsuchigneousrocksareregardedasapowerfultoolfbrthe   

Characterizationofmagmaticnuidsandestirnationofthetrapplngdepthofthenuids，Whichare  
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usefu1forthedeterminationofthephysicochemicalconditionsofthesourcemagma．  

師0  9㌘  

Fig．ⅠVl．GeologicalmapofBangladeshshowingsamplelocationofthestudyarea．  

lnthisstudy，WerePOrtthenrstnuidinclusiondataonPalaeoproterozoicbasementrocks   

inBangladesh．AlimitednumberofnuidinclusionstudieshavebeenconductedonCITZrocks；   

mostofthesestudieshavebeenconductedonmetamOrPhicrocks（e．g．，Santoshetal．，2006）．In   

COmparison，ftwstudiesonmagmaticnuidinclusionshavebeenpublishedinlgneOuSrOCks   

relatedtotheformationoftheColumbiasupercontinent（e．g．，NabelekandTヒrneS，1997；Reyf；   

1997）．Therefbre，Wehaveattemptedtoidentifythemagmaticnuidphases，densities，andP－T   

COnditions ofthe crystallization ofthe magma．The results ofthis studywi11beusefu1in   

understandingthemagmatismandmetallogenyofthef己1sicigneousrOCksofBangladesh，Which   

arerelatedtothefbrmationoftheCITZaswe11asColumbiasupercontinent．  

ⅠⅤ．ヱ．Sample  

ThebasementrocksinBangladesharepredominantlydioriticrocks．Duetotheabsence   

Ofnuidinclusionsinthistypeofrock，Wefbcusedoninclusionstrappedinquartzgrainswithin   

pegmatite（samplesPLS3andPL12）andaplite（SamPlePL7）．Bothpegmatiteandapliteoccuras  
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Veins havingathickness ofupto50cm；these veinswerepossiblyintrudedtogetherinthe   

COOlingstage・PegmatiteismainlycomposedofK－ftldspar（Orthoclaseandmicrocline，uPtO2   

Cminlength），quartZ，andalbitewithaccessoryzircon，Whileaplite，Whichisatypicalintrusive   

rock，ismainlycomposedof再ne－grainedplag10Claseandquartz．  

The temperature Ofcrystallization ofpegmatitewasestimated uslngZircon saturation   

geothermometry．ResultsofpreviousexperimentalstudiesandtheamOuntOfzirconiumrequired   

fbr saturation were used to estimate the temperature at which zircon was crystallized（e．g．，   

Watson，1979；Watson and Harrison，1983；Ayers and W如SOn，1991）．Ⅵねtson and Harrison   

（1983）revisitedthethermometryandinvestigatedtherelationbetweenzirconcrystallizationand   

meltcomposition，Whichisgiven bythesolubilitymodel：花一＝12900／［2．95＋0．85xM＋1n   

（496000／ZrmeIt）］，WhereM＝mOlar［（Na＋K＋2xCa）／（AIxSi）］．Consequently，花rprovideda   

minimtlm eStimate of the magma temperature befbre extensive crysta11ization，PrObably   

e能ctivelyoncrystallizationdepth．  

Inthisstudy，WeadoptedthecalibrationofMilleretal．（2003）tominimizetheerrorsin   

the calculated value of T2r．The crystallization temperature ofpegmatite was estimated as   

660－6700CusingtheZrcontent（46A7ppm）andMvalues（1．4－1．5，WhereSiO2＝73．5－74．7   

Wt％，A1203＝13．ト13．7wt％，Na20＝2．6－3．Owt％，K20＝5．5」；．2wt％，andCaO＝1．4－1．6   

Wt％）ofbulkrock．  

ⅠV3．Fluidinclusions  

Fluidinclusionsareclass摘edintothreetypesonthebasisoftheiroccurrence：Primary，   

pseudosecondary，andsecondary（Cf二，Roedder，1984）．Astheinclusionsexaminedinthisstudy   

OCCuraSisolatedaggregatesorlocalclustersfbrmedawayfromthegrainmaTglnSOfquartZ，they   

areregardedasprlmarynuidinclusionsthatwereprobablytrappedduringthegrowthofthehost   

mineral．However，We CannOt eXClude the possibility that they were trappedin healed and   

annealedear1yfracturesaspseudosecondaryinclusions（e．g．，Tburet，2001）（Figs．ⅠV2a－2c）．  
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Fig・lV2・Photomicmgraphsofreprcsentativenuidinclusionsdiscussedinthisstudy．（a）Isolatedprimarycarbonic  

nuidinclusionsinpegmatite（SamplePLS3）．（b）Aclusteroff）uidinclusions，Showingco・eXistenceofprhary  

侃rbonic and aqueous nuidinclusionsinpegmatite（SamPle PLS3）．（C）Relativelylarge primary aqueous and  

侃rbonienuidinc）usionshavingc］earevidencefortheco－eXjstenceinpegma王ite（SamplePLS3）．（d）廿ailsofvery  

Sma11secondaryf］uidinc）usions（samplePL7），WhicharenotsuitabIeformicrothemometricmeasurement．  

Theyaretotallycontainedwithinagralnandrarelydevelopalongident捕ablecracks．These   

inclusions commonly occur along crystal growth surfaces and show a general scattered 

distributioninsections．SecondarylnClusions are thoseinclusions that are fbrmed a食erthe   

CTyStallizationofamineral．Theyaretypical1ylocatedwithinhealed丘acturesthatintersectthe   

host－CryStalboundaries（Fig．2d）．Pseudosecondaryinclusionsareformedalongmicrocracksthat   

developduringthepartialgrowthofthecrystalandformarraystha！PinchoutwithinthegralnS・  

Asdiscussedbelow，bothprimaryCO2－richandH20－richinclusionsarepresent，eVenin   

asingleinclusioncluster（Figs．1V．2band2c）．Somelengthenedinclusionsthatformtrailsare   

alsotrappedduringthegrowthofthehostmineralaspseudosecondarylnClusions．Further；there   

exist s6me arrays of very smallsecondary nuidinclusions，Which are not suitablefor   

microthermometric measurement．AsshowninFigureIV2d，theoccurrence and sizeofthe   

SeCOndaryinclusionsareclearlydi飴rent丘omthoseoftheprimatYinclusions（Figs．IV2a－2c）．   

Althoughfbldspargrainshaverareprimarynuidinclusions，theyareVerySmallandunsuitable  
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fbranalysis．Noboilingevidenceisrecognizedinthestudiedsamples．  

恥bleIVl・StmaryofmicrothermOmetricmeasurementsofcarbonicandaqueotusnuidinclusionsinp咽阻adtes  

andaplite．  

鮎叩1せ  RoぐU伽迅  Mel血g鹿m阿atWe（OC）  Homogeni甜ti餓t岬8h∬e（OC）  Dぞn＄ity Wt％   糎or Si那  

No・   tyPeS  Mjn・ M乱乙  Av併喝e－  Min・ M弧■   Av酌g8－  （離mコ）   s扇t  ま郎1n由n 伽m）  
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7．ヰ    30．O Z3．1土12．1   
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Microthermometricmeasurementsofthe蔦uidinclusionswereperfbrmedwithaLinkam   

heating伶eezingsystemattheUniversityofTsukuba．Calibrationwasperfbrmedusingsynthetic   

Standardmaterials supplied by FIuidInc．，Denver．ThecaIibrationswereperfbrmedatO OC   

（扇plepointofH20），－56．60C（triplepointofCO2），andthecriticaIpointofpureH20witha  

densibTOfO．317gkm3（374．1OC）．Intheheatingkoolingexperiment，themeltingtemperahu：e   

（IL）andhomogenizationtemperature（IL）oftwo－Phase（gas－VaPOr）inclusionsweremeasured．   

The heating rates ofthe samples werelOC／min R）r7ふand50C／minfbrIL．Repeated   

microthemometricmeasurementsindicatedthattheprecisi皿Ofthemicrothmometricres111ts   

reportedinthisstudywaswithintO．lOCfor㍍and士0．20Cfbr孔．Theresultsaresh椚in   

histograms（Fig．ⅠV3）andsummarizedinTableIVl．TheIhvaluesofprimary carbonic   

inclusionsareintherangesof－56．6OCto－57．90C匝egmatite）and－56．70C to－58・1OC   

（叩Iite）；thesevaluesarecIosetothetriplepointofpureCO2（－56．60C）・Theslightd甲reSSionin   

the Thvaluesofsomeinclusionssuggeststheprobablepresenceoftracesofadditionalnuid   

COmpOnentSSuChasN2andCH4inthedominantCO2－richnuid（Fig・ⅠV3わ・Continuousheating   

leadstothehomogenizationoftheinclusionsintotheliquidphaseata7もvalueintherangeof   

T5．8Octo＋300Cfbrpegmatiteand－6．8OCto＋29．8OCfbrapIite（円g．ⅠV3b）・Vmenthe   

dataiscompiledintohistograms，mOStOfthemshowaThrangeOf＋140Cto＋300C・These  

valuestranslateintoCO2densitiesofO．59J．97gkm｝（Thble‡Vl）．TheTLandTivaluesofrare  
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PSeudosecondary）nClusionsJiein the ranges of－56．6OC to－57．20C and＋15．70C to＋300C，   

respectively；thesevaluesaresimilartothoseofprimarylnClusions．  

Aqueousnuidinclusjonsinpegmatiteandapliteyieldfina］TL．valuesranglngfromOOし   

torlO・80Candnvaluesranging什om＋209．80Cto＋405．50C（Fig．7V3c），Whichcorrespondto  

bulkdensitiesofO・52－■・97g／cm3（rTbbleIVl）・TheirequivalentNaCIconcentrationsare  

O．17－14．8wt％．  
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Fig・IV13・Histograrnsshowingthedistributionofmelting（a）andhomogenization（b）temperatureSOfcarbonic  

f）uidinclusions，andaqueousfluidinclusions（c）temperattmSinpegmatiteandaplite．  

The composition and denslty Ofthefluid phasetrapped withintheinclusionscan be   

representedthroughaspeCincisochore（lineofconstantvoJume）inP－Tspace．Thecarbonicand   

aqueousinclusionsanalyzedinthisstudyhavebeenusedfbrconstructlngtheisochoresshownin  

78   



FigureIV・4・Thenuiddensitiesandisochoreswerecalculatedwiththecomputerprogram   

“MacFlinCor，”whichwasdevelopedbyBrownandHagemann（1994），uSingtheequationand   

thermodynamicdataofBrownandLamb（1989）．Fortheconstructionoftheisochoresshownin   

FigureIV・4，theminimurn and maximum values ofT．were adopted fbreachcategoryof   

inclusion・Separateisochoreswerealso computed fbrthehighest－densityprimary CO2月uid   

inclusioninthequartzpresentinpegmatiteandaplite（Th＝T5．80Cto－6．8OC）．  
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Fig．ⅠV4．P－Tdiagramshowingisochoresfbrcarbonic（dashlines）andaqueous（heavysolidlines）nuidinclusions   

inpegrnatiteandaplite・TheisochorerangescorrespondtoerrorsincalculateddensitiesinrTbblelfbrprlmaryCO2   

inclusionsofpegmatite（1），PrimaryCO2inclusionsofaplite（2），PSeudosecondaryCO2inclusions（3）andaqueous   

nuidinclusions（4）．IndividualisochoresfbrhighestdensityCO2Values（notcorrected）fbrpegmatiteandaplite   

（dashlines）．ShadedareaindicatestemperaturerangeOfpegmatiteobtainedn・OmZirconsaturationtherrnometry   

（660－6700C）．SolidusofQtz－0トAb－H20systemwastakenftomJohannes（1984）・  

ⅠV4．Discussion  

ThepetrographicandmicrotherrnOmetricmeasurementsofthefluidinclusionsinthe  

pegrnatiteandapliteveinsofthebasementrocksinBangladeshindicatethatdominantCO2－rich  

andrareH20－richnuidsaretraPpedinquartzatthesamestage・Primarytopseudosecondary   

occurrencesoftheinclusionssuggestthattheyweretrappedduringthecrysta11izationofhost  
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mineralsandthatthetrappedfluidsaremagmaticinorigin．SomeH20十richinclusionsaresaline   

WithequlValentNaCIconcentrationsofO．17－14．8wt％．Previousstudiesonnuidinclusionsin   

magmaticrocks suggestthatoccurrences ofsuch CO2＋saline H20nuids andthe dominant   

CO2－richnuidinlate－Stagepegmatiteandaplitearecommon（Roedder，1979；Konnerup－Madsen   

etal．，1985；Reyfこ1997；NabelekandTもrneS，1997）．Thisisprobablyduetotheseparationofthe   

magmatic nuidinto twoimmiscible phases atlowtemperatures－｛02－rich gasand salt－rich   

liquid（brine）（Reyfこ1997）－and／orthechangein椚uid compositionsfrom H20－CO2tOCO2   

duringthecrystallizationstage（Nabelekandrrbrnes、1997）．Theprimarynuidinclusions，Which  

areprobablytrappedduringthegrowthofquartz，haveawidedensityrange（0．59」）．97g／cm3）．  

Althoughmostofthemhavealowdensity（0．59－0．81g／cm3），rarehigh－densityinclusions  

（0・96J）・97g′cm3）arealsopresent・Itisinterestingtonotethattheyaretrappedtogetherwith  

high－TL（low－density）inclusions．Suchawidedensityvariationandthepreservationoftherare   

high－densltyJnClusions suggest that alJthe prlmary nuidinc）usions were probably trapped   

together，andtheirdensity decreased sign浦cantly during exhumation（Ohyamaet al．，2008）．   

Therefbre，Weinfbrthatthe CO2－richinclusionswiththehighest－densityvalues preservethe   

nuidatmagmaticcrystallization．  

In this study，the crystallization temperature ofpegmatite has been estimated to be   

660J70OCbythezirconsaturationthermometryofpegmatite．Sincebothcarbonicandaqueous   

inclusionswereapparentlytrappedin asinglestageoffluidactivityduringthefbrmationof   

Veins，theoverlappingrangesofH20andthehighest－densityCO2isochoresshowninFigureIV   

4（4．8kbarat660J700C）probablycorrespondtothepressureofcrystallizationoftheveins．   

Thepressureofcrystallizationcorrespondstothedepthofcrystallizationat～16kmwhenthe  

rockdensityisassumedtobe～3g／cm3・ThelLTconditionisconsistentwiththesolidusofthe   

Qtz－Or－Ab－H20systern（Johannes，1984，Fig．ⅠV4），SuggeStingthatthemineralassemblagesof   

Pegmatitediscussedinthisstudy（quartZ＋K－ftldspar＋albite）mayhavebeenstableatthefLT   

COndition．lsochoresfbrsomelow－densitycarbonicandaqueousinclusionspossiblysuggestlater  
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mod捕cationofthe吊uiddensitybecausethecoolingpathinFigureIV4intersectstheisochores，   

Whichisacommonfbatureofretrogressedhigh－grade metamorphicrocks（rrhnogaeandvan   

Reenen，2007；Ohyamaetal．，2008）．Thecrystallizationdepthofthehostdioriteis，therefbre，   

regardedtobemorethan16km．  

This study provides the坑rst magrnatic nuidinclusion dataofthe basementrocksin  

BangladeshfbrmedduringtheamalgamationoftheColumbiasupercontinent．Theresultswillbe  

use且11inunderstandingthemagmaticactivityandrrletallogenyofbasementrocks．  
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CⅡApTERV  

PalaeoproterozoictJ－PbSHRIMPzircohagefrombasementrocks   

inBangladesh：ApossibleremnantofColumbiaSupercontinent  

ThischapterhasbeenpublishediAComptesRendusGcoscietlCe  

（2007，Ⅵ）1．339，pp．979－姻‘）  
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Ab＄traCt  

Ⅵ庵presentnewU－PbSHRIMPzircongeochronologlCaldatafbrbasementrocksinBangladeshl   

anddiscusstherelationshipwiththefbmationofColumbiaSupercontinent．Euhedralzircons  

斤om a diorite sample yield a concordia age of1730±11Ma，Whichisinterpreted as the  

CryStallizationage．ThePalaeoproterozoicageoftheexaminedbasementrockandthecommon  

OCCurrenCeS Of simi1ar～1．7Ga geologlC unitsin the Centrallndian Tもctonic Zone and  

Meghalaya－ShillongPlateauinIndianShieldsuggesttheirapparentcontinuation．This，tOgether  

withtheoccurrenceofsimi1ar～1．7GageologlCunitsintheAlbany－FraserbeltinAustraliaand  

EastAntarcticaareusedtosuggestthatthebasementrocksinBangladeshfbrmedtowardsthe  

nnalstagesoftheassemblyofColumbiaSupercontinent．  

Vl．Introdu（：tion  

Supercontinentscontainingmostoftheearth’scontinentalcruStareCOnSideredtohave  

existedatleasttwiceinProterozoictime．Theyoungerone，Rodinia，fbrmed～1．OGa（Ho軌lan，  

1991）byaccretionandcollisionoffragmentsproducedbybreakupoftheoldersupercontinent，  

Columbia，Which was assembled by globaトscale2．0－1．8Ga collisionalevents（Rogers and  

Santosh，2002）・BasedonthedistributionofU－Pbzirconages，COupledwithNdandHfisotope  

data，Condie（2004）recognizedthatthereisamqiorpeakinjuvenilecruStalproductionrateatca．  

l・9Ga（Fig．1）．The～2．トl．7Ga distributionin Fig．Vlprobably corresponds toinboard  

maniftstations of subduction／coIlision／posトCOllision related magmatism associatedwith the  
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fbrmation ofColumbia supercontinent・Aswiththe case ofany supercontinent，the exact   

COn坑gurationofColumbiasupercontinentawaitsmoreandprecisegeochronologlCinfbrmation   

舟omseparatedcontinenta用agments，PrOVidingameanstoestablishfbrmerlinkages・  

Basement rocksfrom Bangladesh were never consideredin the connguration of   

Columbia，Partlyduetothelackofexposedigneousormetamorphicrocks・Thegeologyof   

BangladeshischaracterizedbyextensiverrbrtiaryandQuaternarysuccessions，fbrmingpartof   

OneOfthelargestcontinentalsedimentarydepositoriesintheworld（Curray，1991）．Drill－hole  

geologicalinvestigationsfromthe Maddhapara area（between89003，30”Eto89OO4I53′′Eand  

25033’15′′Nto25034’15′′N；Fig．V2），nOrthwesternPartOfBangladeshrevealsthatbasement  

rocksoccuratasha1lowdepth（～128m；e．g．，Khan，1991）．Ameenetal．（2007）recentlyreported  

aU－PbSHRIMPageof1722士6Ma斤omatonaliticcoresample什omthisarea（Obtainedata  

depth of227．48min drillhole BH－2）．They consider the buried rocks at Maddhaparato  

representaseparateanddiscretemicrocontinental舟agmentthatwastrappedbythenorthward  

mlgrationofIndiaduringGondwanadispersal．HerewereportnewU－PbSHRIMPzirconage  

fbradioriticsample（Obtained舟omtunnel，atadepthof276m），andbasedonaliteraturesurvey，  

attempt to evaluate the slgn捕cance ofbasement rocksin Bangladeshin a supercontinent  

舟amework．We suggest the possibility of basement rocks in Bangladesh fbrming the  

COntinuation ofthe Central1ndiarlrItctonicZone and Meghalaya－Shillong PlateauinIndian  

Shieldonthebasisofavai1ablegeochronologlCalandpaleogeographicalinfbrmation．  
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Fig．Vl．FrequencydistributionofjuvenilecruStalproductionwithtime．JuvenilecruStageSareU－Pbzirconages  

usedinconjunctionwithNdandHfisotopedata（modinedafterGrovesetal．，2005）・  

800  840  880  920  

Fig．V2．Locationmapofthe Maddhaparabasementrocksin Bangladesh，Showingtectonic elements andits  

relationshipwithCITZ（modinedafterKhan，1991；RaoandReddy，2002；Adlaryya，2003）．Abbreviations；BC：  

BastarCraton，BN：Bundhe］khandCraton，BGB：BarapukuriaGondwanaBasin，CGGC：ChotanagpurGranjte  

GneissComplex，CH：Chattisgarh，CIS：CentralIndian ShearZone，DGB：DamodarGondwanaBasins，DS：  

Dadeeling－SikkimHimalaya，DT：DeccanTmp，KG：KarimnagarGranuliteBelt，M：Mohakoshalandequivalents，  

R：RqjmahalTmp，S：Sausar，SC：SinghbhumCraton，Si：Singhbhum（Paleoproterozoic），SMGB：SonMal1anadi  

GondwanaBasins，SONA：SonNamadaLineament，V：Vindhyan．  

V2．Gtologicandpctrographicinbrmation  

ThebasementrocksinBangladesharedorninantlydioriticrockswithminorgranitoids．  

Amphiboleandbiotitefbrmthedominantmancmineralsina11therocktypes．Althoughlate  
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hydrothermalalterationisobservedinsomeofthecollectedsamples，thedioritesample（SLl）  

斤omwhichzirconswereextractedforgeochronologyisfh：Shandshownoevidenceofalteration．  

Thesampleismediumtocoarse－grainedandcomposeddominantlyofplaglOClase，hornblende，  

biotiteandquartz（Fig・V3A）・Lightpinktocolorlesszirconcrystals（Sizerange：120to440pm；   

1ength／width ratios：3：2to4：1）are commonlyincludedin）arge euhedralhornblende and  

Subhedralto euhedralbiotite．They exhibittypicalmagmatic osci11atoTy ZOning，aS Seenin  

Cathodoluminescence（CL）images（Fig．V3B）．Somecoarsezirconshaveisolatedcoresmantled  

byconcentriczoning（e・g・，grainSLl－6inFig．V3B）．However；theydonotshowobviousage  

di飴rencesasi11ustratedbelow．Thissuggeststhatallpartsofthezircongrainsgrewcloseand  

probablypreserveSthemagmaticcrystallizationage．  

Fig・V13・PhotomicrograpllOfzircons examinedin this study・（A）Photomicrograph showing typicalmineral  

assemblageof－analyzeddiorite（SampleSLl）．Crossedpolars．Hbl：homblende，Bt：biotite，Pl：Plagioclase，Qtz：  

quartz，Zrn：Zircon．（B）CLimageofzirconsinsampleSLlwithana］yzedspots．  
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V3．Geocbronologymethods  

ForU－PbSHRIMPzircondating，Zirconswereseparated什0rnthedioritesample（SLl）  

uslngCOnVentionaltechniques・Thezirconcrystalsweremountedinanepoxydisctogetherwith  

Standard zircon，and therlPOlishedto exposetheircores．Theinterna）structure fbranalyzed  

ZirconswasobservedusingCLimages（e．g．，Fig．V3B）．Usingguidance＆omtheCLimages，  

ZOnedmantlepartsofzirconswereanalyzedfbrU－PbisotopesandU，ThandPbconcentrations  

uslngaSHRIMPIIionmicroprobeattheInstituteofGeology，ChineseAcademyofGeologlCal  

Sciences，Betiing・Theanalysisfb1lowsthemethodsofCompstonetal．（1992）andWilliamsand  

Claesson（1987）・Measurementswerecorrected usingre托rencezircon standardrrbmora（417   

Ma；Black et al．，2003）．The common Pb was estimatedfrom204pb counts，andthe data  

PrOCeSSingwascarriedoutusinglsoplot（Ludwig，1997）．  

V4．Results  

TheanalyticalresultsofzirconsinsampleSLlarelistedinrrbbleVl，andallanalyzed  

Zircons are shownin Fig．V3B．Ages areweighted meanswithlcTerrOrS．Eightindividual  

anatyseswerecarriedoutfbrsevenzircongralnS．Themeasurementshavebeendoneonlarge  

COre Or mantle parts of the gralnS．Although theanalyzed spots have a wide rangein   

concentrationsofU（137－1159ppm），Th（79－179ppm）and206pb（29．9－307ppm），thereisno   

systematiccorrelationbetweentheestimated207pb／206pbandU，ThandPbcontents，andThN   

ratio（rrbbleV」）．Sevenspotsofzirconshaveaconsistent206pbP38uagebetween1720±45to  
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1791±44Ma，yetSPOtSLl．6．1yieldedyounger206pbP38uageof1440±37Ma（TbbleVl）．This   

isduetorecentPb－lossoftheanalyzedspotasshownintheconcordiadiagram（Fig．V4A）．   

Noneofthezirconanalysesshowedanyinheritance・Alltheanalyzedzirconsgave207pb′206pb  

agesof1678±34to1737±7Ma・Sevenconcordantdatayieldedaconcordiaageof1730±11Ma   

（95％conndencelimit，MSWD＝0．6，PrObabilityofconcordance＝0．24）（Fig．V4A）．Asthe  

MSWDisindistinguishable斤om unity fbrthis number ofdata points，itis not statistically  

Slgnincanttoattemptanyeditingoftheanalyses・Theconcordiaageisalmostconsistentwiththe   

weightedmean207pb／206pbageof1728±11Mafbralleightspots（95％conndencelilnit，MSWD  

＝0．78，PrObabilityofequivalence＝0．60）（Fig．V4B）．OurU－Pb SHRIMPageisconsistent  

withavailableSHRIMPzirconageof1722±6Mafbrtonalitefromthesamearea（Ameenetal■，  

2007）．Therefbre，itcanbeconcludedthatthemagmaticcrystallizationofthebasementrocksin  

Bangladeshtookplaceatca．1．7Ga・  

TableV．1．SummaryofzirconU－Th－PbanalysesinsampIeSLl丘omMaddhq）ara．  

Spots U Th LUnpb＊ 200pbc、∠Th／LJもu  Age（Ma）＊＊  ‡sotoperatios（士％）＊＊  

2（X｝pbP38uヱ07pb／2他pb20泳pb／232Th：muP仙pb♯2O7pb＋PO6pb■2（r7pb＊／235u 2ひ6pb＋／238u  
（Ppm）（pprn）（ppm）（％）  

0．2502土2．9  

0．3203士2．8  

0．3137士2．7  

0，3077士2．7  

0．3127土2．9  

0．3057土3．0  

0．3121土2．7  

0．3133士2．9  

3．64土3．9  

4．55土3．4  

4．52土3．0  

4．51士2，7  

4．55土3．2  

4．44士3．2  

4．52士2．9  

4．56土3．1  

0．1055土2．6  

0．1030士1．9  

0．1046土1．1  

0．1063土0．4  

0．1054土1．4  

0．1053土1．2  

0．1050土l，0  

0．1056土1．l  

4．000土2．9  

3．122土2．8  

3．188土2．7  

3．250士2．7  

3．19＆昆．9  

3．271土3．0  

3．204土2．7  

3．‡92＝ヒ2．9  

0，59 1，440土371，723士48  

0．65 l，791土441，678土34  

0．77 l，759土421，708土21  

0．43 1，729土41l，737土7  

0．77 1，754土44l，722土25  

0．711，720土45l，719土22  

0．畠Il，751土42l，714封ほ  

0．58 1，757土441，724土20  

1，455土74  

1，799土65  

1，753土53  

1，677土51  

1，786土66  

1，6鯛土5（i  

l，736土50  

1，gO4士朗  

79  29，9 1．22  

130  57．9  0．88  

238  8る．0  0．35  

479 307．0  0，10  

192  69．8  0．70  

202  77．9  0．59  

325 11l．0  0▲39  

153  73，2  0．32  

SLl．6．1 137  

SLl．6．2  20g  

SLl．5．1 318  

SLl．4．11159  

SLト3．1 25台  

SLl－2．1 295  

SLトl．1 414  

SLl－7．1 271  

Errorsarel－SigmaこPbcandPb－indicatethecommonandradiogenicportions，reSpeCtivelyl  

ErrorinStandardcalibradonwasO．74％（notincludedinaboveerrorsbutrequiredwhencomparingdata舟omdif托rentmounts）・  
…CornmonPbcorrecteduslngmeaSured2掴pb・  
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Fig．V4．（A）ConcordiadiagramshowingSHRIMPanalysesofzirconsinsampleSLl．（B）Diagramshowingthe  

WeightedmeanagefbrzirconsinsampleSLl什omMaddhapara．  

V5．Discussion  

Interpretationsofcon吊gurationofProterozoicsupercontinentsarecontroversialbecause  

Oftheinherent difnculties and uncertaintiesin matching continental舟agments that were  

dispersedprlOrtOtheassemblyandsubsequentbreakupanddispersal．ThecaseofColumbia  

SuperCOntinentisnodi飴rent．Therecognitionofthe2．1tol．8Gacollision／accretionaryevents  

Onnearlyeverycontinent，includingtheTransamazonianofSouthAmerica，theBirimianofWtst   

A舟ica，theTrans－Hudsonanditsage－equlValentofNorthAmerica，theSveco俺nnianandKola－  

KareliaofnorthemEurope，theAkitanandCentralAldanofSiberia，theCaprlCOrnOfWestern   

Australia，theTransantarcticMountainsofAntarctica，theTranS－NorthChinainNorthChina，the  

CentrallndianTbctonicZoneinlndia，etC・，ledgeologiststoconsiderthattheyrepresentthe  
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録agmentsofapre－Rodiniasupercontinentthatformedinresponsetoglobal－SCalecollisionat   

thistime（e・g・，RogersandSantosh，2002；Condie，2004；Zhaoetal．，2002；Zhaoetal．，2006）．  

ThetwopossibleconngurationsofColumbia，prOPOSedbyRogersandSantosh（2002）   

andZhaoetal・（2002），di能rmainlyinthepositionofNorthChinaCraton叩CC），Withthe   

fbrmerconsideringthatNCCwasaqjacenttotheBalticandAmazoniancratons，Whilethelatter  

placingtheeasternmarglnOfNCCagainstthewesternmarglnOflndianShield．Recentstudies  

reported the occurrence of ～1．8 Ga to ～l．65 Ga ma坑c－ftlsicintruSions，including  

anorthosite－mangereite－Chamockite－granite（AMCG）suitesandrapakivigranites，inNCC（e．g．，  

Zhang et al．，2007；Zhao et al．，2003）．Similar Palaeoproterozoic AMCGand rapakivi  

magmatismiswidespreadalongthemarginofAmazoniaandBaltica（Geraldesetal．，2001）．No  

SuChmagmatismisreported舟omthewesternmarglnOfIndianshieldduringtheconcernedtime  

触me．Hence we fbllow the connguration ofColumbia supercontinent givenin Rogers and  

SaJltOSh（2004）（Fig．V5），WhereNCCisplaceda4jacenttoBaltica．IfBangladeshwaspartof  

thiscon蔦guration，itis mostlikelytobeplaced betweeneastemlndia，EastAntarcticaand  

SOuth－WeSternAustralia．rIbevaluatethis，We reViewthePalaeoproterozoic rockrecord舟om  

thesecontinentalfragments．  

Althoughthegeologyoftheice－COVeredinterioroftheEastAntarcticshieldispoorly   

known，reCentgeOloglCalstudiesinexposedbasementoftheTransantarCticMountainsand   

Wilkes Land margln SuggeSt COrrelation with Palaeoproterozoic granitoid rocks and   

Mesoproterozoicmancigneousrocks＆omtheGawlerandCumamOnaCratOnSOfAustralia  
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（Oliverand Fanning，1997；Peucatetal・，1999；Goodgeetal・，2001；Peucatet al．，2002）．   

Subduction－relatedbatholithsbetweenapproximatelyl・7andl・6GaintheAlbany－Fraserbeltin   

Australia（Nelsonetal・，1995）havesimilarcounterpartsintheWindmillislandsandBunger   

HillsinAntarctica，SuggeStingattachmentsinpre－dri允con重guration（Harris，1995）．  

IneasternIndia，Zirconswithcoreagesofl・7－1・6Ga丘・Omgranulites（e．g．，Santoshetal．，  

2004）occurringalongthenanksofPalaeoproterozoicriftbasinssuggestnewgrowthatthistime．  

Theseriftbasins，Whichhadmatchingri鮎intheColumbiareg10nOfwesternNorthAmerica，  

WereinstrumentalinRogerandSantosh（2002）proposedconngurationofColumbia．Oneofthe  

prominent ftatures 舟omlndian shield which nguresin the Columbia supercontinent  

COn爪gurationistheCentralIndianrItctonicZone（CITZ），COnSideredasthecollisionzonea）ong  

WhichtheNorthandSouthIndianBlocksamalgamatedduringthePalaeoproterozoic（Fig．V2）  

（Ybdekaretal．，1990；Jainetal．，1995；Mishraetal．，2000）．Althoughrecentworks showed  

Mesoproterozoic（～1．5Ga）reworkingofsomeofthePalaeoproterozoiclithologies倉omCITZ  

（Bhowmiketal．，2005），theavailablegeochronologicaldata（Sarkar；1980；Debetal・，1989）  

SuggeSt that the co11isionin centralIndia progressed between2100and1700Ma・Thisis  

SuPpOrtedbythe2040T2090Maageoftheultra－hightemperaturemetamorphicevent（Bhowmik   

etal．，2005）andanumberofgranitoidmagmaticevents，bracketedbetween2・Opl・7Ga，丘omthe  

CITZ（RayBarmanetal．，1990；RayBarmanandBishui，1994；Sarkaretal・，1998；Royand  

Devrqian，2000；Acharyya，2003）・  

Furtherupnorth，eXtenSiveoccurrenceof～l・9Gaoldporphyriticgranitesisobservedin  

91   



thelesserHimalayas（Trevedi，1990；Valdiya，1995）．DeCellesetal．（2000）reporteddetrital  

Zirconagesof～2・Otol．8Garange丘omtheLesserHimalayaofNepal．Graniticgneissdatedat  

～l・7GaoccursintheDadeeling－SikkhimHimalaya（Pauletal．，1996）．Tbwardsthenorth－eaSt，  

Ghoshetal・（1991，1994）reportedagesasoldasl．7Gafbrbasementgraniticgneisses斤omthe  

Meghalayaplateau，WhileChattedeeetal．（2007）reportedagesofl．5Gaftomgneissicrocks  

WithintheShillongPlateau．  

Theabove summary ofgeochronologlCalinfbrmation glVe amPlejust浦cation fbrthe  

COnSiderationofbasementrocksinBangladeshtobeapparentcontinuationoftheCentrallndian  

rrbctonicZonewithfurtherextensionintotheMeghalaya－ShillongPlateau．Thisdi能rsftomthe  

SuggeStionofAmeenetal・（2007）thatthebasementrocksinBangladeshconstituteauniqueand  

SeParate entity，with no meaningfu1comparisonwith the CITZ and／or Meghalaya－Shillong   

Plateau・Fina11ythecommonoccurrenceof～1・7GageoIoglC unitsonnearlyeverycontinent  

（e・g・，RogersandSantosh，2002；Condie，2004；Zhaoetal．，2002；Zhaoetal．，2006）warrantsthe  

COnSiderationofbasementrocksofBangladeshintheColumbiasupercontinent斤・ameWOrk，Thus，  

U－PbSHRIMPzirconagesofdiorite（1730±11Ma；thisstudy）andtonalite（1722±6Ma；Ameen   

etal・，2007）indicatethatthebasementrocksinBangladeshfbrmedtowardsthennalstagesof   

theassemblyofColumbiasupercontinent（～1．9－1．7Ga）．  

92   



Fig．V5．SchematicmapshowingtheColumbiaSuperCOntinentwithitsremnantinBangladesh，aSaCOntinuationof  

the CITZ（modi且ed a氏er Rogers and Santosh，2002）・Abbreviations of orogens；Af：Albany－Fraser，Ad：  

Aravalli－Delhi，Ag：Angara，Ak：Akitkan，Ca：Capricorn，C7TZ：CentralIndianTbctonicZone，Eg：EastemGhats，  

Gft GreatFal1s，Ke：Ketilidian，Kk：Kola－Karelia，Ma：Mazatzal，Mk：Makkovikian，Ng：Nagssugtoqidian，Pa：  

Pachemel，Pe：Penokian，Ra：Raymer，Ri：Rinkian，Rj：RioNegro－Juruena，Ro：Rondonian，Sv：Svecko免nnian，Tb：  

Transamazonian－Birimian，Th：廿ans－Hudson，Tt：Thalston－The）on，＼わ：Volhyn，Wb：Windmilllslands－BungerHills，  

Wo：Wopmay，Yv：1ねvapal．  
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CHAPTER VI 

General Summary 
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The Palaeoproterozoic（1．7 Ga）basement rocks from Bangladesh exhibit spatial  

association ofdiorite，quartZ diorite，mOnZOdiorite，quartZmOnZOnite and granite．Aboutthe  

di能rentrocktypesandtheirgeochemistry，IdiscussedthemostoftheirfbaturesinchapterII．  

Generallythepetrography，mineralchemistry，mqOrandtraceelements，REEdataanddi能rent  

modelswereconstructedfbrexplainingmagmatismofthepluton．Theplutonoveralldisplays  

metaluminous，Calc－alkaline orogenic suite；mOStly I－type Suites fbrmed within  

Subduction－related rnagmatism．The m往lOr elements show generaltrends fbr ＆actional  

CryStallization．Trace element contents alsoindicate the possibility of a什actionation or  

assimilationthatcanexplaintheentirevariation斤omdioritetomonzonite，eVengranite．The  

maintrendofthepluton，from dioritestogranites，isthoughttorepresentvariousdegreesof  

interactions with crustal components，and especial1y the combined e飽cts of  

assimilation－fi・aCtionalcIyStallization（AFC）．These results werealsover浦edbytheRayleigh  

fractionationandassimilationfractionalcrysta11izationmodels．TheplutonmayhaveevoIvedthe  

unlqueChemicalfbaturesbyaprocessthatincludedpartialmeltingofcalc－alkalinelithologleS  

and mlXlng Of mantle－derived magmas，fbllowed by fractionalcrysta11ization，and by  

assimi1ationofcountryrocks．ItispossiblethatthemagmasgenerateddeeperinthecruSthada  

1argercomponentofmantle－derivedmelt（e．g．diorite），andthatthemagmageneratedhigherin  

themid－CruStCOntainedalargercontributionofsialicmaterial（e．g．，quartZmOnZOnite，granite）・  

ParallelREEpatternSdiscussedinchapterIlindicatesimilarsourceofthebasementrocks．From  

anextensivesearchofliteraturesonthePalaeoproterozoicmagmatism ofIndiansubcontinent，  
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COnSistentmagmatisrnisfbundtobeveryrare，eXCePtOntheCITZ（e．g．Barambaba，Jhirgadandi，  

Bori，Rihand－RenusagarandBetulGranitoid），duetointensemetamorphismandevolutionofthe  

entireshieldarea・However，reCentreCOgnitionofaPalaeoproterozoiclargelgneOuSprOVincein  

the southern BastarcratonandnearbyCuddapahbasinintheaqjacentDharwarcraton，India  

fbllowedinstinctivetrend，andconfbrredamPlejustincationfbrsequentialgrowthoraccretionof  

thecontinentinthisreglOn．  

InchaptersIIIandIVihornblendethemlObarometryandnuidinclusionsofdioriticrocks  

andcross－CuttingpegmatiteandapliteveinswerediscussedtoprovideinfbrmationontheP－T  

COnditionsofcrystallization，theemplacementdepthandexhumation．Thecrystallization（fしT）  

COnditions ofthe dioritic rocks have been estimated to be680－7250C and4．9J．4kbarby  

hornblende－plagioclaseandAトin－hornblendethermobarometry．Zirconsaturationthermometry  

alsoo飴rsthecrystallizationtemperatureofpegmatiteat660－6700C．Thenuidinclusiondataon  

Palaeoproterozoic basement rocksin Bangladesh also make availableinfbrmation on the  

Characterizationofmagmaticnuidcompositionsanddetemlinationofthecrystallizationpressure  

andtemperatureOfthehostrock．Themicrothermometricresultssuggestthatthesemagmatic  

fluids（H20qrichwithlow tomedium salinity）relatedtothe crystallization ofdioriticrocks．  

However，thisresultcontrastswiththeoccurrenceofCO2－richnuidsinlatepegmatiteandaplite  

Veinscuttingacrossthediorite（HossainandT如nogae，2008）．TheoccurrencesofbothH20－and  

CO2十rich fluidsin slngle plutonic complex have been reported as being caused by刊uid  

immiscibility（e．g．，Roedder，1971，1979；Bodnan1995；Heinrich，1995，Reyf；1997）．However；  
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inthiscase，bothdi能rentintrusionstagesofdioriticrocksandveinsaswellaslackofH20－CO2  

mixednuidsindioritesamplesilnPlytwo－Stagenuidactivities（earlierH20－richandbylater  

CO2－richnuid），Whichhavebeenreportedfbrdioriticrockselsewhere（Roedder，1992）．  

Thepressureofcrysta11izationofthepegmatiteandapliteveinscorrespondstothedepth  

Of crysta11ization at ～16 km．The fしT conditionis consistentwith the solidus of the  

QtzrOr－Ab－H20system（Johannes，1984），instructingthatthemineralassemblagesofpegmatite  

discussedinthisstudy（quartz＋K一俺Idspar＋albite）mayhavebeenstableintheP－Tcondition・  

Itisinterestingtonotethatthesolidincationstagesofdioriteandaplitemightbedi能rent，btlt  

theirsourcemagmaswereidenticalinorlgln．  

Thecrystallizationdepthofthehostdioriteis～17－22km，Whichisalsoconsistentwith  

P－Tconditionsofthe nuidinclusionsindioriticrocks．Therefbre，thePiTandnuidinclusion  

dataprovidetheexhumationrateof～12－15m／MaduringPalaeoproterozoictoLopinglantime  

Ofthe basementrocksin Bangladesh，Whichis cruCialin understandingtheearth’sgeologlC  

CyCles，includingthegeographicevolutionofcontinentalsurfaces（e．g．，WilkinsonandKesler，  

2007）．The basement rocks were probably uplifted along the Son⊥Narmadalineament that  

COrreSPOndstoanENE－WSWtrendingdeepcrustal払ult（Acharyya，2003），andsubsequently   

covered by alluvial sediments during the Lopingian. The exhumation rate of these 

Palaeoproterozoicbasementrockswasprobablydecreasedsoonaftertheterminationoftectonic   

activity（Matmonetal．，2003）．Thenthebasementremainedrelativelystableandthesubsequent   

rockupl拍1edtodenudationsincethetectonicactivity（e・g・，eXhumation，CruStalshorteningand  
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thickening）terminated．Asaresult，thelandscapewasfacilitatedtoapproachabalanceinterms  

Ofmasslossovertimewhenconsideredonsuchlongtimescales（PazzagliaandBrandon，2001）・  

Thelongevityandtopographicpersistenceofthebasementmightalsoexplaintheexistenceofa  

thickenedcrust．Theresultswi11beusefu1inwellunderstandingthetectonicactivitiesinCITZ  

anda4joiningareasinIndia．  

ln chapter V geochronology provides ample just浦cation fbr the consideration of  

basementrocksinBangladeshasbeingtheapparentcontinuationoftheCITZwithits凡Irther  

extensionintotheMeghalaya－ShillongPlateau．U－PbSHRIMPzirconage斤omadioritesample  

yieldsaconcordiaage1730土11Ma，Whichisinterpretedasthecrystallizationageofbasement  

rocksinBangladesh．IneasternIndia，Zirconswithcoreagesofl．7－1．6Gafromgranulites（e．g・，  

Santoshetal．，2004）occurringalongthe nanksofPalaeoproterozoic ri允basins suggestnew  

growth atthis time．These r拍basins，Which had matching riftsin the Columbia reg10n Of  

WeSternNorthAmerica，Wereinstrumentalinaproposedcon貞gurationofColumbia（Rogerand  

Santosh，2002）．OneoftheprominentftaturesftomIndianshieldwhich爪guresintheColumbia  

SuPerCOntinentcon貞gurationistheCITZ，COnSideredasthecollisionzonealongwhichtheNorth  

andSouthIndianBlocksamalgamatedduringthePalaeoproterozoic（Yヒdekaretal．，1990；Jainet  

al．，1995；Mishra et al．，2000）．Although recent works showed Mesoproterozoic（～l・5Ga）  

reworkingofsomeofthePalaeoproterozoiclithologies丘omCITZ（Bhowmiketal．，2005），the  

availablegeochronologicaldata（Sark叫1980；Debetal．，1989）suggestthattheco11isionin  

centrallndiaprogressedbetween2100and1700Ma．Thisissupportedbyanumberofgranitoid  
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magmaticeventsagesof2．0－1．7Ga斤om theCITZ（Sarkaretal．，1998；Royand Devr往匝n，  

2000；Acharyya，2003）．  

rTbwardsthenortheast，Ghoshetal．（199l，1994）reportedagesasoldasl．7Gafbrbasement  

graniticgneissesfromtheMeghalayaplateau，WhileChattedeeetal．（2007）reportedagesofl．5  

GafromgneissicrockswithintheShillongPlateau．  

lnterpretationsofcon甫gurationofProterozoicsupercontinentsandtherecognitionofthe2．l  

tol・8Gacollision／accretionaryeventsonnearlyeverycontinent，1edgeologiststoconsiderthat  

they represent the n・agmentS Of a pre－Rodinia supercontinent that fbrmedin response to  

globaトscalecollisionatthistime（e．g．，Rogersand Santosh，2002；Condie，2004；Zhaoetal．，  

2002；Zhao et al．，2006）．The extensive study of the Palaeoproterozoic crust of the  

TransamazonianofSouthAmericahasident浦edthesequentialgrowthofthecontinentthrough  

the amalgamation of juvenile terrains，SuCCeeded by a mqJOr CO11isionalorogeny．  

SubductionィelatedbatholithsintheAlbany－FraserbeltinAustraliahavesimilarcounterpartsin  

theWindmi11islandsandBungerHillsinAntarctica．Thistypeofmagmatismisalsocommonin  

BohemianMassifandtheSvecoftnnian，Poland，Wherethedioritic－tOnaliticmagmaswereinfhct  

manc－derivedcrust，SignifythatthecruStaCtivelycontributedtotheevolutionofmagmatismin  

thePalaeoproterozoicsupercontinent．  

The above summary of geochemicaland geochronologlCalinfbrmation glVeS amPle  

JuSt浦cationfbrtheconsiderationofbasementrocksinBangladeshtobeapparentcontinuation  

OftheCITZwith乱1rtherextensionintotheMeghalaya－ShillongPlateau．Thisdi舵rs舟omthe  
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SuggeStionofAmeenetal．（2007）thatthebasementrocksinBangladeshconstituteauniqueand  

SeParate entity，with no meaningfu1comparisonwith the CITZ and／or Meghalaya－Shi1long  

Plateau．  

Fina11ythecommonoccurrenceof～l．7Gageologicunitsonnearlyeverycontinent（e．g．，  

Rogers and Santosh，2002；Condie，2004；Zhaoetal．，2002；Zhao etal．，2006）warrantsthe  

COnSiderationofbasementrocksofBangladeshintheColumbiasuperCOntinentn・ameWOrk．Thus，  

U－Pb SHRIMPzircon agesofdioriteindicatethatthebasementrocksin Bangladesh fbrmed  

towardsthe吊nalstagesof－theassemblyofColumbiasupercontinent（～l．9ql．7Ga）．  
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