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HYDROGRAPHYDERWED FROM BENTHICFORAMINIFERAL Cd/CaAND

STABLE CARBON ISOTOPEDATA

By
Michael Horowitz

Submittedto the DepartmentofEarth,Atmospheric,andPlanetarySciences,at the
MassachusettsInstituteofTechnologyandto theDepartmentof Marine Geologyand
Geophysics,at theWoodsHole OceanographicInstitution in January,1999, in partial

fulfillment of the requirementsfor thedegreeof MasterofScience

ABSTRACT
Today,deepwatersproducedin theNorth Atlantic areexportedthroughthe

westernSouthAtlantic. AntarcticintermediatewaterAAJW alsoenterstheAtlantic in this

region. CircumpolardeepwaterCDW fills thedepthsbelowAAIW andaboveandbelow

northernsourcewaters. A depthtransectof coresfrom 1567-3909m waterdepthin the

westernSouthAtlantic areideally locatedto monitor inter-oceanexchangeofdeepwater,

andvariationsin the relativestrengthof northernversussouthernsourcewater production.

LastglacialmaximumLGM Cd/Caand13C dataindicatea nutrient-depleted

intermediate-depthwatermass. In themid-depthwesternSouthAtlantic, a simple

conversionofLGM 1 3C datasuggestssignificantlylessnutrientenrichmentthan LGM

Cd/Caratios,but Cd/Caand‘3C datacan be reconciledwhenplottedin CdW/’3C

space. PairedLGM Cd/Caand613C datafrom mid-depthcoressuggestincreasingly

nutrientrich watersbelow2000m, but do not requirean increasein SouthernOceanwater

contributionrelativeto today. Cd/Cadatasuggestno glacial-interglacialchangein the

hydrographyof thedeepestwatersofthe region. To maintainrelatively low Cd/Caratios

low nutrientsin thedeepestwesternSouthAtlantic waters,andin CDWin general,

duringtheLGM requiresanincreasedsupplyofnutrient-depletedglacialNorth Atlantic

intermediatewaterGNA1W and/ornutrient-depletedglacialSubantarcticsurfacewatersto

CDW to balancereducedNADW contributionto CDW. LGM Cd/Caand613C data

suggeststrongGNA1W influencein thewesternSouth Atlantic which in turn implies

exportofGNAIW from theAtlantic, andentrainmentofGNA1W into theAntarctic

Circumpolarcurrent.

ThesisSupervisor:Dr. Delia W. Oppo
Title: AssociateScientistin MarineGeologyandGeophysics
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INTRODUCTION

Glacial-interglacialchangesin deepwaterhydrographyof theNorthAtlantic region

havebeeninvestigatedusing benthic foraminiferal Cd/CaandEi3C datato reconstructpast

nutrientdistributions. During theLGM, productionof the relativelydense,nutrient-

depletedNADW, which todayfills mostoftheNorth Atlantic deeperthan 1 km was

curtailed. Below 2 km in the Atlantic, NADW wasreplacedby nutrient-richwaters,

perhapsof southernorigin e.g.Boyle and Keigwin, 1982;Boyle and Keigwin, 1987;

Oppo andFairbanks,1987; Duplessyetal., 1988; Curry eta!., 1988; Charlesand

Fairbanks,1992; OppoandLehmann1993. Thesenutrientrich waterswereoverlainby

theglacialanalogof NADW, nutrient-depletedglacialNorthAtlantic intermediatewater

GNAIW Boyle and Keigwin 1987; Duplessyet al., 1988; Curry et al., 1988; Boyle,

1992;Oppo andLehmann,1993. The glacialhydrographyof theSouthAtlantic is less

well understood.

Today,NADW flows throughthewesternSouthAtlantic Reidet al., 1977into

theAntarctic CircumpolarCurrentACC transferringdeepwaterfrom the Atlantic into the

IndianandPacific e.g. Broeckeretal., 1985. BenthicforaminiferalCd/Caand613C,

recordssuggestreducedcontributionof nutrientdepletedNADW to watersin the South

Atlantic Boyle, 1984; Boyle, 1992; Curry andLohmann,1982. During the LGM,

231Pa/230Thdataimply continuedvigorousexportofNorth Atlantic water,consistentwith

an LGM global conveyorbelt circulationin which GNA1W replacedNADW Yu et al.,

1996.

Here,we presentCd/Caand13C datafrom a depth-transectofcoresto testthe

hypothesisthatGNAIW penetratedfar enoughsouthto exit theAtlantic basinandenterthe

ACC. This is the first study which presentsbothbenthic13C andCd/Cadatafrom South

Atlantic coresshallowerthan-P2.5km. The westernSouthAtlantic is an ideal locationto

monitor N-S deepwatersourcevariationsandinter-oceanexchangeof water,becausethe

regionis a conduit for northernsourcewatersleavingthe Atlantic, andAAIW enteringthe
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Atlantic. Sitesin thewesternSouthAtlantic shouldalsobe sensitiveto variationsin the

relativestrengthof northernandsoutherndeepwaterproduction,becauseNADW and

AAIW flow throughthe regionas westernboundarycurrentsandrecirculatedCDW fills

thedepthsaboveandbelowNADW Reidet al., 1977.

BACKGROUND:

The interplay ofoceancirculationandbiological redistributionof nutrientscreates

uniquechemicalsignaturesfor northernandsouthernsourcedeepwaters. NADW haslow

nutrientconcentrationswhile SouthernOceanWaterSOW hashighnutrient

concentrations,mainly becauseof thedisparity in surfacewaternutrientcontentsbetween

regionsof deepconvectione.g.Broeckeret al., 1985. During constructionof new

biomass,primaryproducersfractionatecarbonisotopesin favor of 12C e.g. Kroopnick,

1985andincorporateP Redfield, 1963andCd Martin andKnauer, 1976. Oncedeep

watersareisolatedfrom thesurface,nutrientcontentsincreaseas a resultof

remineralizationofmarinesnow. As a resultof thebiological cycle of nutrientuptakein

surfacewatersandremineralizationat depth,Pand6’3C areinverselycorrelated

Kroopnick, 1985 andP andCd arepositively correlatedBoyle et al., 1976;Martin and

Knauer,1976; KnauerandMartin, 1981.

The temperaturedependentfractionationwhichoccursduringCO2exchangeat the

seasurfacealtersthe 13 ofDIC in surfacewatersMook, 1974, but doesnot affect

nutrientconcentrations.Gasexchangeat coldertemperaturesresultsin higher‘3C values

thangasexchangeat warmertemperatures.Becausethe time neededto reachisotopic

equilibriumis longerthanthe residencetime of mostsurfacewatersBroeckerandPeng

1982,the isotopic imprint of gasexchangeis variableevenat a given temperature.In

areaswherewind speedsarehigh, gasexchangeratesare high, bringingthe seasurface

13Cvaluescloserto isotopicequilibrium with the atmosphereLiss andMerlivat, 1986;

BroeckerandMaier-Reimer,1992. Becauseof thegreatermobility of ‘2C02, the
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directionof carbondioxide flux also influencestheair-seaexchangesignatureimpartinga

negativesurfaceoceanair-seaexchangesignaturein regionsof CO2 invasionandpositive

exchangesignaturein regionsof CO2evasionLynch-Stieglitzet al., 1995.

Foraminiferalshell chemistrycanbe usedto reconstructpastoceancirculatione.g.

Curry et al., 1988; Duplessyeta!. 1988; Boyle, 1988. Certainspeciesofbenthic

foraminiferaappearto recordthe61C of bottomwater dissolvedinorganiccarbonDIC

Belangeret a!., 1981; Grahamet al., 1981; Grossmann,1984; Curry et al., 1988 andthe

[Cd] in seawaterBoyle, 1981, 1988. However,neitherbenthic foraminiferalCd/Ca

ratiosnor carbonisotopedataareinfluencedsolelyby waterchemistryBoyle, 1992;

McCorkleet al., 1995;Elderfieldet a!., 1996;Zahn et al., 1986; Mackensenet al., 1993;

Speroetal., 1991,1997. For example,recentstudiessuggestthat the ‘3C valuesof the

benthicforaminiferausedto reconstructpastdeepwaterdissolvedinorganiccarbonDIC

ö13C valuesmaybe asmuchas -0.5% lower thanbottomwater DIC ‘3C when

overlyingsurfaceoceanproductivityis high Mackensen,et al., 1993,asmayhavebeen

thecasein manyregionsofthe SouthernOceanpreviouslystudied. Furthermore,in

contrastto 613C data,Cd/Caratiosof benthicforaminiferafrom coreswithin deep

SouthernOceanwatersuggestlittle orno glacial-interglacialnutrientchangeBoyle, 1992;

Oppo andRosenthal,1994; Rosenthalet al., 1997. Thephysiologicalbasesof the

extraneousinfluenceson benthicforaminiferalchemistryarenot fully understood,but

correctionfor someinfluencesotherthanwaterchemistryis routine. Forexample,Cd/Ca

ratiosof calcitic benthicforaminiferaareconvertedto a quantity,CdW, which is an

estimateof thecadmiumconcentrationin seawaterCd using a depthdependent

distributioncoefficientBoyle, 1992.
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MATERIALS AND METHODS

Core sitesand modernwesternSouthAtlantic hydrographyandnutrient chemistry

The coresfrom theBrazilianMargin rangein waterdepthfrom 1567m to 3909m

andin latitudebetweenapproximately32 deg. S and26 deg. S Table 1; Figure 1. The

watersbathingcoresites in thewesternSouth Atlantic area mixtureof up to threeof the

five watermasseslisted in Table2. To assessthepercentageof eachof thesewater masses

overlying sites,we havetakenend-memberpropertiesfor northerncomponentwater

NCW - NADW, andthedeepersoutherncomponentwater SCW - LCDW from Oppo

andFairbanks1987 andBroeckeret al. 1985. WehavetakenLabradorSeaWater

LSW propertiesfrom BroeckerandPeng1982. We havealsoestimatedanUpper

CircumpolarDeepwaterUCDW temperaturefrom GEOSECSdataandderivedan AAIW

end-memberfrom GEOSECSdataandmeasurementsmadeby Kroopnick1985

Thetwo deepestcores,RC16-853909m andRC16-863759m lie closeto

CDWin salinityvs. temperaturespaceFigure2. Themid-depthcores,RC16-842438

m andV24-2532069m lie closeto NADW andLSW, respectively.Theshallowest

core,RC16-1191567m, is a mixture of LSW, UCDW, andAAIW.

Stratigraphyandnutrientproxies

Stablecarbonandoxygenisotoperecordsweregeneratedusing Cibicidoides

wuellerstorfi in RC16-119, V24-253,andRC16-84Table4. This speciesof

foraminiferaappearsto recordthe ‘ 3C ofbottom waterDIC Belangeret al., 1981;

Grahamet al., 1981; Grossmann,1984; Curry etal., 1988. Dueto very low benthic

foraminiferalabundancesin RC16-863759m andRC16-853909m, stableoxygen

isotoperecordsweregeneratedusing Globorotalia inflata pickedfrom the250-300tm size

fraction Table4, andthebenthicforaminiferaweresavedfor traceelementanalysis.

Stableisotopemeasurementsweremadeat theWoodsHole Oceanographic

InstitutionWHOI on a FinniganMAT 252 with automatedkiel devicewhich has46
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single-reactionchambers,23 per eachof two gaslines. Acid temperaturewasmaintained

at approximately70°C. The standarddeviationofthe isotopevaluesof theNationalBureau

of StandardsNBS carbonatestandardNBS-19was 0.08%oand0.03%for 18O and

13C respectively.NBS-l9 isotopevalueswereusedto calibrateto PeeDeeBelemnite

18O -2.2 VPDB, 13C=1.95VPDB. Radiocarbondateswere measuredat WHOI’s

AMS facility on 22 samplesof eithermixedplanktonicforaminiferaorG. ruber in the case

of RC16-1l9Table 5.

BenthicforaminiferalCd,Mn, andCa analysesweremadefollowing theprocedure

of Boyle andKeigwin 1985/6on a HitachiZ8200atomic absorptionspectrophotometer

AAS tandemflame andgraphitefurnace. Numerousspecieswereusedfor Cd/Ca

measurementsTable6 becausethereappearsto be little systematicoffset betweenthe

Cd/Caratios ofvarious calcitic benthic foraminiferal speciesBoyle, 1988. Eachsample

consistingofbetween1 and20 individual specimenofbenthic foraminiferawas cleanedfor

tracemetal analysisaccordingto theprocedureof Boyle andKeigwin 1985/6with a

reversalof the oxidativeandreductivestepsto improvethe removalof authegenicCd

depositson the outsideof foraminiferalshellsBoyle et a!., 1995; Rosenthal,1994;

Rosenthalet a!., 1995. Mn/Ca ratios wereusedto assesstheefficacyof thecleaning

procedure.Sampleswith Mn/Ca ratioshigherthan 120 imo1Imol wererejected.

Threeconsistencystandardsweretreatedas samplesin eachrunin orderto assess

the analyticalprecisionof themeasurementson theAAS. Boyle 1995 reportedanRSD

of 4.1 % for a consistencystandardof 0.18 llmol/mol. Therelativestandarddeviations

RSD for ourconsistencystandardsare 8.23%for 0.13 tmol/mol n=13, 8.34%for

0.09 pmol/moln=12, and 13.69%for 0.04 jimot/mol n=12. High RSD valueswere

largely dueto anunrecognizedproblemwith thephotomultiplier.
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RESULTS

Stratigraphy

Stratigraphywasdevelopedfor thecoresusing foraminiferal3180 valuesand22

AMS radiocarbondates. Theglacial-interglacialice-volume/temperaturesignalis evident

in all the3180 recordsFigure3 and4, but therearereversalsin radiocarbonagesin

RC16-84andRC16-119. The agereversalsdo not compromiseour conclusions,because

the reverseddatesare eitheron TerminationI RC16-119or areboth glacial RC16-84,

andwe focuson Cd/Caand613C differencesbetweentheLGM andtheHoloceneFigure

5 and 6.

Nutrientproxies

TheCd/Caand613C datausedto reconstructHoloceneandLGM depthtransects

arecircled Figure4. Thedatachosenfor theHolocenetransectare from thecore top and

nearcore top. Datafor theLGM transectwereselectedon thebasisof maximum6180

valuesandradiocarbonagesbetween15 and 20 kyr.

HoloceneC. wuellerstorfi613Cvaluesof -1.l%o between1500m and2500m are

0.3%-0.4%higherthan613C valuesfrom thenearestGEOSECSstation Figure7. We

useda depth-dependentdistributioncoefficient Boyle, 1992andassumeda constant

seawaterCa concentrationof 0.01 mollkg to convertcalcitic benthicforaminiferal Cd/Ca

valuesto a foraminiferal estimateCdW ofthe Cd concentrationin seawaterCd

Boyle, 1992. For Hoeglundinaelegans,we haveuseda distributioncoefficientof 1.0

Boyle et al., 1995. CdW valueswereconvertedto estimatesofphosphateusing the

relationshipfor phosphateconcentrationshigherthan - 1.3 jimo!/kg Boyle, 1988.

HoloceneCd/CaratiosmatchGEOSECSphosphateprofiles reasonablywell Figure6,

perhapsslightly underestimatingnutrientconcentrationsbetween2000and 3000m water

depth.
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Glacial-Holocenenutrientproxychanges

DowncoreCd/Caand613C datasuggestsimilar patternsof nutrientchange,with

glacialnutrientdepletionin theshallowestcore RC16-119, 1567m, andglacialnutrient

enrichmentin themid-depthcoresV24-253,2069 m; RC16-84,2438m. Cd/Cadata

suggestno changein thedeepestcoreRC16-85,3909m whereno 6’3C datais available

Figure5; Table7.

After adjustingglacial6’3C valuesfor glacial-interglacialmeanoceanincreaseof

0.3 % Shackleton1977; Curry et a!., 1988; Duplessyet a!., 1988,glacial-interglacial

differencesin 613C valuesTable7 wereconvertedto roughestimatesof phosphate

changewith a conversionfactorof 1.1*Aphosphate6l3CG1 BroeckerandMaier-Reimer,

1992; Lynch-Stieg!itzet al., 1995. This conversiondoesnot accountfor glacial-

interglacialvariationsin air-seaexchangesignature,average6’3C valuesof organicmatter,

ormeanoceanC02. Becausethereapparentlywasa negligibleglacial-interglacialCd

changeBoyle, 1988, 1992,therewas no correctionto thephosphatedifferencebetween

glacialandinterglacialtimes estimatedfrom Cd/CadataTable7. Later, the differences

betweenLGM Cd/Caand6’3C datawill beusedto constrainglacialcirculation.

DISCUSSION

Glacial-interglacialCd/Caand61 3C contrastsfrom mid-depthanddeepcoresare

consistentwith publisheddatafrom the SouthAtlantic Curry andLohmann,1982;Boyle,

1984; Oppo andFairbanks,1987;Boyle 1992; Rosenthalet a!., 1997;Ninnemannand

Charles,1997. Addition of ourdatafrom the shallowercoressuggeststhat during the

LGM, a nutrientdepletedwatermassabove2 km overlaynutrient-richwatersFigure5;

Figure6b.

In orderto bestuseCd/Caand613C data,we follow the leadof Lynch-Steiglitzet

a!. 1996 andplot 6’3C vs. CdW Figures8, 9 and 10. On the CdW/6’3C diagrams,

mixing betweennorthernsourcewaterandsouthernsourcewatermovesdataparallelto
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mixing linesbetweentheend-members.Watermassagingandorganicmatter

remineralizationcausedatato movealonglinesof "Redfie!d" ratio organicmatter

remineralizationBroeckerandMaier-Reimer,1992; Lynch-Steig!itzet al., 1995, 1996.

Forthe glacialCdW/6’3Cdiagram,theselinesassumea 0.3%lower meanocean613C

Duplessyet a!., 1988, a 2%o higheraverageorganicmatter613C Lynch-Steiglitzet a!.,

1995, 1996,a 4% increasein total inorganiccarbon,andno changein the oceanic

inventoryofCd during theLGM Boyle, 1988; Boyle, 1992; Rosenthalet al., 1995.

Redfie!dratioorganicmatterremineralizationlinesalsocanbe thoughtofasdefininglines

of equalgasexchangesignatureö13Cas. The613Casequationsweuseare: 613Cas=

613Cmeas+ 2.75*Cd - 2.0 for theHolocene,and 613Cas= 613Cmeas+ 2.375*Cd - 1.46

for theLGM seeLynch-Stieglitzet al., 1995, 1996 for an in depthdiscussion.Thelines

on Figures8, 9 and 10 havearbitrarilybeenplotted at 613CaSequalto 1, 0, and-1. To

estimatenorthernversussouthernend-membercompositionon the CdW/613Cdiagram,

datashouldbe backtrackedalonglinesofRedfieldratio organicmatterremineralizationto

themixing line betweenend-members.Ho!oceneend-membercompositionsFigure 8 are

derivedfrom conversionof GEOSECSphosphateto CdW valuesusingthe global CdW

phosphateregressionofBoyle 1988. GNAIW, glacialSOW anddeepTropical Pacific

end-membersFigures9 and10 arederivedfrom Boyle 1992. Theglacial Subantarctic

surfacewaterpoint is derivedfrom planktonicforaminiferal6’3C Ninnemannand

Charles,1997 andCd/CameasurementsRosenthalet a!., 1997;Rickaby andElderfield,

submittedmanuscript,1998. Thedistributioncoefficientfor planktonicforaminiferawas

takenfrom MashiottaandLea1997,andbasedon LGM SSTsat RC11-120Hayeset

a!., 1976is alsoconsistentwith temperaturedependantestimatesofplanktonicdistribution

coefficientsRickabyandElderfield, submittedmanuscript,1998.

Core top foraminifera!6’3C valuesareroughly 0.3%-0.4%ohigherthan 613C

valuesfrom thenearestGEOSECSstation Figure7. C. wuellerstorfi 6’3C values

-0.2%ohigherthanbottomwaterhavebeendocumentedin intermediateandmid-depth
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coresMcCorkleet al., 1995. This is the first time that a positiveoffset as largeas

hasbeendocumented.

Missingcoretopmaterialmight explain theoffsetof ourforaminiferaldatafrom

Kroopnick’s 1985 6’3C valuesFigure7, andfrom GEOSECSphosphatevalues

Figure6, aswell asthedisagreementof watermasspercentagespredictedby temperature

andsalinity Reidet a!., 1977;Figure2 versusCdW and6’3C Table8; Figure 8 for

RC16-119 1567m. A possibleexplanationfor slightly low core-topCdW valueswould

be that duringthis earlierperiod-3-5 kyr beforethe presentaccordingto radiocarbon

ages,NADW productionwasstrongerandmayhavepenetratedfurthersouththantoday.

Goodagreementbetweenwatermasscompositionsestimatedby modernsalinity versus

temperatureandby core-topCdW versus613C values,but lesseragingimpliedby

foraminiferalproxiesthanby bottomwater613C andP supportsthe possibility of stronger

NADW productionduring this earlierHoloceneperiod. In ourcore-topdata,high 613C

valuesrelativeto CdWvaluescouldbe a resultof a morepositive gasexchangesignature

for anyor all end-membersduring this period. Alternatively, the offsetsfrom modern

watermasspropertiescouldbe a resultof foraminifera! "vital" effects.

LGM 613C andCd/CadataFigure5 and6 demonstratethat intermediatewatersof

thewesternSouthAtlantic werenutrient-depletedduring theLGM. Watersfrom the

westernSouthAtlantic fall along a line of organicmatterremineralizationassociatedwith

GNAIW which hasa muchhigherpreformed613C valuethan glacialSouthernOcean

water Figure9. Thus, theglacial CdW/613CdatasuggestthatGNAIW is themost likely

sourceof nutrient depletedwaterbathing RC16-119Figure9. In CdWTh’3C space,

RC16-1l91567m in particularfalls verycloseto GNAIW, butmorethan 1%away

from Subantarcticsurfacewatersin 6’3C NinnemannandCharles,1997, suggesting

GNAIW is the sourceof waterbathingthis siteFigure9. ThepresenceofGNAIW at

28Sprovidesevidenceto supportthehypothesisofa glacialconveyorbelt circulationin

which NADW was replacedby GNAIW Yu et al., 1996.
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On the CdW!6’3C diagramFigure 9, mid-depthwesternSouthAtlantic data

2069and2438 m fall alonglinesof equalgasexchangesignatureextendingroughly from

GNAIW alsosuggestinga predominantlynorthernsourcefor watersbathingthesesites

duringthe LGM. Furthermore,westernSouthAtlantic dataalsofall furtherto the rightof

themixing line on theCdW/6’3C diagramthan simi!ar depthNorthAtlantic data-2100m

and2400m Atlantic waters,implying southwardflow andagingof mid-depth

waters.

TheCd/Cadatafrom the two deepestcoresconfirm previousstudiesof coresfrom

similar anddeeperdepthsshowinglow amplitudeglacial-Holocenechangein LCDW e.g.

Boyle, 1992; OppoandRosenthal,1994;Rosenthalet a!., 1997, andcontrastwith 613C

datafrom similardepthssuggestingsubstantiallygreaterglacialthanHolocenenutrient

levelsOppo andFairbanks,1987; CharlesandFairbanks,1992. Muchofthe earlier

613C datageneratedon SouthAtlantic corescomesfrom regionsoverlainby very

productivesurfacewaters,wherehigh fluxesoflow-613C organicmatterprobablyreduces

the 613C valueof thewaterjust at thesediment-waterinterfacewherethe foraminiferaare

living e.g.Mackensenet al., 1993. Although thesevery low 6’3C valuesare probably

lower thanthat of thesurroundingbottom water,benthic613C datageneratedfrom cores

underlyingrelativelyunproductiveregionsBickert andWefer, 1996continueto suggesta

minimal 613C gradientbetweenthedeepAtlantic anddeepPacific, inconsistentwith the

Cd/Cadataif a simple 613C-phosphaterelationshipis used. Although it is difficult to

imaginethat a decreasein nutrient-depletedNADW, documentedthroughouttheAtlantic

basinwith both 613C andCd/Cadatae.g.Boyle andKeigwin 1982;Boyle, 1984; Boyle

andKeigwin,1987;Duplessyet a!., 1988; Curry et ai., 1988; Boyle, 1992; Bertramet a!.,

1995would not affect nutrientlevelsin LCDW, reducedcontributionofnutrient-depleted

NADW to CDW couldhavebeencompensatedfor by anincreasedsupplyof GNAIW,

which we now know extendedto at least28S. A reducedsupplyof nutrient-depleted

NADW to CDWmay alsohavebeenpartially compensatedby incorporationof
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Subantarcticsurfacewater,becauseSubantarcticIndianandPacific planktonicandbenthic

Cd/Caand613C suggestglacial nutrientdepletionin thesesurfacewatersRosenthalet al.,

1997;NinnemannandCharles,1997. LGM benthicCd/Cadataalsosuggestlocal sources

ofnutrientdepleteddeepwaterin the Indiansectorof the SouthernOceanRosenthalet al.,

1997. All of thesescenarioscould resultin unchangedLCDW nutrientlevels.

Additional importantobservationsrelatedto theLGM Cd/Ca-613Cdatasetcanbe

derivedfrom theCdW/6’3C diagram. First, theCdW!613C diagramsuggeststhat mostof

theopenNorthAtlantic datais a mixture of GNA1W andSOW,with varyingdegreesof

agingFigure 10. Second,theCdW/613Cdiagramsuggeststhat Subantarcticsurface

waterscouldbe a partialsourceof deepSouthernOceanwatersFigure9. This deduction

is basedon theobservationthat LGM Cd/Caand6’3C datafrom SouthernOceancores

Boyle, 1992; OppoandRosenthal,1994 fall roughly a!ongthe line ofregenerationof

organicmatterBroeckerandMaier-Reimer,1992;Lynch-Stieg!itzet al., 1995extending

from SubantarcticIndian OceansurfacewaterNinnemannandCharles,1997;Rosenthalet

a!., 1997; RickabyandElderfield,submittedmanuscript,1998. Third, theposition of

deepTropicalPacific dataBoyle, 1992on the theCdW/6’3Cdiagramsuggeststhat like

today Broeckeret a!., 1998,deepTropicalPacific waterswerean -50/50mixture of

northernandsouthernsourcewatersduring theLGM. Theamountof agingof deep

TropicalPacific watersimplied by theCdW/613C diagramis alsosimilar to today,

consistentwith radiocarbonevidenceBroeckeret al., 1990.

Thus, it is possibleto arriveat aninternallyconsistentLGM deepwatercirculation

using a CdW/613C approach.Like today,deepAtlantic andPacific waterswerea mixture

ofNorth Atlantic andSouthernOceansourceswith thedifferencesin apparentnutrient

concentrationsaccountedfor by varyingdegreesof aging. Eventhoughthe glacialto

interglacialchangein the 613C of CDW seemslargein comparisonto theglacialto

interglacialchangeCd/Cachange,the fact thatmostof thecombinedglacialdatacanbe

describedas an agedmixture of CDW andNCW suggeststhat theCd/Ca-613Cdebate
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shouldrefocuson the origin of the low CdW and613C valuesfoundtogetherin glacial

Subantarcticsurfacewaters,whichprobablysuppliedglacialCDW.

CONCLUSIONS

Coretop Cd/Caand6’3C datasuggestmorenutrientdepletedwatermassesbathing

intermediateandmid-depthsitesthan suggestedby modernwatercolumnmeasurements

GEOSECSexpedition;Reidet al., 1977. StrongerNADW productionearlier in the

Holocenecouldexplainthedifferencebetweenphosphorusestimatesbasedon coretop

Cd/Caratios andmodernwatercolumn phosphatemeasurements.StrongerNADW

productiondoesnot explainall of thediscrepancyin 61 3C data,becausethe discrepancy

betweenmodernwatercolumn measurementsandcoretop foraminiferalmeasurementsis

largerin 6’3C datathan Cd/Cadata. A more positivegasexchangesignaturefor any end-

memberearlierin theHolocenecouldexplainmodern-coretop 6’3C offset not accounted

for by Cd/Cadata. Alternatively, we cannoteliminate thepossibility that high 613C values

andlow Cd/Caratioswerecausedby foraminiferalvital effects.

LGM SouthAtlantic Cd/Caand613C suggesta nutrientdepletedwatermassabove

about2000m andnutrientenrichedwaterbelow that depthFigures5 and6. Using a

simpleconversionof61 3C datato phosphatesuggestssomediscrepanciesbetweenLGM

Cd/Caand 613C data,but thedataareinternallyconsistentwhenviewedon a CdW/613C

diagramFigures9 and 10. PairedCd/Caand6’3C datasuggestthatGNA1W extendedto

at least28Sduring theLGM, andsuggesta predominantlynorthernsourceof mid-depth

waters. Cd/Caratiosin thedeepestwesternSouthAtlantic sites suggestno changein the

nutrientcontentofLCDW.

Thepresenceof GNAIW at 28Scombinedwith little or no changein thenutrient

contentof LCDW providessupportingevidencefor a global conveyorbelt circulationin

which NADW wasreplacedby GNAIW during theLGM Yu etal., 1996. GlacialSOW
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apparentlyoriginatedin the Subantarctic,anddeepPacific waterswerean -50/50mixture

ofnorthernandsouthernsourcewaterslike today.
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TABLES

Table1: CoreLocations

Core Latitude Longitude Waterdepthm

RC16-119 27.70°S 46.5l7°W 1567

V24-253 26.95° S 44.683°W 2069

RC16-84 26.70° 5 43.333°W 2438

RC16-86 32. 17° 5 43.933°W 3759

RC16-85 29.92° S 43.417°W 3909

Table2: EndmemberProperties

EndMemberWaterMass °C S psu P04 1 3C5

NorthernComponentWaterNCW-NADW1’2 2.6 34.92 1 1.1

LabradorSeaWaterLSW3 3.5 34.95 1 1.1

SouthernComponentWaterSCW-LCDW1’2 -0.5 34.65 2.3 0.68

UpperCircumpolarDeepWaterUCDW4 0.3 34.65 2.3 0.68

Antarctic IntermediateWater AAIW4 4.0 34.2 2 1.1
1. Oppoand Fairbanks1987
2. Broeckeret a!. 1985
3. Broeckerand Peng1982
4. GEOSECSexpedition
5. Kroopnick 1985

Table3: ModernCoreSiteWaterComposition

Core Depthm Salinity psu T °C NCW % CDW % AA1W %

RC16-1l9 1567 34.70 3.5 65Lsw 5% 30%

V24-253 2069 34.93 3.3 >95%Nww <5% 0%

RC16-84 2438 34.94 2.9 ‘OO%NADW 0% 0%

RC16-86 3759 34.69 0.2 2S%Nw 75% 0%

RC16-85 3909 34.69 0.1 20%NADW 80% 0%
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Table 4: flxven- . - - - -- CLI I CCL LJJII IOtFLt/’.,’ .tUCLt

WaterDepth
Core m Foraniinifera
RC16-l 19 1567 C. wueller.

WaterDepth
Core m Foraminifera
V24-253 2069 C. wueller.

Depthcm 6180 61 3C Depthcm 180 613C
5 2.29 1.11
10 2.33 1.14
15 2.4 1.04
20 2.29 1.1
25 2.29 0.95
30 2.5 1.22
38 2.62 0.82
40 3.38 0.69
45 3.78 0.63
48 3.98 1
55 4 1.04
60 3.97 1.05
65 4.05 0.98
70 3.95 1.03
75 4.01 0.96
82 3.95 0.94
85 4.04 1.01
90 3.95 0.94
95 4.02 1.03
100 3.92 1.04
105 3.99 1.06
112 3.83 0.82
116 3.91 1.05
120 3.8 0.87
125 3.96 1.01
130 3.85 1.12
135 3.62 0.84
140 3.71 0.9

5 2.394 1.282
15 2.421 1.285
15 2.489 1.337
25 1.766 0.49
25 2.56 1.151
35 2.891 0.844
45 3.707 0.341
45 3.821 0.43
65 3.628 0.075
65 4.022 0.327
75 4.131 0.406
75 4.199 0.525
85 4.276 0.652
95 4.206 0.735
95 4.347 0.764
105 3.529 0.152
105 4.224 0.681
115 4.265 0.751
125 4.248 0.388
125 4.172 0.799
135 4.099 0.5 14
145 3.474 0.271
145 4.071 0.321
155 4.075 0.379
165 4.125 0.54
175 4.205 0.518
185 4.054 0.71
195 3.921 0.336
205 3.914 0.25
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WaterDepth
Core m Foraminifera
RC16-84 2438 C. wueller

WaterDepth
Core m Forarninifera
RC16-86 3759 G. inflata

Depthcm 6180 613C Depth cm 6!8O
0 2.569 1.301 0 1.087
5 2.461 1.355 10 1.081
10 2.534 1.302 20 1.191
15 2.691 1.318 30 1.18
20 3.083 0.356 40 1.094
25 3.066 0.636 50 0.982
35 3.602 0.458 60 1.594
40 3.597 0.285 70 1.76
45 3.535 0.12 80 1.439
55 2.536 1.088 90 1.415
70 4.583 0.603 100 1.534
75 4.453 0.498 110 1.811
80 4.293 0.229 120 2.32
85 3.4 0.436 130 1.63
90 4.18 0.264 140 1.742
100 4.294 0.603 150 1.626
105 4.294 0.503 160 1.909
110 4.296 0.58 180 2.087
115 4.36 0.644 190 2.177
120 4.149 0.271 200 1.974
125 4.301 0.476

___________________________________

130 4.028 0.829 Core Depthm Foraminifera
135 4.212 0.591 RC16-85 3909 G. inflata
140 3.925 0.679 Depthcm 6180
145 3.972 0.553 0 1.007
150 4.101 1.038 10 0.953
155 3.967 0.898 20 0.93 1
160 3.979 0.808 30 1.187
165 3.901 1.175 40 1.285
170 3.849 0.628 50 1.664
175 3.826 0.967 60 1.852
180 3.867 1.068 70 1.909
190 3.86 0.766 80 2.007
195 3.974 0.907 90 2.226
200 3.941 1.01 100 2.298

110 2.134
120 1.664
130 1.036
140 1.734
150 2.131
160 1.509
170 1.916
180 1.089
190 1.734
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Table5:RadiocarbonAges
RadiocarbonAge

Core Depthcm Kyr* Age error
V15-l57 15 4.7 0.04
V15-157 35 8.6 0.06
V15-157 66 9.5 0.07
V17-147 4 2.6 0.06
V17-147 30 11.7 0.06
V17-147 50 6.8 0.04
V17-l47 140 12.1 0.10
RC16-ll9 5 2.6
RC16-119 45 12.2
RC16-1l9 48 9.2
RC16-119 48 7.9
RC16-119 55 13.8
RC16-1l9 85 16.1
RC16-1l9 85 15.0
RC16-119 175 32.8
RC16-1l9 225 31.6
RC16-l19 275 40.5
V24-253 5 3.1 0.04
V24-253 25 7.5 0.04
V24-253 45 12.7 0.07
V24-253 75 13.3 0.07
V24-253 125 18.7 0.10
RC16-84 0 3.3 0.03
RC16-84 35 12.6 0.07
RC16-84 70 18.6 0.15
RC16-84 115 18.0 0.12
RC16-84 200 31.5 0.21
RC16-85 0 4.9 0.04
RC16-85 20 8.7 0.08
RC16-85 70 13.3 0.16
RC16-85 160 19.5 0.20
*Not correctedfor reservoirage.
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Table6: Cd/Cadata
Core Latitude Longitude Water Depth m

RC16-119 27.7° S 46.517° W 1567m
Sample [Cd] [Cal [Mn] Cd/Ca Mn/Ca Foraminiferal

Depth cm rimol/1 .tmol/m1 I.L.mol/l pmol/mol mmol/mol Species

5 0.064 C. wuellerstorfi
15 0.069 C. wuellerstorfi

25 0.110 C. wuellerstorfi
38 0.061 C. wuellerstorfi
48 0.072 C. wuellerstorfi
60 0.036 C. wuellerstorfi
70 0.061 C. wuellerstorfi
82 0.062 C. wuellerstorfi

90 0.058 C. wuellerstorfi
100 0.034 C. wuellerstorfi
112 0.040 C. wuellerstorfi
120 0.049 C. wuellerstorfi
130 0.042 C. wuellerstorfi

Core Latitude Longitude Water Depth m

V24-253 26.95° S 44.683° W 2069 m

Sample [Cd] [Ca] [Mn] Cd/Ca Mn/Ca Foraminiferal
Depth cm nmol/l pmol/ml imol/l p.mol/mol mmol/mol Species

5 0.561 13.970 0.087 0.040 0.006 Cibicidoidessp.

5 0.806 13.624 0.147 0.059 0.011 C. wuellerstorfi

5 1.088 18.703 0.000 0.058 0.000 H. elegans

15 1.594 28.126 0.001 0.057 0.000 H. elegans

25 0.878 11.675 0.190 0.075 0.016 C. kullenbergi

25 2.293 31.612 0.441 0.073 0.014 Cibicidiodessp.

35 1.736 22.816 0.770 0.076 0.034 C. wuellerstorfi

45 2.188 24.125 0.756 0.091 0.031 Uvigerina sp.

45 1.168 10.929 0.806 0.107 0.074 C. kullenbergi

75 1.415 15.042 0.471 0.094 0.031 Uvigerina sp.
75 0.447 5.947 0.520 0.075 0.088 C. wuellerstorfi

75 1.669 19.644 0.013 0.085 0.001 H. elegans

75 2.575 22.538 1.005 0.114 0.045 Uvigerina sp.

85 2.012 29.989 1.648 0.067 0.055 C. wuellerstorfi

95 1.712 17.979 0.358 0.095 0.020 Uvigerina sp.

105 0.791 9.993 1.050 0.079 0.105 C. wuellerstorfi
105 1.700 23.780 2.687 0.071 0.113 C. wuellerstorfi
105 0.574 7.058 0.169 0.081 0.024 Uvigerina sp.
125 0.779 2.122 0.064 0.367 0.030 Uvigerina sp.

125 0.855 11.027 0.000 0.078 0.000 H. elegans
135 0.964 12.410 0.482 0.078 0.039 Uvigerina sp.
135 0.771 9.978 1.356 0.077 0.136 C. wuellerstorfi

145 0.530 4.466 1.181 0.119 0.264 C. wuellerstorfi
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Core Latitude Longitude Depth
V24-253 26.95° 5 44.683° W 2069 m
Sample [Cd] [Ca] [Mn] Cd/Ca Mn/Ca Foraminiferal

Depth cm nmol/l imol/m1 pmol/l p.mol/mol mmol/mol Species

145 2.106 8.742 0.525 0.241 0.060 Uvigerina sp.

155 2.105 18.950 1.055 0.111 0.056 Uvigerina sp.

175 1.635 8.161 3.122 0.200 0.383 C. wuellerstorfi
175 0.827 9.079 0.279 0.091 0.031 Uvigerina sp.
185 3.775 34.270 1.989 0.110 0.058 Uvigerina sp.
185 3.708 31.199 0.749 0.119 0.024 Uvigerina sp.
185 1.067 18.953 2.130 0.056 0.112 C. wuellerstorfi

185 1.052 17.094 1.664 0.062 0.097 C. wuellerstorfi
185 1.258 23.652 0.006 0.053 0.000 H. elegans
195 0.820 9.302 0.593 0.088 0.064 Uvigerina sp.
195 2.247 23.810 1.759 0.094 0.074 Uvigerina sp.
195 0.942 13.547 0.042 0.070 0.003 H. elegans
195 1.077 10.805 2.315 0.100 0.214 C. wuellerstorfi
205 1.282 15.079 0.510 0.085 0.034 C. kullenbergi
205 2.201 26.040 1.374 0.085 0.053 Uvigerina sp.

Core Latitude Longitude Water Depth m
RC16-84 26.7° S 43.333° W 2438 m

Sample [Cd] [Ca] [Mn] Cd/Ca Mn/Ca Foraminiferal

Depth cm nmol/1 imo1/m1 jimol/1 pmol/mol mmol/mol Species

0.0 0.607 14.823 0.232 0.041 0.016 Cibicidoides sp.
5.0 1.133 21.223 0.089 0.053 0.004 mixed Cibicidoidessp.
10.0 1.062 20.484 0.103 0.052 0.005 C. kullenbergi

10.0 0.964 19.648 0.203 0.049 0.010 Cibicidoides sp.

10.0 0.856 18.262 0.012 0.047 0.001 H. elegans

20.0 1.093 21 .569 0.249 0.051 0.012 C. wuellerstorfi

20.0 1.003 21.279 0.070 0.047 0.003 C. kullenbergi

20.0 1.480 22.830 0.013 0.065 0.001 H. elegans

25.0 2.251 21.515 0.153 0.105 0.007 C. kullenbergi

27.5 1.867 25.656 0.000 0.073 0.000 H. elegans

30.0 2.383 14.840 0.043 0.161 0.003 C. kullenbergi

30.0 1.531 18.995 0.362 0.081 0.019 Cibicidoides sp.
35.0 2.932 23.905 0.260 0.123 0.011 C. wuellerstorfi

70.0 0.844 6.781 0.474 0.124 0.070 Uvigerina sp.

75.0 0.786 9.542 0.614 0.082 0.064 Uvigerina sp.

75.0 1.848 19.770 1.010 0.093 0.051 Uvigerina sp.

75.0 1.945 16.794 2.800 0.116 0.167 C. wuellerstorfi

80.0 1.534 12.203 0.425 0.126 0.035 Uvigerina sp.
110.0 3.227 18.492 2.802 0.174 0.152 C. wuellerstorfi
120.0 0.737 7.707 0.899 0.096 0.117 C. wuellerstorfi
120.0 3.346 24.417 1.009 0.137 0.041 Uvigerina sp.
125.0 0.776 5.447 1.290 0.142 0.237 C. wuellerstorfi
125.0 3.060 22.454 1.070 0.136 0.048 Uvigerina sp.
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Core Latitude Longitude Depth
RC16-84 26.7° S 43.333° W 2438m

Sample [Cd] [Ca] [Mn] Cd/Ca Mn/Ca Foraminiferal
Depthcm nmol/1 imol/m.I pmol/l jimol/mol mmol/mol Species

127.5 1.198 13.380 0.046 0.090 0.003 H. elegans
130.0 1.064 10.050 0.344 0.106 0.034 Cibicidoidessp.
135.0 2.468 18.759 1.029 0.132 0.055 Uvigerina sp.
140.0 1.107 10.027 0.471 0.110 0.047 Uvigerina sp.
140.0 0.810 8.741 1.560 0.093 0.179 C. wuellerstorfi

Core Latitude Longitude Water Depth m
RC16-86 32.2° 5 43.9° W 3759 m
Sample [Cd] [Ca] [Mn] Cd/Ca Mn/Ca Foraminiferal

Depth cm nmol/l pmo!/ml pmol/1 pmol/mol mmol/mol Species

0 4.209 27.805 1.229 0.151 0.044 C. wuellerstorfi
0 4.458 19.832 0.229 0.225 0.012 Uvigerina sp.
10 3.340 15.820 0.191 0.211 0.012 Uvigerina sp.
10 3.225 14.845 1.786 0.217 0.120 Mixed benthics
20 4.832 33.897 1.451 0.143 0.043 Uvigerina sp.
30 2.275 13.287 1.423 0.171 0.107 C. wuellerstorfi
30 5.309 31.245 1.804 0.170 0.058 Uvigerina sp.
40 4.271 24.624 1.543 0.173 0.063 C. wuellerstorfi
40 4.320 30.402 3.089 0.142 0.102 C. wuellerstorfi
40 4.097 21.721 0.884 0.189 0.041 Uvigerina sp.
50 9.275 32.194 0.998 0.288 0.031 C. wuellerstorfi
50 3.232 12.123 0.427 0.267 0.035 Uvigerinasp.
100 4.930 34.526 0.524 0.143 0.015 Uvigerinasp.
100 2.332 14.297 1.351 0.163 0.094 C. wuellerstorfi
110 4.096 20.165 1.758 0.203 0.087 Mixed benthics
120 2.249 16.183 0.218 0.139 0.013 C. wuellerstorfi

Core Latitude Longitude Water Depth m
RC16-85 29.9° 5 43.4° W 3909 m
Sample [Cd] [Ca] [Mn] Cd/Ca Mn/Ca Foraminiferal

Depth cm nmol/l jnnol/ml pmol/l .imol/mol mmol/mol Species
0.0 5.732 24.587 0.092 0.233 0.004 Cibicidoides sp.
0.0 5.361 23.865 0.020 0.225 0.001 Melonispompiloides
10.0 2.070 14.683 0.050 0.141 0.003 N. umbonifera
20.0 2.538 11.964 0.044 0.212 0.004 C. wuel & N. umbonif
30.0 4.009 23.335 0.268 0.172 0.011 C. wuellerstorfi
30.0 4.193 21.766 0.074 0.193 0.003 N. umbonifera
87.5 4.321 16.228 2.950 0.266 0.182 Mixed benthics
105.0 4.973 18.453 4.156 0.269 0.225 2 Cib sp.,5 N. umbon.
120.0 2.631 17.276 1.922 0.152 0.111 C. wuellerstorfi
150.0 0.936 3.659 0.353 0.256 0.096 Cibicidoides sp.
160.0 3.019 14.763 8.432 0.205 0.571 C. wuellerstorfi
160.0 1.613 8.153 5.060 0.198 0.621 N. umbonifera
160.0 2.169 10.406 3.965 0.208 0.381 Exigua
170.0 2.215 12.635 2.510 0.175 0.199 Exigua/N.Umbonifera

*Rejectedanalysesarein italics. Thebasis for rejectionis displayedin bold.
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Table 7 fl1nr1Tntra1ncin1 Nutrinf Chniwe
II’

Holocene Holocene LGM LGM zP04 APO4

Depth CdWf S13C CdW1 63C CdWG..I 813CG1 Cd/Ca 63C

Site m nmol/kg % nmol/kg %o nmol/kg %** predicted predicted

RC16-119 1567 0.41 1.1 0.29 0.99 -0.12 0.19 -0.30 -0.17

V24-253 2069 0.24 1.1 0.42 0.48 0.18 -0.32 0.45 0.29

RCI6-84 2438 0.21 1.08 0.49 0.56 0.28 -0.22 0.70 0.20

RC16-86 3759 0.63 0.59 -0.04 -0.1

RCI6-85 3909 0.69 0.70 0.01 0
**A constantof 0.3%hasbeenaddedto LGM 3C datato accountfor meanoceanö13Cchange

Table8: WatermassCompositionfrom T&S andForaminiferalmeasurements
Site Depthm NADW AA1W CDW

TS/Foram TS/Foram TS/Foram
RC16-119 1567 65%/45% 30%/45% 5%/10%
V24-253 2069 >95%/92% 0%17%
RC16-84 2438 100%/100% 0%/0% 0%/0%
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