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Abstract

This paperpresentsa mesoscalenodel for sedimenttransportin the deepsearesult-
ing from technicalactvities suchas manganes@odule mining. The modelincludesthe
temporalvariability of ambientcurrentsthe modificationof the waterdensitydueto sus-
pendedsedimentgdensitydriven flow), bottomboundarylayer effects,andthe influence
of flocculationon the sedimentsettlingvelocity. It yields the three-dimensionaediment
concentratiorand the bottom blanketing for time periodsof up to a few weeksin areas
of up to afew hundredsquarekilometers.The modelalsoallows simulationof the mobi-
lization, sorptionandthe transportof heary metals.Two applicationsare presentedOne
of themtreatsthe sedimentiransportduring the National Oceanicand AtmosphericAd-
ministrationBenthiclmpactExperiment.The otheris concernedvith dispersiorof heary
metals,including the interactionwith suspendededimentin the Disturbanceand Recol-
onizationExperimentExperimentalArea. The modelis highly sophisticatedvith regard
to the processesnd numericalmethods Neverthelessa final conclusionconcerningthe
guantificationof its prognosticcapability for industrial scaleoperationscannotpresently
bedravn becaus®f thelack of completeandcoherentlatasets.
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I ntroduction

The main aim of the modeling presentedn this paperis the assessmertf the
environmentalimpactscausedy varioushumanactvities, in particularthe distri-
bution of pollutantsand effluents.In the caseof deep-seanining (Oebiuset al.,
2001),the modelingis usedto forecasthe fate of dischagedmaterialplumesand
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seafloorblanketing causedby settling particles.The parameterso be considered
arethosedescribingthe exposureof marineorganismgo large amountsof various
particles(sedimentsopre particles biota) andothereffluents(e.g.heary metals)in
concentrationanddepositionfluxesexceedingambientoceanicones. Basically it
is necessaryo estimatehow long the mining plume persistsbeforeit eventually
dilutesand reacheghe approximateambientconcentratiorievel or settlesto the
bottomandtheresultingnen sedimentoveragen the affectedareas.

Thepredictionof environmentaimpactscausedy deep-seanining cannotbefor-

mulatedwithoutrealisticassumptionsoncerninghedepositsaandtheappliedtech-
nology. Of greatesinteresto thedeep-seainingindustryaremanganeseodules,
which appeaiin form of flat horizontalfields on the ocearfloor in depthsof about
4000-6000m. At presenindustryfavorsnodulerecovery by a mining systemcon-
sisting of a mining platform or ship at the surfaceanda remotely-controllecand
self-propelledmining device (miner) operatingat the bottom and connectedo a
riserfor noduletransportOebiusetal., 2001).With this techniquethe largestim-

pactscanbe expectedin the reachof the miner. The greatessedimentdischage
appearsn the bottomzone(90% or more),and a minor one originatesfrom the
mining vessel.

This paperfocuseson the mesoscalenodelingof dispersionandre-sedimentation
of thenearbottomplumesThetime scalesnvolvedvaryfrom hoursto weekswith
thespatialresolutionrangingfrom 100mto 1 km. At thisscaleaconsiderableange
of physicalphenomenanfluencingthe sedimentransporin the benthicboundary
layer must be taken into account.After an overall modeldescriptionand a thor-
oughdiscussiorof critical modelingaspectsiwo applicationswill be presented:
Sedimentransportduring the National Oceanicand AtmosphericAdministration
(NOAA) Benthic Impact Experimentand dispersionof heary metalsin the Dis-
turbanceandRecolonizatiorExperiment{DISCOL) ExperimentalArea,including
interactionwith suspendedediment.

A short review of existing models and their data support

The modelsrequirefield data,which are assimilatedn orderto formulatebasic
assumptionstreatedas input datato operatethe modelsor usedfor verification
andvalidation.It is clearthatthe predictive quality dependstronglyon themodel-
orienteddatacollection.Comparatie studiesmadeby the authors(Janlowski and
Zielke, 1997) reveal that from the point of view of numericalmodeling,the ex-
perimentgor quantifyingof modelparametersrecritical for the modelaccurag
andreliability. Thereforedespitevariousavailableoceanographidata thespecific
field experimentsstronglyinfluencethe modelingapplications.

In the1970sduringtheDeepOcearMining EnvironmentalStudy(DOMES)project,



two successfuandsofar uniguemining testsby OceanMining Inc. (OMI) andby
OcearMining AssociategOMA) weremonitored(Oztuigutetal.,1981;Lavelle et
al., 1982).Theimpactswereproducedy prototypemining devices,but thenodule
recovery rate was aboutone order of magnitudelower thanduring plannedcom-
mercialproduction.Modelsweredevelopedto describehebottomplume(Lavelle
etal., 1981b)andthe surfacedischage,basedn ananalyticalsolutionof the sed-
imenttransportequationin a uniform velocity field. The modelswerefirst applied
to estimatesedimenttransportparametersyhich were not obsenable,and then
runin aprognosticnode.A few yearslater, Lavelle reanalyzedhe problemusing
atwo-dimensionahumericalfinite-differencemodelin orderto includethe effects
of thebottomboundaryayer, particlescarzengingby marinesnawv, andnew settling
velocity laboratoryanalysegLavelle, 1987;0zturgut andLavelle, 1986).

In the 1980s,due to the fadinginterestof industry therewas no chanceto im-
prove the dataobtainedduring mining tests.Therefore post-DOME Sexperiments
are characterizedy the fact that the bottom disturbanceand sedimentresuspen-
sionwereproducedn away similar to the actionof realminers.During previous
mining tests,efforts weremadeto monitor not only the redepositiorat the bottom
but alsothe plumein its variousdevelopmentaktagesThelaterexperimentssuch
asDISCOL (Thiel and Forschungsgrlund Tiefsee-UmweltschutZ2001),NOAA
BenthiclmpactExperimentBIE) (Trueblood,1993),JaparDeepSealmpactEx-
periment(JET) (Fukushima,1995), etc., concentratedn the bottom destruction
andblanketingin the nearfield while the plumewasneglectedor inadequatelypb-
sened (Janlowski and Zielke, 1997). Although the newer field experimentswere
notpurposefullydesignedor themodel-orientedlatacollection,almostall of them
wereaccompaniedy modeling.

Within the Tiefsee-Umweltdwitz (TUSCH) group, using mainly datafrom their
own DISCOL experiment(Thiel and Forschungserbund Tiefsee-Umweltschutz,
2001),athree-dimensionafinite elementmesoscalenodel(Janlowskietal., 1996;
Janlowski andZielke, 1995)andalarge-scalenodelwith finite-differencegZielke
etal., 1995;SegschneideandSindermann1997)weredeveloped(Rolinskietal.,
2001).The modelsprofit mainly from the measurementsccompaning the exper
imentsand subsequentbsenationsof recolonizationby deep-searganismsthe
currentmeasurementflein, 1993;1996), the investigationof the bottomsedi-
mentpropertiesBecler et al., 2001; Grupeet al., 2001; Oebiuset al., 2001),the
overall oceanographicharacteristic¢Schriever, 1995; Schriever etal., 1996),and
the heary metalmeasurement@Koschinsl et al., 1997). The TUSCH modeling
efforts concentrat®n parametesensitvity studiesandscenariccomputations.

A Japaneseesearctgroup(Taguchietal., 1995; Nakataet al., 1997)developeda
three-dimensionalfjnite-differencemodelappliedto the JET andNOAA BIE ex-
perimentsin the nearfield. Their characteristi@pproachs basedon the factthat
currentmeasurement@reincorporatedirectly into the model,yielding the veloc-
ity field. For modelverificationthere-sedimentatiodatafrom comparatrely small



areasvereused andthe effective settlingvelocity wascomparedo laboratoryval-
ues.

As canbe seenmostof the developedmodelsare strictly connectedvith partic-
ular experimentalactiities. They differ greatlyin the basicassumptionsthe time
andspacescalesandthe physicalphenomena@onsideredThe early modelswere
specificallydevelopedfor the deepseadischages,while the latestonesareadjust-
mentsof genericandcomplex models.Thereis anincreasingendeny to include
all relevantphysicalphenomena.

A mesoscale model for deep sea mining discharges

Conceptuamodel

The model developedby the authorsconcentrate®n the time scalesand areas
wherea considerablémpactof the generategblumesis expected.The primary ef-
fort is to simulatethesedimentransporundernnfluenceof time-variablemesoscale
currents.Thetime andspaceresolutionof this modelallows the descriptionof the
plumespreadinghearthe dischage site, startingwhenthe ambientcurrentbegins
to dominatethe plumetransport,.e., after the first phaseof dispersionby the ed-
diesin the wake of the machineand after the subsequengravity currentaction
in the directvicinity of the source.In orderto take the movementsof the miner
into accountthe spatialresolutionis about100 m, increasingo aboutl km away
from the source The uppertime scalelimit is definedby therangeof the hydrody-
namicprocessesdescribedy the model. The modelreproducesypical mesoscale
hydrodynamigrocessesuchasinertial oscillations,tides,anddiurnal variations
superimposedn a stablegeostrophicomponentlt canbe appliedto transportfor
aperiodof time up to a few dayswith aresolutionof about10 minutes.The small
scaleprocesseareconsideredy diffusioncoeficients.

Becausef thesizeandlocationof themining areasa mesoscalenodelwith open
boundarieshasbeendeveloped.Sincethe major dischageswill take placein the
bottomboundarylayer, themodelingconcentratesnthis partof thewatercolumn.
Themodeltakesinto accountall of therelevantphysicalphenomenan thedeepest
oceanzoneandyieldsresultsthat describethe time-dependenthree-dimensional
concentratioriields, includingtheamountof redepositiorandthe plumeresidence
time. In principle,themodelconsistof two modulesdealingwith hydrodynamics
andtransporiof sedimentnd/orothereffluents.



A three-dimensionahydrodynamianodel

Themathematicamodelingof thehydrodynamicss basednthetheoryfor incom-
pressible turbulent free surfaceflows for geophysicabpplications A description
of themodelis alreadyprovidedin (Janlowski etal., 1996;Janlowski andZielke,
1995) andtherefore,only the mostimportantfeaturesand newv developmentsare
described.

Theequationgor theprimitive hydrodynamicariablesareformulatedn theCarte-
siancoordinatesystem(x is directedeastvard, y northward, andz is positive up-
ward) so thatthe modelis applicableto horizontalmotion scalesat leastone or-
der of magnitudelower thanthe radiusof the earth.The momentumconsenration
equationdor theunknown three-dimensionalelocity field u = (u, v,w) assumehe
Reynolds-areragedorm of the Navier-Stokesequations:

a—u-|—u-Du—i-2§2><u:—iDp+£g—|-D-(vDu) (1)
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where p representshe pressuret time, Q is the earths angularspeedandg the
acceleratiorof gravity. The Boussines@pproximatioris appliedin whichtheden-
sity variationsare taken into accountin termsof buoyang/ forcesand neglected
wherethe densityappearssa parametedescribingfluid inertia. The influenceof
the temperaturendsalinity variability on the stratificationin the mixed deep-sea
bottomboundarylayeris assumedo benegligible. As aconsequencef theincom-
pressibility ((0- u = 0), it is assumedhatthe fluid volumeis conseredwhile the
density(andso the mass)changedreely asa function of sedimentconcentration
only.

The roughnessoeficient is computedby assumingthe existenceof a logarith-
mic velocity profile in the lowestpart of the bottomboundarylayer. The vertical
turbulenteddyviscosityv; andturbulentdiffusioncoeficientsfor transportedged-
imentaredescribedy a mixing-lengthmodelwith dampingfunctions(dependent
on the Richardsomumber)so that the stratificationdampenghe vertical mixing.
Thethicknessof the bottomboundarylayerin deepwateris controlledby onepa-
rameterd (Mofjeld andLavelle, 1984). The logarithmiclayer, wherethe velocity
is constantin directionandincreasesogarithmicallyin magnitudejs assumedo
occupy the lowestpart of the bottomboundarylayer (approximatelybetweerthe
bottomand0.28). Consequentlthelogarithmiclayeris situatedn thezonewhere
themixing lengthincreasedinearly. The Ekmanlayeroccupiegheremainingpart
of thebottomboundarylayerabove the logarithmiclayer.

The numericalsolutionmethodis basedon the well-validatedTELEMAC3D code
(Gallandetal., 1991;Janlowski, 1999).The decoupledalgorithmis basedon the
fractionalstep(operatorsplitting) technique Herethe solutionis obtainedin sub-



sequenstageseachhaving well-definedmathematicapropertiesso thatthe most
adequatenethoddor a givendifferentialoperatortype canbe used.The majority
of thesestepsusesthe finite elementmethodfor spacediscretization(e.g.to treat
the diffusion part) while for the adwection, variousother schemessuchasthose
basedon the methodof characteristicsareavailable. Thefinite differencemethod
is appliedfor the time discretizationand the computationadomainvariability is
taken into accountby a standardo-meshstructurewhich is well suitedto most
geophysicahpplications.

A new featureof the model,comparedo the onealreadydescribed Janlowski et
al., 1996),is a non-hydrostati®ption. In its original form, the model solvesthe
three-dimensionaghallav-waterequationsij.e. it usesthe hydrostaticapproxima-
tion. This is basedon the assumptiorthat the vertical acceleratiordw/dt canbe
neglectedwhenthe horizontalmotion scalesare large as comparedo the verti-
cal ones.In the non-hydrostatio/ersion,no intrinsic assumptiongre madeasto
the vertical accelerationand the Navier-Stokes equationg1) aretreatedin their
fully three-dimensionabriginalform (Janlowski, 1999).Theverticalacceleration
is takeninto accounty decomposingjlobalpressurep into its hydrostaticpy (i.e.
barotropicaswell asbaroclinic)andhydrodynamiatcomponents:

P=pH+Tl 2)

The solutionalgorithmfollows the fractional stepmethod,wherein the first two

stagegadwection,diffusion),anintermediatesolutionfor thevelocity 0 is obtained
by solving the momentumequationwithout taking hydrodynamicpressuregradi-
entsinto consideration:
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wherethe hydrostaticpartis computedexplicitly from the free surfaceelevation
anddensityfield. In generalfi is not divergence-freeThe hydrodynamigoressure
is foundfrom the pressurdoissorequation:
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Thefinal velocity is obtainedundertheassumptiomf incompressibility 0 - u"1 =
0) from the projectionof theintermediataesulti:
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Usingtheresultingfinal velocity, the positionof thefree surfacecanbefound. For
deep-seapplicationsijt is obtainedfrom the conserative formulationof the free-



surfaceequation,which is the vertically integratedcontinuity equationwith both
kinematicand bottom impermeabilityboundaryconditionstaken into considera-
tion:

s o . 9 f
E:_G_X/BUO'Z_@/BVO'Z (6)

Modelforcing

The main problemregardingthe simulationof the hydrodynamicss to obtainthe

mesoscal@ow variability in therelatively smalldomainwith all boundarie®pen.
Due to this fact, an approachbasedon measurementhas beenchosen.In the

model, currentsabove the bottom boundarylayer are obtainedby applying pre-

scribedbarotropic pressuregradientstaken from Fourier analysisof the current
measurementduringtheexperimentJanlowski etal., 1996).Their variationspro-

ducea currentscenariovery similar to the original current.The bottomboundary
layerformsfreely in anaturalway below the geostrophiaegion.

In orderto producetypical currentscenarioscurrentmeasurements appropri-
ateresolutionareneededo detectandquantify the mostimportanthydrodynamic
phenomendtides,inertialwaves,eddiespbottomboundarylayer).Specialattention
mustbe paid to the characterizatiomf the turbulent bottomboundarylayer (bot-
tom roughnessyelocity profile). The turbulent viscositiesand diffusivities with
their spatialandtemporalvariability alsoare obtainedfrom the currentmeasure-
mentsusing statisticalmethods.The measurementsf salinity, temperatureand
turbidity profiles provide the ambient,normalparticle concentrationgnd density
fields.In orderto take into accounthe topographianfluenceson the currentsthe
bathymetryof theareain sufficientresolutionfor the givenmodelscaleis needed.

Sedimentransport

The transportprocessesre modeledby solving transportequationsfor the sus-
pendedsedimentand/or passve effluents with appropriateinitial and boundary
conditions(McLean,1985).Fromthe mathematicapoint of view, the transported
substancesanbe divided into active and passve tracersthat do or do not influ-
encethe fluid density For suspendedransportmodeling,the settling velocity of
thesedimenimustbetakeninto account.

Thetransportequationfor sediments:
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wherec is the dry masssedimentconcentration(u,v,w) the velocity field, ws is
the settlingvelocity, vic denoteghe sedimenteddydiffusivity, g. is a sourceterm
describinghedischage,andqgs representthescarengingrateby alienparticles(as
marinesnon). Thevalueof thesettlingvelocityin theassumedoordinatesystems
negative. Thereportedmaximumsedimentoncentrationgn the bottomplume,in
therangeof 10 g/l (Lavelle etal., 1981b),aresufiiciently smallsothatthe volume
fractionoccupiedby the sedimentanbe ngylected.

The boundaryconditionsof the Equation(7) are describedas follows. The net
sedimenflux atthe surface(or atanupperboundaryof themodel)is zero:

Jc
|:W5C — Vzca—z} - O (8)
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Erosionandsedimentatiorat the sediment-vaterinterfaceareusuallytakenasthe

functionsof the bedshearstressty, the critical shearstressof depositiontg, and

thecritical shearstresf erosiontce (Krone,1962).1f thebedshearstressexceeds
thecritical depositiorshearstressa particlesettledon thebedwill immediatelybe

resuspendedf the bedshearstresss lessthantce, Nno erosionwill occur Conse-
guently thebottomboundaryconditionis formulatedasfollows:

oc
[WSC — Vzca—z] = WsCp fg + Mresfe 9)
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wherethe probabilitiesfor depositionfy anderosionfe aregivenby (Krone,1962):

0 Th>T1
fy = b= tod (10)
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The resuspensiomate Mes andthe critical stresseg¢e and tge mustbe obtained
from empirical formulations.Erosionand depositionprocessesan be described
without difficulty in the low-enegetic boundarylayer, typical for the regions of



deep-seanining. The small velocity magnitudesetectedoy long-termmeasure-
ments(Bischof et al., 1979;Klein, 1993)allow the assumptionghat no erosion
occursandthat eachplume particlethat reacheghe bottomdepositsin this case
fe = 0 and fg = 1. If mining takesplacein regionsof strongercurrents,the for-
mal descriptionof erosionanddepositionprocessemustbeintroduced Very little
is known abouttheseparametergor the deep-seaediment§fMcCave and Gross,
1991).

Thecurrentvelocityfield is givenby thehydrodynamianoduleof themodel.How-
ever, the presencef thedischagedparticulatemassin higherconcentrationnflu-
enceghe ambientcurrent.The suspendegarticleschangethe local fluid density
causingstratificationandbuoyangy effectsasdensity(gravity) currentsTheinten-
sity of thesgphenomenaependsnainly onthemagnitudeof thedensitydifference
betweenthe dischage andthe surroundingfluid. The persistencef buoyangy ef-
fectsdepend®n themixing rate,which diminishesflow-driving densitygradients.
Thereducedverticalmixing dueto the stablestratificationhasanimportantinflu-
enceon the concentratiordistributionin thefirst stagesf plumetransport.

In the model, it is assumedhatthe suspendededimentnteractswith the current
by influencingthelocal fluid densityaccordingto the equationof state:

Psed—P(ST) c

P(ST,c)=p(ST)+
Psed

(12)

The stratificationcausedoy the suspendededimentdampenghe vertical mixing
accordingto the mixing lengthturbulencemodelmentionedabove.

The sedimensettlingvelocityin situ ws is the mostcomplex parameteand must
bediscussedhn detail. The particlesizedistribution of the sedimentgrom the min-
ing areas(Table 1) shavs that mostof the particleshave diameterssmallerthan
60um so that the cohesve forcesbetweenthe particlescannotbe neglected(Mc-
Cave, 1984;Klein, 1993). The plume particlesinteractwith eachother building
aggrgategqflocculation)andbreakingup.Laboratoryexperimentaisingsediments
from the equatorialPacific mining areashave shavn that flocculationeffectsare
significantin the plumesat concentrationgbove 0.1 g/l (Oztugut and Lavelle,
1986). Thesehigherconcentrationsyunderwhich flocculationeffectsarestronger
arefoundin the directvicinity of the sourceand may reachfrom 1 g/l to 10 g/I.
Settlingvelocitiesfor the plumeparticlesrangefrom 103 m/sto 10~/ m/s,which
meandhatthis sedimentransporfparameterequiresspecialattention.n the sedi-
menttransporimodel,thesettlingvelocity canbetreatedusingthefollowing meth-
ods:

(1) it is assumedhat the settling velocity is constantin time and space(non-
cohesve case);
(2) theparticlediameterspectrumis distributedinto a numberof non-interacting



sedimentclassescharacterizedy differentsettling velocities(non-cohesie
case);
(3) an empirical approachis usedto deal with flocculationand break-uppro-
cessestesultingin aformulafor the meansettlingvelocity (cohesve case);
(4) anumberof sedimentlassess chosemandinteractionsamongthemareac-
countedfor (cohesve case).

In orderto applythenon-cohesiecasegl) or (2), it isassumedhattheinformation
provided by the particle diameterand densitydistributionsis sufficient to obtain
the settling velocity. The meansettling velocity wsy, of the compositesediment
spectruncanbe calculatedrom:

W = &5 (13)

wherec; arethe dry massconcentration®f the fraction characterizedy the di-
ameterd; andsettlingvelocity ws;. In case(2), the differentsedimentlassesettle
independentlyandthe meansettlingvelocity diminisheswith the ageof the plume
asthe larger particlessettleout. In case(1), the settlingvelocity remainsconstant
in time. For agiventime scaleof transportjt is possibleto calibratethis constant
velocity to formulate conserative forecastscomparabldo thoseobtainedwith a
numberof sedimentlassegJanlowski andZielke, 1995).

In orderto take into accounthe cohesve sedimenpropertiesnfluencingthemean
sedimentsettlingvelocity, the empiricalformulations,case(3), areavailable. The
processe®f aggregation and break-upof particlesare parameterizedising sus-
pendedsedimenttoncentratiorandturbulentshear Accordingto this parameteri-
zation,thebreak-upphenomenareinsignificantin thelow-enegeticdeepseabot-
tom boundarylayer. Differentialsettlingdominatestherflocculationmechanisms
asBrownianmotionandturbulentsheaMcCave, 1984).In this caseanempirical
modelis appropriaten which the settling velocity is a function of the sediment
concentratioronly (Janlowski et al., 1996). Therefore,the possibleflocculation
effectsmay only acceleratehe deposition.Unfortunately datadescribingthe co-
hesve propertief thedeep-seaedimentsn situ presentlyaretoo scarceo allow
the applicationof this formulationin a non-speculatie way (McCave and Gross,
1991).1t is difficult, but feasible to describesedimensettlingusinga flocculation
modelbasedn a spectrunof interacting(i.e. cohesve) sedimentlassescase(4),
(Hill andNowell, 1995).The mostseriousproblemsencountere@reuncertainties
in interactionrates especiallyin a concentratiormodel.Becausef the difficulties
mentionedabove, the approacheg$3-4) were not followed. Sinceit is very diffi-
cultto measureghe parameterslescribinghesettlingvelocity in situ (McCave and
Gross,1991),evenfor the seeminglysimplified non-cohesie caseg1-2), mostes-
timationsarebasedon laboratoryexperiments.

Dueto thefactthattheflocculationmaybeinsignificantatlow concentrationaway
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from the source scavrengingis the only mechanisnthat may diminishthe particle
concentrationThe scarengingrate gs canbe found by observingthe vertical flux

of the ambientparticlesappearingnaturallyin the ocean,asmarinesnav. These
large,amorphougparticlessweepargerangef thewatercolumn,collectingfiner

particlesundervay andtransportingthem downwards.If the mining plumedrifts

in areassweptby theseparticles,scarengingmay be an effective agentin removal

of thedilutedplumesif they consistof slowly settlingfine particles(Lavelle, 1987;
Janlowski etal., 1996).

Although the resuspensioexperimentsgive a chanceto estimatethe settlingve-
locity in situ andto clearthe uncertaintieconcerninghe stratificationeffectsand
densitycurrents theseaspectdhave not beenaddressegroperly (Janlowski and
Zielke, 1997). Therewere no attemptsto clear the uncertaintiesconcerningthe
diluted plumesdrifting ata distancefrom the source.

Soucequantification

For properformulationof the sourcetermac(x, y, z t) of thetransportequationthe
dischagerateandtheform in whichit takesplacemustbe carefullyquantifiedtak-
ing into consideratiorthe type of mining devices,sedimenpropertiesandmining
areacharacteristic§Oztugut etal., 1981).Additionally, somegeneralizatioomust
bemadewith regardto thedischage,accordingo themodelresolutionin time and
spaceUnfortunately no measurementsoncerningndustrialdevicesin actionare
available.

Themassavailablefor dischagein theupperlayerof the bottomsedimentswhich
is disturbedby the devices,definesthe maximumdischage rates.Worst-caseesti-
matesare usuallyformulatedassuminghis amount,but they cannotbe free from
assumptiongoncerningthe devices. The initial concentratiorand densityof the
dischage areimportantfor characterizatiof densityeffectsin thefirst stagesof
sedimentransport.

Theestimategpresentedby (Oebiusetal., 2001)yield dischage ratesapproaching
90 kg/sandconcentrationsipto 1.6 g/l in thewake of theindustrialmining device
with a 6 m wide collectoron a carriermoving with a speedof 1 m/s. During the
BenthicImpactExperimentthe sedimentwasresuspendelly a specialdevice, a
benthicdisturber (Trueblood,1993). Its meandischage is reportedto be about
4 kg/s, with maximumconcentrationn the origin of the jet-like dischage locally
reaching30 g/I. Thetowing velocity is about0.5m/s.In all caseghe speedof the
deviceis greaterthantheambientcurrent.

The obsenationsof the re-sedimentatiopatternof the bottom plume during the
mining testsand BIE experimentsallow the suppositionthat density-drven flow
playsarole in the first transportstagesof the dischagedsedimentThe time and
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spacescalesassociatedvith theseflows remainunmeasuredyut intensie re-sedi-
mentationis foundup to 100m or moreupstieamof the collectortracks.This has
beeninterpretedasthe consequencef densityflows (Lavelle etal., 1981b;Nakata
etal.,1997;0ztugutetal., 1997).

Numericalstudiesin thevicinity of a sourceshaw thatgravitational effectsgener
atenearbottom,flat distribution of the bottomplumein theinitial stagesafterdis-
chage, causingan additionalsettlingeffect of the plume (Janlowski etal., 1994).
After theinitial phaseof dispersiorby theeddiesn thewake of themachineandthe
subsequergravitational collapsen thedirectvicinity of thesourcetheconcentra-
tions diminish andthe ambientcurrentprevails asthe main transportmechanism.
How muchresettlesmmediatelyto thebottom,andhow muchremainsn thewater
columnandis availablefor furtherdispersiorby ambientcurrentsjs questionable
(Becler et al., 2001). Therefore,someassumptionsnustbe madefor the mathe-
maticalformulationof the sourcetermq. for themesoscaléransport.

Themining devicesmostprobablywill move in alternatedirectionson the bottom
with a speedof 0.5-1 m/sfollowing alinear path.They will cover distancesof up

to afew km from the mining ship. The minerwith parametersnentionedabove is

ableto mineanareaof about0.5to 1 km? daily, in aform of aprolongedrectangle.
The long-termeconomicconsiderationsvould requirethat the areais mined as
effectively aspossiblewithout leaving larger patchesof untouchedhodulefields.

For navigationalreasonsthe trackswill probablybe orientedaccordinglyto the

prevailing current.This kind of mining dischage canbe mathematicallydealized
for modelingpurposessamasssourcemoving in anoscillatoryway in arelatively

confinedarea(Janlowski et al., 1996). During the experimentsusingthe benthic
disturber, asimilar patternhasbeenfollowed.

Modeling of the NOAA Benthic Impact Experiment

The datacollectedduringthe NOAA BIE experimentcanbe usedto validateand
discusssomefeaturesof the mesoscalenodel. The areacoveredby the datasam-
pling is relatively smallandthe transportscalesindicatethat one hasto dealwith
analmostnearfield approachn this case.

Geneal description

A new experimentalapproachwas initiated in 1991 by NOAA (USA) in coop-
erationwith the CentralMarine Geologicaland GeophysicaExpedition(CGGE)
of Russiain the Clarion-ClippertonFractureZone (CCFZ) of the Pacific Ocean.
The intention of the Benthic Impact Experiment(BIE) wasto producesediment
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resuspensioandsubsequentepositionin anexperimentalareain orderto obtain
sedimenburial of organismsandfoodresourcalilution (Oztugutetal.,1997).The
actionof a minerwassimulatedusinga specialdevice, a benthicdisturber(Deep-
SeaSedimenResuspensioBystem DSSRS)BrockettandRichards,1994; True-
blood, 1993).Thetoweddisturberis designedo liquify, lift anddischageaslurry
of sedimentfew metersabove thebottomandto blanketanareaof theseafloor in

amannemwhich canbe expectedduring mining actwities. As in DISCOL, nonod-
uleswereremoved from the bottom, but the experimentalsettingallowed a clear
separatiorf theareasaffectedonly by thedepositiorfrom theareasvherethebot-
tom structurewasdisturbeddirectly by the device sleds.The disturberwastowed
49 timesalonga pathof 3300m length,producinga 150 m wide directly affected
area.Thetracksweresituatedoerpendicularlyo the predominanturrentdirection.
As aresult,ca.1450t dry weightsedimeniwasresuspendednda depositionwith

gradualreductionof the thicknessat increasingdistancefrom the tracks,ranging
from 10to 1 mm, wasachievedin anareaof about2 km? (Trueblood,1993).

For measuringhe extent of the deposition,18 sedimenttrapssituated2 mab (m
above bottom)were used.They were placedon both sidesof the towing area,to
accountfor possiblecurrentreverse andin threerows, approximately60 m, 150m
and400 m from the tow zone.Two currentmeterswith nephelometersvere de-
ployed2 mabwith sedimentraps5 mabon both sidesof thetowing zone.During
the operationthreesedimentrapsandonecurrentmetermooringwererecovered
in orderto monitorthe progresf the sedimenplumedispersion.

Descriptionof modelapplication

Bathymetricdata The digital bathymetricdatafrom the BIE surroundingswere
obtainedfrom NOAA. The dataareavailablewith aresolutionof 100 m covering
arectangulaareaof 14.5 x 11.1 km. The positionof the lower left cornerof this
area(i.e.south)is known exactly, longitude—1286666° (W) andlatitude12.8833
(N). Thedepthsaregivenwith anaccurag upto adecimeterThewaterdepthsvary
betweerd692m and4929m (Figurel).

Computationamesh Becausef the greatesinterestin thedepositionn thedirect
vicinity of the tracksandthe dataavailability of only up to a distanceof approx-
imately 500 m from them, a meshfor the nearfield was constructedFigure 2).
Its rectangulashapg(3.5 x 4 km) takesinto accounthe factthatthe meancurrent
directionduringthe experimentwasNW andthe greatestiepositiontook placein
this directionaway from the tracks.In the areawherethe dischage and greatest
depositiontook place,the meshresolutionis 50 m. Thelacking nodedepthswere
obtainedby interpolatingtheoriginal data.This areais arectangle4 x 1.5 km, with
the longerside running approximatelyparallelto the disturbertracks.The tracks
are situatedat a distanceof 500 m from the southedgeof the mesh,leaving a
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1000m broadregion NW of the trackswith higherresolution,wherethe greatest
accuray is neededNW of this rectangletwo zonesof lower resolutionbetween
thenodedollow, 100m and200m respectrely, eachapproximatelyl000m broad.
Thewaterdepthsn this areavary betweem887and4790m, x € (43509750 m,
y € (34509850 m. The basic2D-meshconsistsof 6135triangularelementsand
3138nodesTheverticalresolution(23 levels)variesbetweerD.5mand10mupto
50 m above bottom,andthendiminishesto 100m. The upperlimit of the compu-
tationaldomainis setby 500m above bottom.As aresult,the 3D meshhas72174
nodesand134970prismaticelements.

Disturbermovementandtradks It is assumedhateachtow is performedalongthe
samepathdefinedby the extremepointsof the disturbertracksgivenin Table 2.
The distancebetweenthesepoints and the SW and NE meshedgesamountsto
300 m, andfrom the SE edgeabout500 m (Figure 2). The disturberwas towed
from SW to NE with a shipvelocity of aboutl knot,i.e. 0.5m/s. Thetracklength
wasabout3300m. After completinga tow, the disturberwaslifted, the shipmade
a loop, andthe procedurerepeatedDuring 19 days49 tows were completed.an
averageof 2.6 tows perday The precisetiming of the tows is implementedn the
modelaccordingio the NOAA cruisereport(Trueblood,1993).

Souce strength The sourcestrengthwas estimatedrom the samplesof the dis-
chagedmaterialcollectedusingarosettesamplesituatedatthetop of thedisturber
dischagepipe.Thesampleyieldedanaverageoutletconcentratiorof 33.3g/l dry
weight. The pumprateis about125 I/s. The averagemassdischage rate can be
estimatedas4.17kg/s dry weight. The total dischagedsedimentdry massduring
98 h of deploymentwasestimatedo be equalto 14685 x 10° kg. The heightof
the outlet of the dischaging pipe (diameter305 mm), measuredrom the baseof
the disturbersleds,variedfrom tow to tow between4.33m and5.66 m. Shallav
watertestshave shavn thatthe momentumof jet-like dischage is enoughto lift
thesedimenslurry up to about10 m above bottom.

In the model,the massvolumesourcehasthe sameform asin a mesoscalenodel
of DISCOL area(Janlowski etal., 1996):

(x—my)?+ (y—mp)?
20102

G = Qoexp (— ) expl-y(z— 7e)] (14)

where(my, mp) is thepositionof themoving sourceandzs thecoordinateof thebot-
tom.z € (zg,2v), sothatthe massdischage reachezeroat a calibratedheightzy
above thebottom.Thereforethedistribution of themassproductionin the volume
is Gaussiarin thehorizontalandexponentiain theverticaldirection.lt canbechar
acterizedby parametersi, o2 andy. Thisform of volumesourceallowstakinginto
accountthe densityeffectswhich cannotbe resoled in the giventime andspace
resolutions However, this distribution dictatesthe adequatespatialmodelresolu-
tionin thewholeareaof emissionn orderto secureastationarydischagerate.The
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overall volumesourceintensityis controlledby the parameterg (kg/m3/s). The
assumedaluesof o1 ando, are25 m andcorrespondo the distancebetweerthe
nodesy is assumedo beequalto 0.5m 1 andzy, is equalto 10m. qq is calibrated
in orderto obtainan approximatelystabledischage of 4.2 kg/sindependenfrom
themovementr the positionof thesource Theresultingmaximumconcentrations
onthemeshnodeswverein therangeof ca.50 mg/l.

Sedimensettlingvelocity A meansettlingvelocity computedrom asettlingveloc-
ity distributionfor a concentratiorof approx.15mg/l is givenin Table3 (Lavelle,
1987).It is equalto 1.2 x 10 * m/s.

Sedimentraps Thesedimentrapsdeployedduringthe NOAA BIE werel mlong

PVC cylinderswith anopeningof 100cn?. They weredeplo/edin pairs2 m above

bottom(mab).A few trapsweresituatedat 5 mabandcombinedwith currentme-
tersandtransmissometerspmeof themwereremoved during the experimentfor

controlreasongTrueblood,1993).For comparisorof theresults,only thosetraps
werechosenwhichweredeployedfor thewholedischagetime andsituated2 mah

The GPSpositionsof the trapsarenotin coincidencewith the digital bathymetric
data,particularlyconcerninghe mooringdepth.For this reasonijt is assumedhat
thehorizonalcoordinate®f the trapsareexact,but theverticalarechangedo 2 m

above the bottomcoordinategivenby the bathymetricdata(Table4).

BIE currentanalysesFromall availablecurrentmeasurementd-igure 3), there-
sultsfrom the mooringNOAA 21 (positionof trap#1, 5 mab)are usedto obtain
the currentscenario.Currentcharacteristicare given in Table 5. The currentis
characterizedby a large stability factorof 0.94 (SF=1standsfor constantcurrent
direction):

SF = Wed / Vscal (15)

wherevsca andwe¢ aremeanscalarandvectorspeed:

Vscal = :_I’: i(ufz + Vi2)1/2 (16)

Wee = (P+VP)Y2 0= Ui (17)

ThecurrentFourieranalysisrevealsthatthe greateskinetic enegy corresponds$o
thetidesandwavesin theinertialrange A periodogrammef thecurrentaneasured
atthe NOAA 21 stationis shavn in Figure4.

Modelforcing. The methodof obtainingthe modelcurrentscenarias the sameas
in the previous modelapplicationgJanlowski andZielke, 1995; Janlowski et al.,
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1996). The mainenegy peaksin the spectrunof the currentmeasurements the

BIE areaareassociateavith wavesof theradialfrequeng greaterthantheinertial

one,w > f. In orderto obtaina currentscenariofor the modeling,a numberof

frequenciesn thesub-inertiarange(inertial periodTs = 53.48 h) is used(Table6).

Peaksorrespondingo thesefrequenciesanbeeasilyrecognizedn Figure4. The

directionsandparameterdescribingcurrentellipsesfor givenwave frequenciesire
obtainedby best-fitapproximation.The slowly varying componentsvith periods
larger thanthe inertial one are obtainedfrom Fourier approximationby filtering

appropriatefrequeng ranges.A comparisorbetweenthe approximateccurrents
andmeasurement®r the currentmeterpositionis presentedn Figure5.

Othersimulationparametes. Thenon-hydrostaticodeversionis applied.Thehor-

izontalviscosityandsedimentiffusivity areassumedo beconstant1.0m?/s.The
parameteicontrolling the bottom boundarylayer thicknessand vertical viscosity
and diffusivity distribution (i.e. the mixing length scale)is & =5 m. The rough-
nesscoeficientis calibratedin orderto obtainappropriatédoottomroughnessThe
Coriolis parameteis f = 3.2642015x 10 ° rad/s.Time stepis equalto 60 s. The
simulationstarttime is August14, 0600,thefirst dischage took place89 minutes
later The simulationstopsafter25 days,about6.5 daysafterthelastdischage.

Parameterstudies A few parametestudieshave beenperformedyaryingthemost
critical parameteraroundthevaluespresentedbove. Only five casewill bemen-
tionedhere.In two runsonly the settlingvelocity ws hasbeenmodifiedto values
of 5.0 x 10~4 m/sand0.2 x 10~* m/s.In athird one,only the mixing lengthscale
hasbeenenlagedupto & = 20m. In thefourth casepnly y= 0.1 m~1, shiftingthe
vertical sourcestrengthdistribution higherabove the bottom.In thefifth casethe
horizontaldiffusivity andviscosityhasbeenreducedo 0.1 m?/s.

Results

Depositionat the bottom The final sedimentdepositionat the bottom variesin
the computationadomainbetween0.08 and 1873 g/m?. Using the bulk density
of freshlydepositedsediment®f 150-200kg/m? the greatestlepositiorthickness
is 9.4-12.5mm, which is confirmedby the post-impactobsenations.The largest
depositionfluxesoccurin the deepessituatedplacesalongthe disturberpath(Fig-
ure6). In Figure7, thelowerrangeof depositiorareshovn in orderto estimatehe
reachof theareawheredepositionoccurs.Thedistancebetweerthetracksandthe
SE domainrangeis sufficient. At the NW edge the greatestlepositionreache5
g/m?, i.e.0.03mm. Dueto the non-hydrostati@ndstratificationeffects, the depo-
sition patternis influencedby bathymetry Bottom depositionandflux 2 mab(i.e.
atthetraplevel) atthe meshnodesnearesto the positionsof thesesedimentraps,
whichweredeployedduringall 49 tows, areshovn in Table4 andin Figure8.
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MassbalancesThetotal massf sedimenttthebottomafter20daysof simulation
is 1345x 10° kg. This meanghatover 90%of dischagedmasss depositedvithin
the computationadomain.The dischaged massin the modelis 98% of the esti-
mated1427t suspendeduringthe BIE (Table 7). Theresuspendethassbalance
is shovn in Figure9.

Concentation in the water column Dueto the characteof thedischage (3 times
daily for 90 minutes),no coherentplumescould build up, just disjointedstreaks.
An exampleof the plumewhich resultedduring the emission(first tow) is showvn

in Figure10.

Parameterstudies Increasinghe settlingvelocity ws yields muchgreaterdiscrep-
anciesbetweenhe measuredndcomputedrap depositionvalues,while the pat-

tern2 mabandon the bottomremainvery similar. Decreasingys yields a bottom
depositionvery similar to the measurementsyhile the flux 2 mab, especiallyfor

thedownstreantraps,is muchlargerthanobsened. The maximumdepositiorval-

uesare2700g/m? and750g/m?. Enlaging the thicknessof the bottomboundary
layerbringsa similar distribution to the oneshown in Figure8, but with lower de-

position (max. value 560 g/m?). The depositionpatternis muchlesssensitve to

the bathymetry Shifting the masssourcedistribution higher(case4) deliverssim-

ilar depositionpatternsagain,with max. valueof 655 g/m?, while the deposition
in the upstreantrapsis enhancedLowering the horizontaldiffusivity (caseb) in-

creaseshedepositiomearthetracks,but dueto thelargerdensitiesthedeposition
patternis locally widespreadvith maximumdepositionof 1580g/m?.

Conclusions

Althoughthe modelreproduceshe overall bottomdepositionpatternandthe cov-
eragethicknesss comparabldo the obsened one,the comparisorwith trap mea-
surementss not very satisictory The flux 2 mab and the bottom depositionis
largercomparedo the sedimentrapdata.Shifting the vertical positionof themass
dischage intensity centerdoesnot changethis situation,nor doesdecreasinghe
settling velocity or enhancingthe stratification.Excluding the bottom boundary
layer thicknessrom the discussion(not preciselyknown), the mostprobablerea-
sonfor differencescanbetheimperfectreproductiorof the sourcemovementsin
themodel,afirm trajectoryof thedisturberwasassumedin reality, thetrajectories
variedin lengthsanddirectionsduringthetows sothatadirectly disturbedrackof
ca. 150 m width wasproduced Anothersourceof errorsmay be the masssource
parameterizatioaccordingo (14), aswell asdifficultiesin measuringluxesusing
sedimentraps(Gustet al., 1994). Thereare someuncertaintiesn the trap posi-
tionsaswell. The bottomsamplingin the BIE areaprovidesevidencethatthereis
a large discrepang betweenthe depositionat the bottom and sedimentrap con-
tents(Trueblood,1993),which wasinterpretedasdensitycurrentinfluence.As a
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confirmation the greatestliscrepanciesccurin the modelfor traps#12,#14,and
#15.They aresituatedat the SE sideof thetowing zone,i.e. againstthe prevailing
current.In additionto the aspectanentionedabove, for future applicationsmore
informationis neededaboutthe vertical structureof the nearfield plumeandpa-
rametergharacterizinghe bottomboundarylayer.

Modeling in the DISCOL Experimental Area

Sedimentransport

It washopedthatnew currentmeasuremenigerformedn theDiscoL area(Klein,

1996) and sedimentpropertiesinvestigations(Becker et al., 2001; Grupeet al.,

2001;0ebiusetal., 2001)wouldyield substantiabupportdatafor mesoscalenod-
eling. During thesecurrentmeasurementhort-termthe longestdeployment52
days),a period of extremelylow velocitiesin the rangeor lower thanthe meter
thresholdvelocity (1-1.5 cm/s) appearedresultingin rotor stallsin the rangeof

46-89%.The currentswerevery weakandvery unstablen their direction. There-
fore, no additionalinformationto thatof the previousmeasurement&ilein, 1993)
concerningthe bottom boundarylayer characteristicxould be obtained.Due to

equipmentailure, the plannedin situ investigationgegardingthe sedimentprop-
ertieshadto be substitutedy laboratoryexperiments.

Mostimportantfor the modeldatasupportarethe sedimenparticlespectraallow-
ing an estimateof the suspendededimentsettlingvelocity. The previously avail-
ablespectrum(Tablel, (Klein, 1993))hasa meansettlingvelocity wsm~ 2.2- 104
m/s. The new, more exact spectra,obtainedusing lasertechnique(Grupeet al.,
2001; Oebiuset al., 2001) yield slightly smallervaluesof wgy, in the rangeof
1.2—1.6-10~* m/s.Thesehowever, arestill higherthanthesettlingvelocity value
assumedo be representatie for conserative estimategJanlowski et al., 1996;
Janlowski and Zielke, 1995). Other estimatesyield meansettling velocitiesone
magnitudelarger than previously estimatedNakataet al., 1997), see(Oebiuset
al., 2001).No quantitatve dataareavailablefor atheoreticallydevelopedfloccula-
tion modelfor suspendedeep-seaedimeni{Janlowski etal., 1996).

For thesereasonsthereis no evidenceavailablethatwould changehe conclusions
formulatedon the basisof parameteistudiesdonein the DiscoL areaand pre-
viously documentedby the authors(Jantowski andZielke, 1995;Janlowski et al.,
1996).Theconclusion®f thesestudiesaresummarizedn (ThielandForschungser-
bund Tiefsee-UmweltschutZ2001). The following sectionprovidesonly a short
descriptionrelevantto heary metaltransportnext section).

The mesoscaleegional modelwasdevelopedfor the ca. 500km? large surround-
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ingsof theDiscoL ExperimentaArea(DEA) centerechbout7°04'S,88°28W in
the PeruBasin.Thesizeof this region allows the simulationof a plumespreading
during 1-2 weeks,dependingon the currentmagnitude . Two typical currentsce-
narioswereimplementedThe nearbottomsuspendededimenemissiondeadto
asubstantiaimpactmainly onalocal scale. Theuseof availablesupportdatafrom
theDiscoL ExperimentaAreayieldsplumeresidencdimesin theorderof 1.5-6
days.Themodelis adjustedo themining operatiorexpectedduringpilot mining or
benthicimpactexperimentswvith thehopeof obtainingbettervalidationconditions.
Thedischageis low, 10 kg/s,in arelatively smallarea(pathlengthabout1500m)
andlimited in time (1-6 days).Extensve parametestudieswerecarriedout. Dif-
ferentconstantmeansettling velocities(with the mostrealistic valueassumedo
be 10~*m/s) anda compositespectrunof settlingvelocitiesfor non-cohesie sed-
imentclassega— e) accordingo Tablel wereapplied(Figurel1l).For adischage
of 100kg/s (Oebiusetal., 2001),which is probablytwice too large for this device
velocity, only slight differencesn the settlingrate of the suspendednassare ob-
sened. A simpleextrapolationof the concentrationgandthe bottomblanketingis
possiblewith anacceptablerrorin the rangeof up to 100 kg/s. The shapeof the
curvesconfirmsthattheratio of the suspendedb the dischagedmassdiminishes
overtime.

The resultsfor a dischage of 10 kg/s lastingfor 1 day andwith settling veloci-
tiesin the rangeof 10~° — 10~4 m/sindicateconcentratiorin the plumeup to 50
timesabove ambient(taken as 10 pg/l). For a continuousdischage, this level of
concentrationss reachedn the plume after 6 daysabout15 km away from the
source.For the one-day-dischae, only a few percentof the dischaged massis
presentn thewatercolumnasthefinestparticlescomparedo 10%for continuous
source.The seabedwill be coveredwith > 100 g/n? of sedimentn a radiusof
approximatelyl—2 km from the collector tracks.With continuousdischage this
arearemainssimilar, but the depositionnearthe trackscanreacheven 5 kg/m? or
about30 mm. Thesevaluescanberecomputedor largerdischagesin alinearway
without largererrors.

Mobilization, sorptionandtransportof heavymetals

Theinterstitialwater releasedo thewatercolumntogethemwith the stirredbottom
sedimentsis thoughtto be a sourceof substancethat may be harmfulto marine
organisms.The greatestoncernis aboutdissoled toxic heary metals.After re-
lease they will passvely follow the water movementswhile interactingwith the
surroundingparticlesof differentsorptionpropertiesThedisturbancenaychange
the physico-chemicagpropertiesof the environmentinfluencingthe metaldistribu-
tion betweendissohed and solid phasesand, consequentlytheir availability and
toxicity to marineorganismgKoschinsly etal., 1997;2001a).The metalsbound
to the particlesmay eventuallysettleto the bottom(if not releasedrom thembe-
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fore). As anotherpotentialsourceof mobilized heary metals,the abradechodule
fines(by changedhysico-chemicagrnvironmentof the surroundingvater)should
alsobementioned.

Heary metalswill be dischagedalongwith the sedimentarticles.Specialatten-
tion is paidto Mn, Co, Zn, Cd, Fe, As,CsandHg (Koschinsly etal., 1997).The
interactionbetweenthe variousmobilized substancess consideredby additional
sourcetermsin thetransportEquation(7), wherebythe dissohedsubstancemove
passvely with the current(ws = 0), andtheboundonessettlewith the sedimentA
properdescriptionof the sorption-resorptiomteractionss importantfor erviron-
mentalimpactassessmeitecause¢hey controlthe heary metalbio-availability. In
orderto dealwith this problem,an additionalstepof the numericalalgorithmhas
beendevelopedin the framework of operatorsplitting which solvesa setof cou-
pled non-lineardifferential equationswvith the Runge-Kitta methodof the fourth
order This stepallows modelingcomple interactionsamonga numberof sub-
stancesvhich maytake placein othertimescaleshanthe hydrodynamigrocesses
and, therefore,aretreatedwith differenttime resolution.This is a well-validated
approachor waterquality applicationgOrlob, 1983;0nishi, 1994).

However, dueto the fact that the exact descriptionof the sorptionkineticsin the
deepseais the matterof further researchand known only approximately first-
ordermodelsfor the heary metalcycling in aquaticsystemsareappliedin practice
(Nyffeler et al., 1984; Cowen et al., 1990; Lavelle et al., 1992). An equilibrium
approacho sorptiondynamicscanhold only whenthe time scalesof interestare
muchlargerthanthe time scalesof adsorptiorandresorptionprocessefimboden,
1978).In this case the dynamicbalanceof two oppositeprocessesanbe treated
asa steadystatepartitioning betweendissolved and bounded(particulate)forms.
Otherwise akinetic approachmustbeapplied.Thisis especiallythecasewhenthe
metalsaremobilizedby man-madelisturbanceshatarevariablein time.

In the developedmodel,a kinetic (non-equilibrium)approachs implementedIts
propertiesarebestunderstoodssuminga constantotal concentratiorof all phases
aswell asof the suspendededimentThis is satisfiedin laboratoryexperiments-
a closedsystemcomparedo an openone.The sorptionandresorptionprocessn
whichthedissolhedD andthe particleboundP metalis involvedcanbevisualized
as:

k
D= P (18)
ko

With cq4 the dissolved metalconcentrationg, the adsorbednetalconcentratioron
sedimentparticles(particulatephase)measuredn [kg/mq], andcy = cp+ ¢4 the
total concentrationa one-stagesorption/resorptioprocessanbe describeds:
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dcg

dc
d—tp = +kicqg —koCp (19)

wherek is thesorptionrateandk, theresorptiorrate(in [s~1] or [d~1]). In general,
theseratesare functionsof particle properties(e.g., their concentrationsurface
type), sorptionmechanismsgissohed speciesand pH, and are very specificfor
a given aquaticsystem.For further considerationsit is assumedhat k; and k,
arenot functionsof cy or c,. The solutionof the Equationg(19) arethe following
exponentialfunctionsof time:

Cd ko k1

— = exp|—(ky + ko)t

Co k1+k2+k1+k2 Pl=(ku k)]

c k k

P2 = exp[— (ki + k2)t] (20)

o ki+tk: ki+ko

Thedistribution coeficientkp (t) = cp(t)/cq(t) is givenas:

_ Cp(t) B k1 — kq exp[— (k1 + k2)t]

kp(t) = = 21

o(t) Ca(t) ko + kg exp[— (ky + ko)t] (1)
for t — oo thedistribution coeficientis equal:
kl Cp

o=i =g (22)

and can be immediatelyobtainedwhen steadystatedcp/dt = dcg/dt = 0 is as-
sumed.

While the resorptionratesfor the metalsof interestfoundin literaturedo not vary
much(magnitudeorderabout0.1-2.0d~1), the adsorptiorratesvary stronglyand
dependon the suspendededimenparticleconcentratiorc (Nyffeleretal., 1984).
This concentratiorcanbe takeninto consideratiorassuminghatthe sorptionrate
ki = ki (c), while ky = cong, whichis acceptablasthesimplestmodel(Honeyman
etal., 1988).Furthermoreit is usuallyassumedhatthe distribution constankp is
alinearfunctionof the sedimentoncentratiore:

=—=Kc (23)

whereK [m3/kg] is a distribution constaninormalizedby the sedimentoncentra-
tion. Linearity canbe assumedor small variationsof ¢, whereador larger varia-

21



tions,a modelwith exponentialdependengof kp on ¢ would be moreappropriate
(Hongymanetal., 1988).For a linear dependeng the sorptioncoeficient canbe
expresse@s:

k]_ = szC (24)

and the dependencef the sorbedconcentratioron the sedimentconcentration,
whentheequilibriumis reachedis describedy thefollowing isotherms:

Cd _ 1

co 1+Kc

Cp Kc

“P_ 25
¢ 1+Kc (25)

Thevaluesof k; /c for the metalsof interestvary several ordersof magnitudebe-
tween10-3 — 10? m3kg—1d—1 (Nyffeler et al., 1984). Consequentlywhen ks =
cong, valuesof K vary stronglyaccordingto (24). The expressiong20) and(25)
canbeappliedin orderto obtainthe sorptionandresorptionratesfor varioussed-
iment concentrationgrom the laboratoryexperiments(Koschinsk et al., 1997,
2001a).Examplesof the sorptioncurvesfor varioussedimentconcentrationgnd
realisticratevaluesaregivenin Figurel12.

Nyffeleretal. (1984)suggesturtherthatthemetalscanbedividedinto two groups
of distinct sorptionbehaior. For the first group,Na, Zn, Se Sr, Cd, Sn, Sb, Ba,

Hg, Th, and Pa, the one-stepsorptionmodel as describedbefore,is appropriate.
For theseelementsthe sorptionprocessesanbedescribedasanoverallreversible
reaction.For the secondgroup with Be, Mn, Fe and Co, a two-stageprocessis

obsened.In this case aftersorptionat particlesurface,a furtherstagewith along-

term sorptionappeargexplainableasa lattice transport(Nyffeler et al., 1984)or

isotopicexchangegKoschinsly etal., 2001b):

kq k3
D=2 P L (26)
ko kg

whereks hasanorderof magnitudeof 0.01-0.05d1 andk4 ~ 0 in thetime scales
of amesoscalenodel. Thereforethis secondmuchslower reactioncanbetreated
asirreversible. Whenc, describegheirreversibly sorbedmetalconcentrationthis
two-stageprocescanbedescribeds:

dcg
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dcp

e +kicq — (ko +ks)cp (27)
dC|

Ak

dt + 3Cp

As anexample thesorptioncurvesfor bothmetaltypesandfor constantonditions
areshownin Figurel3.

The ratesdescribingthe kinetics assumevaluesobtainedfor the bottom surface
sedimentdrom MANOP Site H in concentratiorof 0.1 g/l publishedby Nyffeler
(Nyffeleretal., 1984)andarepresentedn Table8.

For a rigorousdescriptionof the system,all reactionsof the dissohed element
with the solid phasemust be known and the reactionrate constantsor various
suspendededimentoncentrationguantified Unfortunatelyin situmeasurements
arecomplicatedgespeciallyin deep-seaonditions(Koschinsly etal., 1997).Also,
anapplicationof ratesfrom a differentaquaticsystenmto the deep-se@&rvironment
is notappropriatg¢Nyffeleretal.,1984).Thedeep-seaatesareonly roughlyknown
from laboratoryexperimentsunderconditionsoccurringin nature(e.g.temperature,
salinity, pH, but not pressureaindusingoriginal particles However, theassumption
of anopensystemis notvalid in this caseandno realisticbiologicalinfluencecan
beobsened.

In the caseof deep-seanining dischages,the total concentratiorcy of the metal
in the watercolumnwithin a given domainchangesn time andspacedueto the
man-madealischage,advective anddiffusive transportandsettlingof the sediment
particlescontainingsorbedmetals.Theassumptiomf aclosedsystem(asin alabo-
ratory)is notvalid. It is assumedhatthemetalsaredischagedin aconstantatio of
thedissolhedto the particulatephasesqis = Cp/cq with ratesof g, andqc,. These
phasesarecomputedrom thedissohedmetalconcentration theinterstitialwa-
ter. Thetermqg, is connectedstrictly with the dischage ratefor the sediment.
Therearetwo mechanismsf theparticle-boundnetalremoval from thewatercol-
umn.First, the particlessettlewith thesettlingvelocity of the sedimentwvs, second,
they are scavengedby marinesnav with a raterepresentedby a sourceterm gs.
Very little is known aboutthe diffusionfrom the tracksof the mining devicesand
the diffusion from freshly depositedparticles.The small diffusive flux of the dis-
solvedmetalcanbemadeproportionalto the settlingflux of contaminategbarticles
if theappropriateatesareknown (Lavelle etal., 1992).For ernvironmentalimpact
assessmenimetalsin the particulatephasewhich reachthe bottomsedimentsare
treatedasremovedfrom thesystemThesedimenerosion(includingcontaminated
particles)andthe diffusion of the dissohed metalsfrom the bottom sedimentdo
thewatercolumnareassumedo be negligible.

Theprocessediscusse@bove areschematicallypresentedh Figurel4. Themath-
ematicaldescriptionof the concentratiordevelopmentof metal phasegesultsin
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threetransportequationsThesehave to be solved simultaneouslywith the sedi-
menttransportEquation(7):
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In the caseof settlingparticles the boundaryconditionsfor sedimentreassumed.
For dissoled speciesa no-flux boundaryconditionat the bottomandmodelsur
faceis applied.In all caseshe substancemay leave the lateralcomputationatio-
mainboundariegreely.

Resultsaand conclusiondor the heavymetaltransport

If onefits the experimentaldatafor fine suspendededimentd < 63um; c= 0.1,
1,10,and 30 g/l (Koschinsk et al., 1997),to Equation(20), one obtainssimilar
adsorptioncoeficientsasgiven by Nyffeler et al. (1984), but differentvaluesfor
resorptionandK.

The resultssuggestthat for Mn, the value of ko is at leastone order of mag-
nitude greater(0.2 — 0.5 d~1). K varies strongly and proportionallyto ¢, from
50— 500 m3kg~1, which suggestsn exponentialdependengof k; on c for larger
sedimentconcentrationsFor Co, ky ~ 0.8— 1.2 d~! andK ~ 50— 500 m®kg ™.
For low-reactve Cs, the valuesarein good agreementvith MANOP data,k, =
1.0—-2.0d 1, K=0.1-1.0m3g .

The laboratoryexperimentswere performedfor a time periodof about7 days,so
thatnoinformationis availablefor thelong-termtwo-stagesorptionprocessed-or
modeling,literaturevaluesareassumedNyffeleretal., 1984).Dueto thefactthat
the suspendededimentconcentrationsare lower than appliedin the laboratory
experimentsthevaluesobtainedor fitting ¢ = 0.1 g/l areassumed.
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Theconcentrations theinterstitialwatercy,, from whichthedischagerateis com-
puted,are27.47ug/l (500nmol/l) for Mn and0.95ug/l (7 nmol/l) for Cs(Koschin-
sky etal., 1997).k; variesaccordingto (24).47 pg Mn and1.65ug Csalongwith
1 kg sedimentaredischagedassuminghe bottomsedimentorosityof 0.82.kgis
is takento beequalto 1/9 for bothcases.

The resultsare shovn in Figures15 and 16 in form of massbalancedor a dis-

chage periodof 1 day anda continuousdischage of 7 days.A currentscenario
with larger speedss assumedJanlowski et al., 1996),and other parametersare
Ws =104 m/s,5= 10m, v, = 1.0 m?/s. For low reactie Cs(notethelogarithmic
massscale),a constantistribution valuekp betweerthe dissohedandparticulate
phaseis achiezed only by continuousdischage. This guaranteea relatively con-
stantspatialdistribution of sedimentconcentrationBy an interrupteddischage,

thesedimentoncentratiordiminishesn time, andthe particle-boundCs settlesto

thebottomsothatthedissoledmetalmassremainsconstant.

Similar interpretationcanbe givenfor Mn, but with muchlarger sorptiondynam-
ics. In the caseof thedescribednodel,thevalueof theresorptionconstank, plays
a significantrole. Away from the source,the differencebetweenthe settling of
particle-boundmetalsandthe movementof dissolved metalsis very important.It
leadsto resorptionof the metalsfrom the particlesin the bottom-nearzoneand
wealening of sorptionof dissoled specieshigher above. The value of the re-
sorptioncoeficient playsthe key role. This canbe bestillustratedby an example,
wherebymassbalancedor two hypotheticaimetalsdischagedfor a day duration
with ky differing aboutone order of magnitude but with identical k; values(K
changesccordingly),arecomparedFigure17). For simplicity, ks = 0. Whenthe
dischage stops,the massof particle-boundmetalis muchlargerin caseof lower
resorptioncoeficients.

In conclusion,the model indicatesthat for continuousdischages, the expected
equilibrium distribution betweenthe particle-boundphaseand the solute one is

reachedHowever, thereare situationswhen particle settlingand currentshearin

the bottomboundarylayer mayleadto a separatiorof the phasesThe modelpre-
sentedndicatesthat only in this casethe dissoled speciesnay remainlongerin

the watercolumnor it may cometo resorption.However, the valuesof the coef-
ficientsmustbe known moreexactly in orderto formulatereliable ernvironmental
impactassessment$hereis evidencethatit mayalsobe necessaryo includefur-

thergeochemicaprocesses the model(Koschinsly etal., 1997).

Summary

Thedevelopednumericalmodelallowsthe simulationof transportwithin thedeep-
seabottom boundarylayer. The hydrodynamicmoduletakes into consideration
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the typical phenomenabccurringthere,including variable bathymetryinfluence,
bottom sheay and stratificationeffects. All modelingparametersanbe obtained
from measurements situ or from fluid propertiesA reliablemethodfor obtaining
the currentvariability in time hasbeendevelopedbasedon Fourieranalysisof the
currentmeasurementst producesurrentscenariosepresentate for the bottom-
nearzoneof theoceanThismethods independentrom theparticularmining area.
In additionto the local bathymetryit requiressomeprior knowledgeof the areas
hydrographyin form of currentmeasurementwithin the bottomboundarylayer
and/orabove it. The approachs appropriatefor simulationtimesof up to a few
weeksin areasf anextentup to 1000km?.

Thetransporimoduleallows simulationof suspendededimentransportincluding
its depositionto the bottom. The stratificationeffectsaretakeninto consideration
in the mixing lengthturbulencemodel.The concentratiormodelrequiresa careful
idealizationof the sourceof the suspendedediment.The areain which the dis-
chage takes place mustbe resolhed with appropriatemeshspacingso that both
dischagerateandconcentratiorarewell reproducedFor the mesoscalenodel,a
horizontalresolutionof 50—100m anda verticalin therange0.5—-1m arerequired.
The appliedmeshis unstructuredandthe resolutionmay be muchlessat a greater
distancefrom the source.The only requirements to reproducebathymetryprop-
erly.

Themodelallows varioustreatment®f the sedimensettlingvelocity, with or with-

out taking the cohesve sedimentpropertiesinto account.In theory all common
approachearepossiblein the framewnork of the concentratioormodel.In practice,
assumption®of constantmeansettling velocity or taking a few settling velocity
classedave provedto be appropriate A theoreticalsedimentflocculationmodel,
basedon empiricalconstantghat canexperimentallybe obtained hasbeendevel-

oped(Janlowski etal., 1996).

The simulationof further effluentsalongwith sedimentds realizedby solving a

transportequationfor eachphase.The interactionbetweenthesephasess taken

into consideratiorby the sourcetermsin equationsThe modelhasbeenapplied

for transportof heary metalsdischaged from the interstitial water Both kinetic

and equilibrium approachesre possible.The kinetic approachshouldbe chosen
not only whenthe sorptiontime scalesarelarge, but alsowhenthe concentration
variability dueto variousdischageintensitiess considerable.

Theresultsfor thesedimentransporbasednthe BIE datashav thatevenwithout
appropriateinformation (bottom boundarylayer characteristicssuspendededi-
ment parameterand sourcecharacterizationjhe modelis capableof reproduc-
ing the bottom depositionfairly well. Discrepanciegxist with regardto the sed-
iment trap measurementsyhosedata,however, may not be sufficiently accurate
for modelvalidation. Unfortunately the predictionsfor larger areasmuststill be
treatedwith cautiondueto the insufficient quality of supportdata(Jantowski and
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Zielke,1997).Model-orienteddatasamplingduringfield experimentsnayimprove
theforecastreliability.

The computedresultsfor the transportof the heary metalsinteractingwith the
sedimentparticlesare obtainedwith a first-ordermodel, with sorptionratesthat
areknown only approximately The feasibility of the modelto dealwith this task
is presentedHowever, a substantialnput of supportdata,alsoinfluencingmodel
assumptiongs still neededTheresultsindicatethatthe valuesof interactionrates,
especiallythe resorptionrate, are importantfor the bio-availability of the heavy
metalsat a distancefrom the source.

Acknowledgements

Theresearctwork wassponsoredy the GermanBundesministeriurfilr Bildung
und Forschung(BMBF) within the interdisciplinaryresearctgroupTUSCHunder
grant03 G 0106 C Mesoskalig Stoftransporteim Pazifik als Folge technischer
Eingriffe in die Tiefsee(TRANSMOD I). The authorsare solely responsibleor
the contentsof this paper The computercode TELEMAC3D was developedby
LaboratoireNationald’Hydrauliquein Chatouby Paris(Electricitt deFrance)The
authorghankDr. E. OztugutandDr. W. Lavelle (PMEL NOAA Seattle USA) for
makingthe NOAA BIE dataavailableandfruitful discussions.

Refeences

Becler, H.-J.,Grupe,B., Oebius H., Liu, F., 2001. The behaior of deepseased-
imentsunderthe impact of nodule mining processes. Deep-SedResearch
Il.

Bischof, J., Heath,G., Leinen, M., 1979. Geochemistryof deep-seaediments
from the Pacific manganes&odule province: DOMES sites A, B, and C.
In Marine Geology and Oceanographyf the Pacific ManganeseéNodule
Province,J. Bischof andD. Piper Eds.,PlenumPresspp.397-436.

Brockett, T., RichardsC., 1994. Deepseanining simulatorfor ervironmentalim-
pactstudies. SeaTechnology 1994(8),77-82.

Cowen,J.,MassothG., Feely R.,1990. Scarengingratesof dissol\edmanganese
in ahydrothermalentplume. Deep-Sedesearch37,1619-1637.

Fukushima,T., 1995. Overvien JapanDeep-Sedmpact Experiment= JET. In
Proceedingsf the First (1995)ISOPEOceanMining Symposium,Tsukuba,
Japan|SOPE,pp.47-53.

Galland,J.-C.,Goutal,N., Herwuet,J.-M., 1991. TELEMAC: A new numerical
modelfor solving shallov waterequations. Adv. Water Resources,14(3),
138-148.

27



Grupe,B., Becler, H.-J., Oebius,H., 2001. Geotechnicaknd sedimentological
investigationsof deep-seaedimentdrom a manganes@&odulefield of the
PeruBasin. Deep-Sedresearchi.

Gust,G., Michaels,A., JohnsonR., DeuseyW., Bowles,W., 1994. Mooring line
motionsandsedimentrap hydromechanican situ intercomparisorof three
commondeploymentdesigns. Deep-Sed&esearch41(5/6),831-857.

Hill, P, Nowell, A., 1995. Comparisonof two models of aggregation in
continental-shelbottomboundarylayers. Journalof GeophysicaResearch,
100(C11),22,749-22,763.

Honeyman, B., Balistieri, L., Murray, J., 1988. Oceanictracemetal scavenging:
theimportanceof particleconcentration.Deep-Sed&esearch35,227-246.

ImbodenD., Lerman,A., 1978. Chemicalmodelsof lakes. In Lakes—chemistry
geology physics,D. Imboden,Ed. SpringerVerlag,Heidelbeg, Berlin, New
York, pp. 341-356.

Janlowski, J.,1999. A non-hydrostatienodelfor free surfaceflows. PhDthesis,
Universitt Hannover. Bericht Nr. 56/1999,Institut fir Sttomungsmechanik
undERIB.

Janlowski, J.,Malcherek,A., Zielke, W., 1994. Numericalmodelingof sediment
transporiprocessesausedy deepseamining dischages.In Proceedingsf
the OCEANS94 ConferenceBrest,vol. I, IEEE/SEE pp.269-276.

Janlowski, J., Malcherek,A., Zielke, W., 1996. Numerical modelling of sus-
pendedsedimendueto deep-seanining. Journalof GeophysicaResearch,
101(C2),3545-3560.

Janlowski, J., Zielke, W., 1995. MesoskaligeStofitransporteam Pazifik als Folge
desTiefseebegbaus.Finalreport,Institutfur SttomungsmechanikndERIB,
UniversiétHannorer. 86 pp.

Janlowski, J., Zielke, W., 1997. Datasupportfor modelling of deep-seanining
impacts. In Proceeding®f the Seventh (1997) InternationalOffshoreand
PolarEngineeringConfrenceHonolulu,USA, vol. I, InternationalSocietyof
OffshoreandPolarEngineerspp.451-460.

Klein, H., 1993. Nearbottom currentsin the deepPeruBasin,DISCOL Experi-
mentalArea. DeutscheHydrographisch&eitschrift, 45,31-42.

Klein, H., 1996. Nearbottomcurrentsandbottomboundarylayer variability over
manganes@odulefields in the PeruBasin, SE Pacific. DeutscheHydro-
graphischeeitschrift, 48,147-160.

Koschinsly, A., Gerber H., SzemeitatA., 1997. Experimentson the influence
of the technicalactvities in the deep-sean heary metalcycles. In Pro-
ceedingof the Seventh(1997)InternationalOffshoreandPolarEngineering
ConfrenceHonolulu,USA, vol. |, InternationaSocietyof OffshoreandPolar
Engineerspp.445-450.

Koschinsly, A., Fritsche U., Winkler, A., 2001a.Sequentialeachingof PeruBasin
surfacesedimentfor the assessmerdf agedand freshheary metalassocia-
tionsandmobility. Deep-Sedesearchi.

Koschinsly, A., Winkler, A., Fritsche,U., 2001b Importanceof differenttypesof
marineparticlesfor the scarengingof heary metalsin the deep-seaApplied

28



Geochemistrysubmitted..

Krone, R., 1962. Flume studiesof the transportof sedimentin estuarialshoal-
ing processesFinal report,Hydraulic Engineering_aboratory University of
California, Berkeley.

Lavelle, J., 1987. Effects of boundarylayer structureand macro-particlescav-
engingon the benthicdepositionof fine sedimentesuspendeduringnodule
mining. Final Reportto NOAA Office of OceanandCoastalResourceMan-
agementNOAA Pacific Marine EnvironmentalLaboratory Seattle.39 pp.

Lavelle,J.,Cowen,J.,MassothG.,1992. A modelfor thedepositionof hydrother
mal manganesaearridge crests. Journalof GeophysicaResearch97(C5),
7413-7424.

Lavelle,J.,Oztugut, E., Baker, E., Swift, S.,1982. Dischage andsurfaceplume
measuremenuringmanganesaodulemining testsin the North Equatorial
Pacific. MarineEnvironmentalResearch,7,51-70.

Lavelle, J., Oztugut, E., Swift, S., Ericson,B., 1981. Dispersalandresedimen-
tation of the benthicplume from deep-seanining operationsa modelwith
calibration. MarineMining, 3(1/2),59-93.

McCave,l., 1984. Size-spectrandaggreationof suspendegarticlesin the deep
ocean. Deep-Sedesearch31,329-352.

McCave, I., Gross,T., 1991. In-situ measurementsf particlesettlingvelocity in
thedeepsea. Marine Geology, 99(3/4),403-412.

McLean, S. R., 1985. Theoreticalmodelling of deepoceansedimenttransport.
Marine Geology, 66,243-265.

Mofjeld, H., Lavelle, W., 1984. Settingthe length scalein a second-ordeclo-
suremodel of the unstratifiedbottom boundarylayer. Journalof Physical
Oceanographyl14,833-839.

Nakata,K., Kubota,M., Aoki, S., Taguchi,K., 1997. Dispersionof resuspended
sedimentoy oceanmining activity. Modelling study In Proceeding®sf the
Symposiumon EnvironmentalStudiesfor Deep-SeaVlining, Tokyo, Japan,
November20-21,Metal Mining Agengy of JapanMMAJ), pp.169-186.

Nyffeler, U., Li, Y.-H., SantschiP, 1984. A kinetic approacho describetrace-
elementistributionbetweerparticlesandsolutionin naturalaquaticsystems.
Geochemicat Cosmochimicécta, 48,1513-1522.

OebiusH.U. Becker, H.-J.,Rolinski, S., Janlowski, J.,2001. Parametrizatiorand
evaluationof marineervironmentaimpactsproducedy deep-seamanganese
nodulesmining. Deep-Sed&esearchrartll.

Onishi,Y., 1994. Contaminantransporimodellingin surfacewaters.In Proceed-
ingsof the NATO AdvancedStudyInstituteon ComputerModeling of Free-
SurfaceandPressurizedrlows, M. ChaudhryandL. Mays, Eds.,no. 274in
NATO ASI series SeriesE, Applied sciencesKluwer Acad.Publ.,pp.313—-
341.

Orlob, G., Ed., 1983. Mathematicalmodelingof water quality: Streams Jakes
andreserwirs. No. 12 in Int. Serieson Applied SystemsAnalysis. Wiley,
ChichesterNew York. 509pp.

Oztugut, E., Lavelle, J.,1986. Settlinganalysisof fine sedimentsn saltwaterat

29



concentrationsow enoughto precludeflocculation. Marine Geology, 69,
353-362.

Oztugut,E., Lavelle,J.,Erickson,B., 1981. Estimateddischagecharacteristicef
acommerciahodulemining operation. MarineMining, 3(1/2),1-13.
Oztugut, E., Trueblood,D., Lawless,J.,1997. An overview of the United States’
BenthiclmpactExperiment.In Proceeding®f the Symposiumon Environ-
mentalStudiesfor Deep-SeaMining, Tokyo, JapanNovember20-21,Metal

Mining Ageng of Japan(MMAJ), pp.23-31.

Rolinski, S., Segschneiderd., Sindermann,)., 2001. Long-termpropagationof
tailingsfrom deep-seanining undervariableconditions- Numericalsimula-
tions. Deep-Sedresearchirartll.

Schriever, G., 1995. DISCOL- disturbanceand recolonizationexperimentof a
manganesaoduleareaof the southeasterracific. In Proceeding®f the
First (1995) ISOPE OceanMining Symposium,Tsukuba,Japan,ISOPE,
pp.163-166.

Schriever, G., Koschinsly, A., Bluhm, H., 1996. Cruise ReportATESEPP(Im-
pact of potentialtechnicalinterventionson the deep-seacosystenof the
southeasPacific off Peru. ReportNr. 11, ReiheE: Hydrobiologieund Fis-
chereiwissenschafZentrumfir Meeres-undKlimaforschungderUniversiét
Hamlurg. 195pp.

Sayschneiderd., Sindermann,)., 1997. Large scaletransportof particlereactve
tracers- numericalsimulations.In Proceeding®f the Seventh(1997)Inter-
nationalOffshoreand Polar EngineeringConfrence Honolulu, USA, vol. |,
InternationalSocietyof OffshoreandPolarEngineerspp.461-467.

Taguchi, K., Nakata,K., Aoki, S., Kubota,M., 1995. Environmentalstudy on
the deep-seanining of manganesaodulesin the Northeasterrnropical Pa-
cific. In Proceeding®f theFirst (1995)ISOPEOceanMining Symposium,
TsukubaJapan]SOPE,pp.167-174.

Thiel, H., andForschungserbund Tiefsee-Umweltschut2001. Evaluationof the
ervironmentalconsequencesf polymetallicnodulemining basedon there-
sultsof the TUSCHResearclssociation. Deep-Sedresearchrartll.

TruebloodD., 1993. US Cruisereportfor BIE Il. NOAA TechnicaMemorandum
NOSOCRM4, NOAA, NationalOceanService.

Zielke,W., Janlowski, J.,Sindermann)., Segschneiderd.,1995. Numericalmod-
eling of sedimentiransportcausedby deepseamining. In Proceeding®f
the First (1995)ISOPEOceanMining Symposium,TsukubaJapan]SOPE,
pp.157-161.

30



4000 6000 8000 10000 12000 14000
x [m]

2000

0

10000~

[w] A

Fig. 1. The bathymetryof the BIE surroundingarea.Therangesof computationatlomain
areshavn. Thecoordinatesystemorigin is 12866667 W, 128833338 N.
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Fig. 2. BIE mesh.Discretizatiorvariesbetweerb0and200m.
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gles,2 mab)givenin the sameunits.

36



| |
6000 7000 8000 9000
x [m]

5000

8000 —
7000
5000
4000 —

I
o
S
S
©

A

[w]

Fig. 7. Deposition range0-100g/n?, isolinestep5g/n?. Depositiongneasuredh sediment
traps(triangles,2 mab)givenin the sameunits.

37



Fig. 8. BIE model,the sedimendepositionin trapscomparedvith computedvaluesatthe
bottomandatthelevel of 2 mah
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Fig. 12. Examplesof one-stagesorptionprocesse a closedsystemfor variousconstant
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Fig. 17.Massbalanceor two hypothetianetalsLeft: k, = 1.0-10° s7%, K = 100m3kg .
Right: ko = 1.0-107% s71, K = 1000m3kg . In bothcaseks; = 0. Abbreviations:part. in

particulatephase susp.in suspensiortpt. total, sed.sedimenteddeposited).
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Tablel
DiscoL sedimentlassesandtheir settlingvelocities

Class d Ap Wi n(di) nm(d;)

um  kg/m?® m/s

a 100 767 2.4110% 0.14 0.7933
b 80 1025 2.0610* 0.03 0.0890
50 1922 1.5110°* 0.07 0.0547
d 30 2382 6.7410°° 0.36 0.0630
e 3 6265 1.7710°° 0.40 0.0001

o

Table2
Assumedrack extremepoints.

Point Latitude Longitude x[m] y[m]

Start 1255.20 -12836.30 6683.5 4076.6
End 1256.50 -12835.05 8939.8 6485.5

Tracklength3300m

Table3
BIE Settlingvelocity distribution for concentratiorl5 mg/l.

Ranggm/s] Fractionalpercentage

10’-10° 30%
10%-10° 15%
10°-10"* 35%
104-103 20%

Meansettlingvelocity 1.2 x 10~* m/s

a7



Table4

BIE sedimentrapcontents.

Trap X y ZzGPS z Myep (trap) Mgep (bottom)  Mgep (2mMab)
Nt [m]  [m]  [m] [m] [g/m?] [o/m?] [o/m?]
1 7971. 6182. -4842. -4878. 118.6 9.0 5.2
2 7118. 4936. -4843. -4876. 159.9 61.0 23.2
3 7748. 5574. -4851. -4881. 177.6 211.6 57.7
4 8290. 6202. -4860. -4879. 155.1 417.7 52.6
5 6969. 4582. -4858. -4878. 209.7 453.8 105.1
8 8738. 6424. -4859. -4870. 188.4 445.8 127.5
9 7156. 4482. -4846. -4879. 118.7 65.1 49.3
10 7788. 4857. -4906. -4879. 22.8 33.1 30.9
12 8960. 6235. -4858. -4865. 31.6 44.1 1.2
13 7510. 4668. -4870. -4881. 42.4 14.2 16.4
14 8094. 5313. -4837. -4874. 48.1 104.6 1.3
15 8667. 5876. -4833. -4870. 33.2 42.6 1.2
17 8580. 5555. -4864. -4867. 2.3 1.6 2.1
18 7274. 5340. -4842. -4876. 123.7 1154 27.7

Table5

CurrentcharacteristicéNOAA 21).
Numberof measurements 3304
Timeintenal At 600.0s
Meanzonalvelocity U -0.0147m/s
Variability rangeUumin, Umax -0.0779,0.0218m/s
Meanmeridionalvelocity v 0.0341m/s
Variability rangevmin, Vmax -0.0139,0.1010m/s
Meanscalarvelocity Vgcg 0.0394m/s
Maximal scalarvelocity Vscaimay | 0.1070m/s
Minimal scalarvelocity Vscaimax | 0.0000m/s
Meanvectorvelocity Vyeq 0.0371m/s
Stability factorSF 0.9423
Meandirection¢ (T, V) 3367°
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Table6

Currentscenariaccomponents.

Nr Periodlh] Comment

1 410 inertial

2 394 inertial

3 375 inertial

4 1242 M2 principallunarsemidiurnakide
5 25.82 O1 principallunardiurnaltide

6 23.93 K1 luni-solardiurnaltide

Table7

Massbalanceor BIE modeling.

Days Emissionkg] Mass[kg]
in watercolumn
0-5 326797 64313
5-10 454171 78535
10-15 376187 73965
15-20 241360 9384
20-25 0 0.48
2 1398515
Table8
Two-stagesorptioncoeficients
Metal kp ks K
Mn  0.018d! 0.048d* 2200m3kg*
2.08-10's! 555.10's?!
Co  0011d 0.013d-1! 2200m3kg!
1.27-10 ‘st 15.107s?t
Cs 1.5d1 0.016d7?! 0.4 mikgt
1.74-10°s! 1.85.107s!
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