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Abstract

This paperpresentsa mesoscalemodel for sedimenttransportin the deepsearesult-
ing from technicalactivities suchasmanganesenodulemining. The model includesthe
temporalvariability of ambientcurrents,themodificationof thewaterdensitydueto sus-
pendedsediments(densitydriven flow), bottomboundarylayer effects,andthe influence
of flocculationon thesedimentsettlingvelocity. It yields the three-dimensionalsediment
concentrationand the bottomblanketing for time periodsof up to a few weeksin areas
of up to a few hundredsquarekilometers.Themodelalsoallows simulationof themobi-
lization, sorptionandthe transportof heavy metals.Two applicationsarepresented.One
of themtreatsthe sedimenttransportduring the NationalOceanicandAtmosphericAd-
ministrationBenthicImpactExperiment.Theotheris concernedwith dispersionof heavy
metals,including the interactionwith suspendedsedimentin the DisturbanceandRecol-
onizationExperimentExperimentalArea. The model is highly sophisticatedwith regard
to the processesandnumericalmethods.Nevertheless,a final conclusionconcerningthe
quantificationof its prognosticcapabilityfor industrialscaleoperationscannotpresently
bedrawn becauseof thelackof completeandcoherentdatasets.
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Introduction

The main aim of the modelingpresentedin this paperis the assessmentof the
environmentalimpactscausedby varioushumanactivities, in particularthedistri-
bution of pollutantsandeffluents.In the caseof deep-seamining (Oebiuset al.,
2001),themodelingis usedto forecastthefateof dischargedmaterialplumesand
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seafloorblanketing causedby settlingparticles.The parametersto be considered
arethosedescribingtheexposureof marineorganismsto largeamountsof various
particles(sediments,oreparticles,biota)andothereffluents(e.g.heavy metals)in
concentrationsanddepositionfluxesexceedingambientoceanicones.Basically, it
is necessaryto estimatehow long the mining plumepersistsbeforeit eventually
dilutesandreachesthe approximateambientconcentrationlevel or settlesto the
bottomandtheresultingnew sedimentcoveragein theaffectedareas.

Thepredictionof environmentalimpactscausedby deep-seaminingcannotbefor-
mulatedwithoutrealisticassumptionsconcerningthedepositsandtheappliedtech-
nology. Of greatestinterestto thedeep-seaminingindustryaremanganesenodules,
which appearin form of flat horizontalfieldson theoceanfloor in depthsof about
4000–6000m. At presentindustryfavorsnodulerecoveryby aminingsystemcon-
sistingof a mining platform or ship at the surfaceanda remotely-controlledand
self-propelledmining device (miner) operatingat the bottomandconnectedto a
riserfor noduletransport(Oebiuset al., 2001).With this technique,thelargestim-
pactscanbe expectedin the reachof the miner. The greatestsedimentdischarge
appearsin the bottomzone(90% or more),anda minor oneoriginatesfrom the
miningvessel.

This paperfocuseson themesoscalemodelingof dispersionandre-sedimentation
of thenear-bottomplumes.Thetimescalesinvolvedvaryfrom hoursto weeks,with
thespatialresolutionrangingfrom100m to 1km.At thisscaleaconsiderablerange
of physicalphenomenainfluencingthesedimenttransportin thebenthicboundary
layer mustbe taken into account.After an overall modeldescriptionanda thor-
oughdiscussionof critical modelingaspects,two applicationswill be presented:
Sedimenttransportduring theNationalOceanicandAtmosphericAdministration
(NOAA) Benthic ImpactExperimentanddispersionof heavy metalsin the Dis-
turbanceandRecolonizationExperiment(DISCOL)ExperimentalArea,including
interactionwith suspendedsediment.

A short review of existing models and their data support

The modelsrequirefield data,which areassimilatedin order to formulatebasic
assumptions,treatedas input datato operatethe modelsor usedfor verification
andvalidation.It is clearthatthepredictivequalitydependsstronglyon themodel-
orienteddatacollection.Comparativestudiesmadeby theauthors(Jankowski and
Zielke, 1997) reveal that from the point of view of numericalmodeling,the ex-
perimentsfor quantifyingof modelparametersarecritical for themodelaccuracy
andreliability. Therefore,despitevariousavailableoceanographicdata,thespecific
field experimentsstronglyinfluencethemodelingapplications.

In the1970s,duringtheDeepOceanMining EnvironmentalStudy(DOMES)project,
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two successfulandsofaruniquemining testsby OceanMining Inc. (OMI) andby
OceanMining Associates(OMA) weremonitored(Ozturgutetal.,1981;Lavelleet
al.,1982).Theimpactswereproducedby prototypeminingdevices,but thenodule
recovery ratewasaboutoneorderof magnitudelower thanduring plannedcom-
mercialproduction.Modelsweredevelopedto describethebottomplume(Lavelle
et al., 1981b)andthesurfacedischarge,basedon ananalyticalsolutionof thesed-
imenttransportequationin a uniform velocity field. Themodelswerefirst applied
to estimatesedimenttransportparameters,which were not observable,and then
run in a prognosticmode.A few yearslater, Lavelle reanalyzedtheproblemusing
a two-dimensionalnumericalfinite-differencemodelin orderto includetheeffects
of thebottomboundarylayer, particlescavengingby marinesnow, andnew settling
velocity laboratoryanalyses(Lavelle,1987;Ozturgut andLavelle,1986).

In the 1980s,due to the fading interestof industry, therewas no chanceto im-
prove thedataobtainedduringmining tests.Therefore,post-DOMESexperiments
arecharacterizedby the fact that the bottomdisturbanceandsedimentresuspen-
sionwereproducedin a way similar to theactionof realminers.During previous
mining tests,efforts weremadeto monitornot only theredepositionat thebottom
but alsotheplumein its variousdevelopmentalstages.Thelaterexperiments,such
asDISCOL (Thiel andForschungsverbundTiefsee-Umweltschutz,2001),NOAA
BenthicImpactExperiment(BIE) (Trueblood,1993),JapanDeepSeaImpactEx-
periment(JET) (Fukushima,1995),etc., concentratedon the bottom destruction
andblanketingin thenearfield while theplumewasneglectedor inadequatelyob-
served (Jankowski andZielke, 1997).Although thenewer field experimentswere
notpurposefullydesignedfor themodel-orienteddatacollection,almostall of them
wereaccompaniedby modeling.

Within the Tiefsee-Umweltschutz (TUSCH) group,using mainly datafrom their
own DISCOL experiment(Thiel and Forschungsverbund Tiefsee-Umweltschutz,
2001),athree-dimensional,finiteelement,mesoscalemodel(Jankowskietal.,1996;
Jankowski andZielke,1995)andalarge-scalemodelwith finite-differences(Zielke
etal., 1995;SegschneiderandSündermann,1997)weredeveloped(Rolinski etal.,
2001).Themodelsprofit mainly from themeasurementsaccompanying theexper-
imentsandsubsequentobservationsof recolonizationby deep-seaorganisms,the
currentmeasurements(Klein, 1993;1996),the investigationsof the bottomsedi-
mentproperties(Becker et al., 2001;Grupeet al., 2001;Oebiuset al., 2001),the
overall oceanographiccharacteristics(Schriever, 1995;Schriever et al., 1996),and
the heavy metalmeasurements(Koschinsky et al., 1997).The TUSCH modeling
effortsconcentrateonparametersensitivity studiesandscenariocomputations.

A Japaneseresearchgroup(Taguchiet al., 1995;Nakataet al., 1997)developeda
three-dimensional,finite-differencemodelappliedto theJETandNOAA BIE ex-
perimentsin thenearfield. Their characteristicapproachis basedon the fact that
currentmeasurementsareincorporateddirectly into themodel,yielding theveloc-
ity field.For modelverificationthere-sedimentationdatafrom comparativelysmall
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areaswereused,andtheeffectivesettlingvelocitywascomparedto laboratoryval-
ues.

As canbe seen,mostof the developedmodelsarestrictly connectedwith partic-
ular experimentalactivities. They differ greatlyin thebasicassumptions,the time
andspacescales,andthephysicalphenomenaconsidered.Theearlymodelswere
specificallydevelopedfor thedeepseadischarges,while thelatestonesareadjust-
mentsof genericandcomplex models.Thereis an increasingtendency to include
all relevantphysicalphenomena.

A mesoscale model for deep sea mining discharges

Conceptualmodel

The model developedby the authorsconcentrateson the time scalesand areas
wherea considerableimpactof thegeneratedplumesis expected.Theprimaryef-
fort is to simulatethesedimenttransportunderinfluenceof time-variablemesoscale
currents.Thetime andspaceresolutionof this modelallows thedescriptionof the
plumespreadingnearthedischargesite,startingwhentheambientcurrentbegins
to dominatetheplumetransport,i.e., after thefirst phaseof dispersionby theed-
dies in the wake of the machineand after the subsequentgravity currentaction
in the direct vicinity of the source.In order to take the movementsof the miner
into account,thespatialresolutionis about100m, increasingto about1 km away
from thesource.Theuppertimescalelimit is definedby therangeof thehydrody-
namicprocessesdescribedby themodel.Themodelreproducestypical mesoscale
hydrodynamicprocessessuchasinertial oscillations,tides,anddiurnalvariations
superimposedonastablegeostrophiccomponent.It canbeappliedto transportfor
a periodof time up to a few dayswith a resolutionof about10 minutes.Thesmall
scaleprocessesareconsideredby diffusioncoefficients.

Becauseof thesizeandlocationof theminingareas,amesoscalemodelwith open
boundarieshasbeendeveloped.Sincethe major dischargeswill take placein the
bottomboundarylayer, themodelingconcentratesonthispartof thewatercolumn.
Themodeltakesinto accountall of therelevantphysicalphenomenain thedeepest
oceanzoneandyields resultsthatdescribethetime-dependent,three-dimensional
concentrationfields,includingtheamountof redepositionandtheplumeresidence
time. In principle,themodelconsistsof two modulesdealingwith hydrodynamics
andtransportof sedimentand/orothereffluents.
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A three-dimensionalhydrodynamicmodel

Themathematicalmodelingof thehydrodynamicsis basedonthetheoryfor incom-
pressible,turbulent free surfaceflows for geophysicalapplications.A description
of themodelis alreadyprovidedin (Jankowski et al., 1996;Jankowski andZielke,
1995)andtherefore,only the most importantfeaturesandnew developmentsare
described.

Theequationsfor theprimitivehydrodynamicvariablesareformulatedin theCarte-
siancoordinatesystem(x is directedeastward,y northward,andz is positive up-
ward) so that the model is applicableto horizontalmotion scalesat leastoneor-
derof magnitudelower thantheradiusof theearth.Themomentumconservation
equationsfor theunknown three-dimensionalvelocityfield u � �

u � v� w� assumethe
Reynolds-averagedform of theNavier-Stokesequations:

∂u
∂t

�
u � ∇u

�
2Ω � u ��� 1

ρ0
∇p

� ρ
ρ0

g
� ∇ � � ν∇u � (1)

wherep representsthe pressure,t time, Ω is the earth’s angularspeedandg the
accelerationof gravity. TheBoussinesqapproximationis appliedin which theden-
sity variationsare taken into accountin termsof buoyancy forcesandneglected
wherethedensityappearsasa parameterdescribingfluid inertia.Theinfluenceof
the temperatureandsalinity variability on thestratificationin themixeddeep-sea
bottomboundarylayeris assumedto benegligible.As aconsequenceof theincom-
pressibility(∇ � u � 0), it is assumedthat thefluid volumeis conservedwhile the
density(andso the mass)changesfreely asa function of sedimentconcentration
only.

The roughnesscoefficient is computedby assumingthe existenceof a logarith-
mic velocity profile in the lowestpart of the bottomboundarylayer. The vertical
turbulenteddyviscosityνz andturbulentdiffusioncoefficientsfor transportedsed-
imentaredescribedby a mixing-lengthmodelwith dampingfunctions(dependent
on the Richardsonnumber)so that the stratificationdampensthe verticalmixing.
Thethicknessof thebottomboundarylayerin deepwateris controlledby onepa-
rameterδ (Mofjeld andLavelle, 1984).The logarithmiclayer, wherethevelocity
is constantin directionandincreaseslogarithmicallyin magnitude,is assumedto
occupy the lowestpart of the bottomboundarylayer (approximatelybetweenthe
bottomand0 	 2δ). Consequently, thelogarithmiclayeris situatedin thezonewhere
themixing lengthincreaseslinearly. TheEkmanlayeroccupiestheremainingpart
of thebottomboundarylayerabove thelogarithmiclayer.

Thenumericalsolutionmethodis basedon thewell-validatedTELEMAC3D code
(Gallandet al., 1991;Jankowski, 1999).Thedecoupledalgorithmis basedon the
fractionalstep(operator-splitting) technique.Herethesolutionis obtainedin sub-
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sequentstages,eachhaving well-definedmathematicalpropertiessothat themost
adequatemethodsfor a givendifferentialoperatortypecanbeused.Themajority
of thesestepsusesthefinite elementmethodfor spacediscretization(e.g.to treat
the diffusion part) while for the advection,variousotherschemes,suchasthose
basedon themethodof characteristics,areavailable.Thefinite differencemethod
is appliedfor the time discretizationandthe computationaldomainvariability is
taken into accountby a standardσ-meshstructurewhich is well suitedto most
geophysicalapplications.

A new featureof themodel,comparedto theonealreadydescribed(Jankowski et
al., 1996), is a non-hydrostaticoption. In its original form, the modelsolvesthe
three-dimensionalshallow-waterequations,i.e. it usesthehydrostaticapproxima-
tion. This is basedon the assumptionthat the vertical accelerationdw
 dt canbe
neglectedwhen the horizontalmotion scalesare large ascomparedto the verti-
cal ones.In the non-hydrostaticversion,no intrinsic assumptionsaremadeasto
the vertical acceleration,and the Navier-Stokesequations(1) are treatedin their
fully three-dimensional,original form (Jankowski, 1999).Theverticalacceleration
is takeninto accountby decomposingglobalpressurep into its hydrostaticpH (i.e.
barotropicaswell asbaroclinic)andhydrodynamicπ components:

p � pH
� π (2)

The solutionalgorithmfollows the fractionalstepmethod,wherein the first two
stages(advection,diffusion),anintermediatesolutionfor thevelocity ũ is obtained
by solving themomentumequationwithout taking hydrodynamicpressuregradi-
entsinto consideration:

ũ � un

∆t
�

u � ∇u ��� 1
ρ0

∇pH
n � ∇ � � ν∇u � � 2Ω � u (3)

wherethe hydrostaticpart is computedexplicitly from the free surfaceelevation
anddensityfield. In general,ũ is not divergence-free.Thehydrodynamicpressure
is foundfrom thepressurePoissonequation:

∇2π � ρ0

∆t
∇ � ũ (4)

Thefinal velocityis obtainedundertheassumptionof incompressibility(∇ � un� 1 �
0) from theprojectionof theintermediateresultũ:

un� 1 � ũ � ∆t
ρ0

∇π (5)

Usingtheresultingfinal velocity, thepositionof thefreesurfacecanbefound.For
deep-seaapplications,it is obtainedfrom theconservative formulationof thefree-
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surfaceequation,which is the vertically integratedcontinuity equationwith both
kinematicandbottom impermeabilityboundaryconditionstaken into considera-
tion:

∂S
∂t

��� ∂
∂x

S
� B

udz � ∂
∂y

S
� B

vdz (6)

Modelforcing

Themainproblemregardingthesimulationof thehydrodynamicsis to obtainthe
mesoscaleflow variability in therelatively smalldomainwith all boundariesopen.
Due to this fact, an approachbasedon measurementshas beenchosen.In the
model,currentsabove the bottom boundarylayer are obtainedby applying pre-
scribedbarotropic pressuregradientstaken from Fourier analysisof the current
measurementsduringtheexperiment(Jankowski etal.,1996).Theirvariationspro-
ducea currentscenariovery similar to theoriginal current.Thebottomboundary
layerformsfreely in anaturalwaybelow thegeostrophicregion.

In order to producetypical currentscenarios,currentmeasurementsin appropri-
ateresolutionareneededto detectandquantifythemostimportanthydrodynamic
phenomena(tides,inertialwaves,eddies,bottomboundarylayer).Specialattention
mustbe paid to the characterizationof the turbulent bottomboundarylayer (bot-
tom roughness,velocity profile). The turbulent viscositiesand diffusivities with
their spatialandtemporalvariability alsoareobtainedfrom the currentmeasure-
mentsusingstatisticalmethods.The measurementsof salinity, temperature,and
turbidity profilesprovide the ambient,normalparticleconcentrationsanddensity
fields.In orderto take into accountthetopographicinfluenceson thecurrents,the
bathymetryof theareain sufficient resolutionfor thegivenmodelscaleis needed.

Sedimenttransport

The transportprocessesare modeledby solving transportequationsfor the sus-
pendedsedimentand/orpassive effluentswith appropriateinitial and boundary
conditions(McLean,1985).Fromthemathematicalpoint of view, the transported
substancescanbe divided into active andpassive tracersthat do or do not influ-
encethe fluid density. For suspendedtransportmodeling,the settlingvelocity of
thesedimentmustbetakeninto account.

Thetransportequationfor sedimentis:
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∂c
∂t

�
u

∂c
∂x

�
v

∂c
∂y

�
w

∂c
∂z

� ∂
�
wsc�
∂z

� ∂
∂x � νxc

∂c
∂x �� ∂

∂y � νyc
∂c
∂y � � ∂

∂z � νzc
∂c
∂z � �

qc
�

qs (7)

wherec is the dry masssedimentconcentration,
�
u � v� w� the velocity field, ws is

thesettlingvelocity, νic denotesthesedimenteddydiffusivity, qc is a sourceterm
describingthedischarge,andqs representsthescavengingrateby alienparticles(as
marinesnow). Thevalueof thesettlingvelocityin theassumedcoordinatesystemis
negative.Thereportedmaximumsedimentconcentrationsin thebottomplume,in
therangeof 10 g/l (Lavelle et al., 1981b),aresufficiently smallsothatthevolume
fractionoccupiedby thesedimentcanbeneglected.

The boundaryconditionsof the Equation(7) are describedas follows. The net
sedimentflux at thesurface(or at anupperboundaryof themodel)is zero:�

wsc � νzc
∂c
∂z � surf

� 0 (8)

Erosionandsedimentationat thesediment-waterinterfaceareusuallytakenasthe
functionsof thebedshearstressτb, thecritical shearstressof depositionτcd, and
thecritical shearstressof erosionτce (Krone,1962).If thebedshearstressexceeds
thecritical depositionshearstress,aparticlesettledonthebedwill immediatelybe
resuspended.If thebedshearstressis lessthanτce, no erosionwill occur. Conse-
quently, thebottomboundaryconditionis formulatedasfollows:�

wsc � νzc
∂c
∂z � bot

� wscb fd
�

Mresfe (9)

wheretheprobabilitiesfor depositionfd anderosionfe aregivenby (Krone,1962):

fd � ���� 0 τb � τcd�
1 � τb 
 τcd � τb � τcd

(10)

fe � ���� 0 τb � τce�
τb 
 τce

� 1� τb � τce

(11)

The resuspensionrateMres andthe critical stressesτce andτde mustbe obtained
from empirical formulations.Erosionanddepositionprocessescanbe described
without difficulty in the low-energetic boundarylayer, typical for the regionsof
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deep-seamining. The small velocity magnitudesdetectedby long-termmeasure-
ments(Bischoff et al., 1979;Klein, 1993)allow the assumptionsthat no erosion
occursandthateachplumeparticlethat reachesthe bottomdeposits.In this case
fe � 0 and fd � 1. If mining takesplacein regionsof strongercurrents,the for-
maldescriptionof erosionanddepositionprocessesmustbeintroduced.Very little
is known abouttheseparametersfor thedeep-seasediments(McCave andGross,
1991).

Thecurrentvelocityfield is givenby thehydrodynamicmoduleof themodel.How-
ever, thepresenceof thedischargedparticulatemassin higherconcentrationinflu-
encestheambientcurrent.Thesuspendedparticleschangethe local fluid density,
causingstratificationandbuoyancy effectsasdensity(gravity) currents.Theinten-
sity of thesephenomenadependsmainlyonthemagnitudeof thedensitydifference
betweenthedischargeandthesurroundingfluid. Thepersistenceof buoyancy ef-
fectsdependson themixing rate,whichdiminishesflow-driving densitygradients.
Thereducedverticalmixing dueto thestablestratificationhasanimportantinflu-
enceon theconcentrationdistribution in thefirst stagesof plumetransport.

In themodel,it is assumedthat thesuspendedsedimentinteractswith thecurrent
by influencingthelocal fluid densityaccordingto theequationof state:

ρ
�
S� T � c� � ρ

�
S� T � � ρsed

� ρ
�
S� T �

ρsed
� c (12)

The stratificationcausedby thesuspendedsedimentdampensthe verticalmixing
accordingto themixing lengthturbulencemodelmentionedabove.

Thesedimentsettlingvelocityin situ ws is themostcomplex parameterandmust
bediscussedin detail.Theparticlesizedistributionof thesedimentsfrom themin-
ing areas(Table1) shows that mostof the particleshave diameterssmallerthan
60µm so that the cohesive forcesbetweenthe particlescannotbe neglected(Mc-
Cave, 1984;Klein, 1993).The plumeparticlesinteractwith eachother, building
aggregates(flocculation)andbreakingup.Laboratoryexperimentsusingsediments
from the equatorialPacific mining areashave shown that flocculationeffectsare
significant in the plumesat concentrationsabove 0.1 g/l (Ozturgut and Lavelle,
1986).Thesehigherconcentrations,underwhich flocculationeffectsarestronger,
arefound in the direct vicinity of the sourceandmay reachfrom 1 g/l to 10 g/l.
Settlingvelocitiesfor theplumeparticlesrangefrom 10

� 3 m/sto 10
� 7 m/s,which

meansthatthissedimenttransportparameterrequiresspecialattention.In thesedi-
menttransportmodel,thesettlingvelocitycanbetreatedusingthefollowing meth-
ods:

(1) it is assumedthat the settling velocity is constantin time and space(non-
cohesivecase);

(2) theparticlediameterspectrumis distributedinto a numberof non-interacting
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sedimentclassescharacterizedby differentsettlingvelocities(non-cohesive
case);

(3) an empirical approachis usedto deal with flocculationand break-uppro-
cesses,resultingin a formulafor themeansettlingvelocity (cohesivecase);

(4) a numberof sedimentclassesis chosenandinteractionsamongthemareac-
countedfor (cohesivecase).

In orderto applythenon-cohesivecases(1) or (2), it is assumedthattheinformation
provided by the particlediameteranddensitydistributions is sufficient to obtain
the settling velocity. The meansettling velocity wsm of the compositesediment
spectrumcanbecalculatedfrom:

wsm
� ∑i wsici

∑i ci
(13)

whereci are the dry massconcentrationsof the fraction characterizedby the di-
ameterdi andsettlingvelocity wsi. In case(2), thedifferentsedimentclassessettle
independentlyandthemeansettlingvelocitydiminisheswith theageof theplume
asthe largerparticlessettleout. In case(1), thesettlingvelocity remainsconstant
in time. For a giventime scaleof transport,it is possibleto calibratethis constant
velocity to formulateconservative forecastscomparableto thoseobtainedwith a
numberof sedimentclasses(Jankowski andZielke,1995).

In orderto take into accountthecohesivesedimentpropertiesinfluencingthemean
sedimentsettlingvelocity, theempiricalformulations,case(3), areavailable.The
processesof aggregationand break-upof particlesare parameterizedusing sus-
pendedsedimentconcentrationandturbulentshear. Accordingto this parameteri-
zation,thebreak-upphenomenaareinsignificantin thelow-energeticdeepseabot-
tom boundarylayer. Dif ferentialsettlingdominatesotherflocculationmechanisms
asBrownianmotionandturbulentshear(McCave,1984).In thiscase,anempirical
model is appropriatein which the settlingvelocity is a function of the sediment
concentrationonly (Jankowski et al., 1996).Therefore,the possibleflocculation
effectsmayonly acceleratethe deposition.Unfortunately, datadescribingtheco-
hesivepropertiesof thedeep-seasedimentsin situpresentlyaretooscarceto allow
the applicationof this formulationin a non-speculative way (McCave andGross,
1991).It is difficult, but feasible,to describesedimentsettlingusinga flocculation
modelbasedonaspectrumof interacting(i.e.cohesive)sedimentclasses,case(4),
(Hill andNowell, 1995).Themostseriousproblemsencounteredareuncertainties
in interactionrates,especiallyin aconcentrationmodel.Becauseof thedifficulties
mentionedabove, the approaches(3-4) werenot followed. Sinceit is very diffi-
cult to measuretheparametersdescribingthesettlingvelocity in situ (McCaveand
Gross,1991),evenfor theseeminglysimplifiednon-cohesivecases(1-2),mostes-
timationsarebasedon laboratoryexperiments.

Dueto thefactthattheflocculationmaybeinsignificantatlow concentrationsaway
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from thesource,scavengingis theonly mechanismthatmaydiminishtheparticle
concentration.Thescavengingrateqs canbe foundby observingtheverticalflux
of the ambientparticlesappearingnaturally in the ocean,asmarinesnow. These
large,amorphousparticlessweeplargerangesof thewatercolumn,collectingfiner
particlesunderway andtransportingthemdownwards.If the mining plumedrifts
in areassweptby theseparticles,scavengingmaybeaneffectiveagentin removal
of thedilutedplumesif they consistof slowly settlingfineparticles(Lavelle,1987;
Jankowski et al., 1996).

Although the resuspensionexperimentsgive a chanceto estimatethe settlingve-
locity in situ andto cleartheuncertaintiesconcerningthestratificationeffectsand
densitycurrents,theseaspectshave not beenaddressedproperly(Jankowski and
Zielke, 1997).Therewere no attemptsto clear the uncertaintiesconcerningthe
dilutedplumesdrifting at adistancefrom thesource.

Sourcequantification

For properformulationof thesourcetermqc
�
x � y� z� t � of thetransportequation,the

dischargerateandtheform in which it takesplacemustbecarefullyquantifiedtak-
ing into considerationthetypeof mining devices,sedimentproperties,andmining
areacharacteristics(Ozturgutet al., 1981).Additionally, somegeneralizationmust
bemadewith regardto thedischarge,accordingto themodelresolutionin timeand
space.Unfortunately, no measurementsconcerningindustrialdevicesin actionare
available.

Themassavailablefor dischargein theupperlayerof thebottomsediments,which
is disturbedby thedevices,definesthemaximumdischargerates.Worst-caseesti-
matesareusuallyformulatedassumingthis amount,but they cannotbe free from
assumptionsconcerningthe devices.The initial concentrationanddensityof the
dischargeareimportantfor characterizationof densityeffectsin thefirst stagesof
sedimenttransport.

Theestimatespresentedby (Oebiuset al., 2001)yield dischargeratesapproaching
90kg/sandconcentrationsup to 1.6g/l in thewakeof theindustrialminingdevice
with a 6 m wide collectoron a carriermoving with a speedof 1 m/s.During the
BenthicImpactExperiment,thesedimentwasresuspendedby a specialdevice, a
benthicdisturber (Trueblood,1993). Its meandischarge is reportedto be about
4 kg/s,with maximumconcentrationin theorigin of the jet-like discharge locally
reaching30 g/l. Thetowing velocity is about0.5m/s.In all casesthespeedof the
device is greaterthantheambientcurrent.

The observationsof the re-sedimentationpatternof the bottomplumeduring the
mining testsandBIE experimentsallow the suppositionthat density-driven flow
playsa role in the first transportstagesof thedischargedsediment.The time and
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spacescalesassociatedwith theseflows remainunmeasured,but intensivere-sedi-
mentationis foundup to 100m or moreupstreamof thecollectortracks.This has
beeninterpretedastheconsequenceof densityflows(Lavelleetal., 1981b;Nakata
et al., 1997;Ozturgut etal., 1997).

Numericalstudiesin thevicinity of a sourceshow thatgravitationaleffectsgener-
atenear-bottom,flat distribution of thebottomplumein theinitial stagesafterdis-
charge,causinganadditionalsettlingeffect of theplume(Jankowski et al., 1994).
After theinitial phaseof dispersionby theeddiesin thewakeof themachineandthe
subsequentgravitationalcollapsein thedirectvicinity of thesource,theconcentra-
tionsdiminishandtheambientcurrentprevails asthemain transportmechanism.
How muchresettlesimmediatelyto thebottom,andhow muchremainsin thewater
columnandis availablefor furtherdispersionby ambientcurrents,is questionable
(Becker et al., 2001).Therefore,someassumptionsmustbe madefor the mathe-
maticalformulationof thesourcetermqc for themesoscaletransport.

Themining devicesmostprobablywill move in alternatedirectionson thebottom
with a speedof 0.5-1m/s following a linearpath.They will cover distancesof up
to a few km from themining ship.Theminerwith parametersmentionedabove is
ableto mineanareaof about0.5to 1 km2 daily, in a form of aprolongedrectangle.
The long-termeconomicconsiderationswould requirethat the areais mined as
effectively aspossiblewithout leaving larger patchesof untouchednodulefields.
For navigational reasons,the trackswill probablybe orientedaccordinglyto the
prevailing current.This kind of mining dischargecanbemathematicallyidealized
for modelingpurposesasamasssourcemoving in anoscillatorywayin arelatively
confinedarea(Jankowski et al., 1996).During the experimentsusingthe benthic
disturber, a similarpatternhasbeenfollowed.

Modeling of the NOAA Benthic Impact Experiment

Thedatacollectedduring theNOAA BIE experimentcanbeusedto validateand
discusssomefeaturesof themesoscalemodel.Theareacoveredby thedatasam-
pling is relatively smallandthe transportscalesindicatethatonehasto dealwith
analmostnear-field approachin this case.

General description

A new experimentalapproachwas initiated in 1991 by NOAA (USA) in coop-
erationwith theCentralMarine GeologicalandGeophysicalExpedition(CGGE)
of Russiain the Clarion-ClippertonFractureZone(CCFZ) of the Pacific Ocean.
The intentionof the Benthic ImpactExperiment(BIE) was to producesediment
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resuspensionandsubsequentdepositionin anexperimentalareain orderto obtain
sedimentburial of organismsandfoodresourcedilution (Ozturgutetal.,1997).The
actionof a minerwassimulatedusinga specialdevice,a benthicdisturber(Deep-
SeaSedimentResuspensionSystem,DSSRS)(Brockett andRichards,1994;True-
blood,1993).Thetoweddisturberis designedto liquify, lift anddischargeaslurry
of sedimenta few metersabovethebottomandto blanketanareaof theseafloor in
a mannerwhich canbeexpectedduringmining activities.As in DISCOL,no nod-
uleswereremoved from the bottom,but the experimentalsettingallowed a clear
separationof theareasaffectedonly by thedepositionfrom theareaswherethebot-
tom structurewasdisturbeddirectly by thedevice sleds.Thedisturberwastowed
49 timesalonga pathof 3300m length,producinga 150m wide directly affected
area.Thetracksweresituatedperpendicularlyto thepredominantcurrentdirection.
As a result,ca.1450t dry weightsedimentwasresuspendedanda depositionwith
gradualreductionof the thicknessat increasingdistancefrom the tracks,ranging
from 10 to 1 mm,wasachievedin anareaof about2 km2 (Trueblood,1993).

For measuringthe extent of the deposition,18 sedimenttrapssituated2 mab(m
above bottom)wereused.They wereplacedon both sidesof the towing area,to
accountfor possiblecurrentreverse,andin threerows,approximately50m, 150m
and400 m from the tow zone.Two currentmeterswith nephelometerswerede-
ployed2 mabwith sedimenttraps5 mabon bothsidesof thetowing zone.During
theoperation,threesedimenttrapsandonecurrentmetermooringwererecovered
in orderto monitortheprogressof thesedimentplumedispersion.

Descriptionof modelapplication

Bathymetricdata. The digital bathymetricdatafrom the BIE surroundingswere
obtainedfrom NOAA. Thedataareavailablewith a resolutionof 100m covering
a rectangularareaof 14	 5 � 11	 1 km. Thepositionof thelower left cornerof this
area(i.e.south)is knownexactly, longitude� 128	 6666o (W) andlatitude12	 8833o

(N). Thedepthsaregivenwith anaccuracy upto adecimeter. Thewaterdepthsvary
between4692m and4929m (Figure1).

Computationalmesh. Becauseof thegreatestinterestin thedepositionin thedirect
vicinity of the tracksandthedataavailability of only up to a distanceof approx-
imately 500 m from them,a meshfor the nearfield wasconstructed(Figure2).
Its rectangularshape(3 	 5 � 4 km) takesinto accountthefactthatthemeancurrent
directionduringtheexperimentwasNW andthegreatestdepositiontook placein
this directionaway from the tracks.In the areawherethe discharge andgreatest
depositiontook place,themeshresolutionis 50 m. Thelackingnodedepthswere
obtainedby interpolatingtheoriginaldata.Thisareais arectangle4 � 1 	 5 km, with
the longersiderunningapproximatelyparallel to 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,wherethegreatest
accuracy is needed.NW of this rectangle,two zonesof lower resolutionbetween
thenodesfollow, 100m and200m respectively, eachapproximately1000m broad.
Thewaterdepthsin this areavarybetween4887and4790m, x � �

4350� 9750� m,
y � �

3450� 9850� m. Thebasic2D-meshconsistsof 6135triangularelementsand
3138nodes.Theverticalresolution(23levels)variesbetween0.5m and10m upto
50 m above bottom,andthendiminishesto 100m. Theupperlimit of thecompu-
tationaldomainis setby 500m abovebottom.As a result,the3D meshhas72174
nodesand134970prismaticelements.

Disturbermovementsandtracks. It is assumedthateachtow is performedalongthe
samepathdefinedby the extremepointsof the disturbertracksgiven in Table2.
The distancebetweenthesepoints and the SW and NE meshedgesamountsto
300 m, andfrom the SE edgeabout500 m (Figure2). The disturberwas towed
from SW to NE with a shipvelocity of about1 knot, i.e. 0.5m/s.Thetracklength
wasabout3300m. After completinga tow, thedisturberwaslifted, theshipmade
a loop, andthe procedurerepeated.During 19 days49 tows werecompleted,an
averageof 2.6 tows perday. Theprecisetiming of thetows is implementedin the
modelaccordingto theNOAA cruisereport(Trueblood,1993).

Source strength. The sourcestrengthwasestimatedfrom the samplesof the dis-
chargedmaterialcollectedusingarosettesamplersituatedatthetopof thedisturber
dischargepipe.Thesamplesyieldedanaverageoutletconcentrationof 33.3g/l dry
weight. The pumprate is about125 l/s. The averagemassdischarge ratecanbe
estimatedas4.17kg/sdry weight.Thetotal dischargedsedimentdry massduring
98 h of deploymentwasestimatedto be equalto 1468	 5 � 103 kg. The heightof
theoutlet of thedischarging pipe (diameter305mm), measuredfrom thebaseof
the disturbersleds,variedfrom tow to tow between4.33m and5.66m. Shallow
watertestshave shown that the momentumof jet-like discharge is enoughto lift
thesedimentslurry up to about10m abovebottom.

In themodel,themassvolumesourcehasthesameform asin a mesoscalemodel
of DISCOL area(Jankowski etal., 1996):

qc
� q0exp � � �

x � m1 � 2 � �
y � m2 � 2

2σ1σ2 � exp � � γ
�
z � zB ��� (14)

where
�
m1 � m2 � is thepositionof themovingsourceandzB thecoordinateof thebot-

tom.z � �
zB � zM � , sothatthemassdischargereacheszeroat a calibratedheightzM

above thebottom.Therefore,thedistributionof themassproductionin thevolume
is Gaussianin thehorizontalandexponentialin theverticaldirection.It canbechar-
acterizedbyparametersσ1, σ2 andγ. Thisform of volumesourceallowstakinginto
accountthe densityeffectswhich cannotbe resolved in the given time andspace
resolutions.However, this distribution dictatesthe adequatespatialmodelresolu-
tion in thewholeareaof emissionin orderto secureastationarydischargerate.The
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overall volumesourceintensityis controlledby theparameterq0 (kg
 m3 
 s). The
assumedvaluesof σ1 andσ2 are25 m andcorrespondto thedistancebetweenthe
nodes.γ is assumedto beequalto 0.5m

� 1 andzM is equalto 10m. q0 is calibrated
in orderto obtainanapproximatelystabledischargeof 4.2 kg/s independentfrom
themovementor thepositionof thesource.Theresultingmaximumconcentrations
on themeshnodeswerein therangeof ca.50mg/l.

Sedimentsettlingvelocity. A meansettlingvelocitycomputedfrom asettlingveloc-
ity distribution for a concentrationof approx.15 mg/l is givenin Table3 (Lavelle,
1987).It is equalto 1 	 2 � 10

� 4 m/s.

Sedimenttraps. ThesedimenttrapsdeployedduringtheNOAA BIE were1 m long
PVCcylinderswith anopeningof 100cm2. They weredeployedin pairs2 m above
bottom(mab).A few trapsweresituatedat 5 mabandcombinedwith currentme-
tersandtransmissometers;someof themwereremovedduringtheexperimentfor
control reasons(Trueblood,1993).For comparisonof theresults,only thosetraps
werechosenwhichweredeployedfor thewholedischargetimeandsituated2 mab.
TheGPSpositionsof thetrapsarenot in coincidencewith thedigital bathymetric
data,particularlyconcerningthemooringdepth.For this reason,it is assumedthat
thehorizonalcoordinatesof thetrapsareexact,but theverticalarechangedto 2 m
above thebottomcoordinategivenby thebathymetricdata(Table4).

BIE currentanalyses. Fromall availablecurrentmeasurements(Figure3), the re-
sultsfrom themooringNOAA 21 (positionof trap #1, 5 mab)areusedto obtain
the currentscenario.Currentcharacteristicsare given in Table 5. The currentis
characterizedby a large stability factorof 0.94(SF=1standsfor constantcurrent
direction):

SF � vvect 
 vscal (15)

wherevscal andvvect aremeanscalarandvectorspeed:

vscal
� 1

n

n

∑
i � 1

�
u2

i
�

v2
i � 1� 2 (16)

vvect
� �

u2 � v2 � 1� 2 u � 1
n

n

∑
i � 1

ui (17)

ThecurrentFourieranalysisrevealsthatthegreatestkinetic energy correspondsto
thetidesandwavesin theinertialrange.A periodogrammeof thecurrentsmeasured
at theNOAA 21stationis shown in Figure4.

Model forcing. Themethodof obtainingthemodelcurrentscenariois thesameas
in thepreviousmodelapplications(Jankowski andZielke,1995;Jankowski et al.,

15



1996).Themainenergy peaksin thespectrumof thecurrentmeasurementsin the
BIE areaareassociatedwith wavesof theradialfrequency greaterthantheinertial
one,ω � f . In order to obtaina currentscenariofor the modeling,a numberof
frequenciesin thesub-inertialrange(inertialperiodTf

� 53	 48h) is used(Table6).
Peakscorrespondingto thesefrequenciescanbeeasilyrecognizedin Figure4. The
directionsandparametersdescribingcurrentellipsesfor givenwavefrequenciesare
obtainedby best-fitapproximation.The slowly varying componentswith periods
larger than the inertial oneareobtainedfrom Fourier approximationby filtering
appropriatefrequency ranges.A comparisonbetweenthe approximatedcurrents
andmeasurementsfor thecurrentmeterpositionis presentedin Figure5.

Othersimulationparameters. Thenon-hydrostaticcodeversionis applied.Thehor-
izontalviscosityandsedimentdiffusivity areassumedto beconstant,1.0m2 
 s.The
parametercontrolling the bottomboundarylayer thicknessandvertical viscosity
anddiffusivity distribution (i.e. the mixing lengthscale)is δ � 5 m. The rough-
nesscoefficient is calibratedin orderto obtainappropriatebottomroughness.The
Coriolis parameteris f � 3 	 2642015� 10

� 5 rad/s.Time stepis equalto 60 s.The
simulationstarttime is August14,0600,thefirst dischargetook place89 minutes
later. Thesimulationstopsafter25 days,about6.5daysafterthelastdischarge.

Parameterstudies. A few parameterstudieshavebeenperformed,varyingthemost
critical parametersaroundthevaluespresentedabove.Only fivecaseswill bemen-
tionedhere.In two runsonly thesettlingvelocity ws hasbeenmodifiedto values
of 5 	 0 � 10

� 4 m/sand0 	 2 � 10
� 4 m/s.In a third one,only themixing lengthscale

hasbeenenlargedupto δ � 20m. In thefourthcase,only γ � 0 	 1 m
� 1, shiftingthe

verticalsourcestrengthdistribution higherabove thebottom.In thefifth case,the
horizontaldiffusivity andviscosityhasbeenreducedto 0.1m2 
 s.
Results

Depositionat the bottom. The final sedimentdepositionat the bottom variesin
the computationaldomainbetween0.08 and1873g
 m2. Using the bulk density
of freshlydepositedsedimentsof 150–200kg
 m3 thegreatestdepositionthickness
is 9.4–12.5mm, which is confirmedby the post-impactobservations.The largest
depositionfluxesoccurin thedeepersituatedplacesalongthedisturberpath(Fig-
ure6). In Figure7, thelowerrangesof depositionareshown in orderto estimatethe
reachof theareawheredepositionoccurs.Thedistancebetweenthetracksandthe
SEdomainrangeis sufficient.At theNW edge,thegreatestdepositionreaches25
g/m2, i.e. 0.03mm.Dueto thenon-hydrostaticandstratificationeffects,thedepo-
sition patternis influencedby bathymetry. Bottomdepositionandflux 2 mab(i.e.
at thetraplevel) at themeshnodesnearestto thepositionsof thesesedimenttraps,
whichweredeployedduringall 49 tows,areshown in Table4 andin Figure8.
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Massbalances. Thetotalmassof sedimentatthebottomafter20daysof simulation
is 1345 � 103 kg. Thismeansthatover90%of dischargedmassis depositedwithin
the computationaldomain.The dischargedmassin the model is 98% of the esti-
mated1427t suspendedduring theBIE (Table7). Theresuspendedmassbalance
is shown in Figure9.

Concentration in thewatercolumn. Dueto thecharacterof thedischarge(3 times
daily for 90 minutes),no coherentplumescould build up, just disjointedstreaks.
An exampleof theplumewhich resultedduring theemission(first tow) is shown
in Figure10.

Parameterstudies. Increasingthesettlingvelocity ws yieldsmuchgreaterdiscrep-
anciesbetweenthemeasuredandcomputedtrapdepositionvalues,while thepat-
tern2 mabandon thebottomremainvery similar. Decreasingws yieldsa bottom
depositionvery similar to the measurements,while theflux 2 mab,especiallyfor
thedownstreamtraps,is muchlargerthanobserved.Themaximumdepositionval-
uesare2700g
 m2 and750g
 m2. Enlarging thethicknessof thebottomboundary
layerbringsa similar distribution to theoneshown in Figure8, but with lowerde-
position(max.value560 g
 m2). The depositionpatternis muchlesssensitive to
thebathymetry. Shifting themasssourcedistribution higher(case4) deliverssim-
ilar depositionpatternsagain,with max.valueof 655g
 m2, while thedeposition
in theupstreamtrapsis enhanced.Loweringthehorizontaldiffusivity (case5) in-
creasesthedepositionnearthetracks,but dueto thelargerdensities,thedeposition
patternis locally widespreadwith maximumdepositionof 1580g
 m2.

Conclusions

Althoughthemodelreproducestheoverall bottomdepositionpatternandthecov-
eragethicknessis comparableto theobservedone,thecomparisonwith trapmea-
surementsis not very satisfactory. The flux 2 mab and the bottom depositionis
largercomparedto thesedimenttrapdata.Shiftingtheverticalpositionof themass
discharge intensitycenterdoesnot changethis situation,nor doesdecreasingthe
settling velocity or enhancingthe stratification.Excluding the bottom boundary
layer thicknessfrom thediscussion(not preciselyknown), themostprobablerea-
sonfor differencescanbetheimperfectreproductionof thesourcemovements.In
themodel,afirm trajectoryof thedisturberwasassumed.In reality, thetrajectories
variedin lengthsanddirectionsduringthetowssothatadirectlydisturbedtrackof
ca.150m width wasproduced.Anothersourceof errorsmaybe themasssource
parameterizationaccordingto (14),aswell asdifficultiesin measuringfluxesusing
sedimenttraps(Gustet al., 1994).Therearesomeuncertaintiesin the trap posi-
tionsaswell. Thebottomsamplingin theBIE areaprovidesevidencethatthereis
a large discrepancy betweenthe depositionat the bottomandsedimenttrap con-
tents(Trueblood,1993),which wasinterpretedasdensitycurrentinfluence.As a
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confirmation,thegreatestdiscrepanciesoccurin themodelfor traps#12,#14,and
#15.They aresituatedat theSEsideof thetowing zone,i.e. againsttheprevailing
current.In additionto the aspectsmentionedabove, for future applicationsmore
informationis neededaboutthe vertical structureof the nearfield plumeandpa-
rameterscharacterizingthebottomboundarylayer.

Modeling in the DISCOL Experimental Area

Sedimenttransport

It washopedthatnew currentmeasurementsperformedin theDISCOL area(Klein,
1996) and sedimentpropertiesinvestigations(Becker et al., 2001; Grupeet al.,
2001;Oebiusetal.,2001)wouldyield substantialsupportdatafor mesoscalemod-
eling. During thesecurrentmeasurements(short-term,the longestdeployment52
days),a periodof extremely low velocitiesin the rangeor lower than the meter
thresholdvelocity (1-1.5 cm/s)appeared,resultingin rotor stalls in the rangeof
46-89%.Thecurrentswerevery weakandvery unstablein their direction.There-
fore,no additionalinformationto thatof thepreviousmeasurements(Klein, 1993)
concerningthe bottom boundarylayer characteristicscould be obtained.Due to
equipmentfailure, theplannedin situ investigationsregardingthesedimentprop-
ertieshadto besubstitutedby laboratoryexperiments.

Most importantfor themodeldatasupportarethesedimentparticlespectra,allow-
ing anestimateof thesuspendedsedimentsettlingvelocity. Thepreviously avail-
ablespectrum(Table1, (Klein, 1993))hasameansettlingvelocitywsm  2 	 2 � 10

� 4

m/s. The new, more exact spectra,obtainedusing lasertechnique(Grupeet al.,
2001; Oebiuset al., 2001) yield slightly smallervaluesof wsm in the rangeof
1 	 2 � 1 	 6 � 10

� 4 m/s.These,however, arestill higherthanthesettlingvelocityvalue
assumedto be representative for conservative estimates(Jankowski et al., 1996;
Jankowski andZielke, 1995).Otherestimatesyield meansettlingvelocitiesone
magnitudelarger thanpreviously estimated(Nakataet al., 1997),see(Oebiuset
al., 2001).No quantitativedataareavailablefor a theoreticallydevelopedfloccula-
tion modelfor suspendeddeep-seasediment(Jankowski et al., 1996).

For thesereasons,thereis noevidenceavailablethatwouldchangetheconclusions
formulatedon the basisof parameterstudiesdonein the DISCOL areaandpre-
viously documentedby theauthors(Jankowski andZielke,1995;Jankowski et al.,
1996).Theconclusionsof thesestudiesaresummarizedin (ThielandForschungsver-
bund Tiefsee-Umweltschutz,2001).The following sectionprovidesonly a short
descriptionrelevantto heavy metaltransport(next section).

Themesoscaleregionalmodelwasdevelopedfor theca.500km2 largesurround-
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ingsof theDISCOL ExperimentalArea(DEA) centeredabout7o04! S,88o28! W in
thePeruBasin.Thesizeof this region allows thesimulationof a plumespreading
during 1–2 weeks,dependingon the currentmagnitude.Two typical currentsce-
narioswereimplemented.Thenearbottomsuspendedsedimentemissionsleadto
asubstantialimpactmainlyona localscale.Theuseof availablesupportdatafrom
theDISCOL ExperimentalAreayieldsplumeresidencetimesin theorderof 1.5–6
days.Themodelis adjustedto theminingoperationexpectedduringpilot miningor
benthicimpactexperimentswith thehopeof obtainingbettervalidationconditions.
Thedischargeis low, 10 kg/s,in a relatively smallarea(pathlengthabout1500m)
andlimited in time (1–6days).Extensiveparameterstudieswerecarriedout.Dif-
ferentconstantmeansettlingvelocities(with the mostrealisticvalueassumedto
be10

� 4m
 s)andacompositespectrumof settlingvelocitiesfor non-cohesivesed-
imentclasses(a � e) accordingto Table1 wereapplied(Figure11).For adischarge
of 100kg/s(Oebiuset al., 2001),which is probablytwice too largefor this device
velocity, only slight differencesin thesettlingrateof thesuspendedmassareob-
served.A simpleextrapolationof theconcentrationsandthebottomblanketing is
possiblewith anacceptableerror in therangeof up to 100kg/s.Theshapeof the
curvesconfirmsthat the ratio of thesuspendedto thedischargedmassdiminishes
over time.

The resultsfor a discharge of 10 kg/s lasting for 1 day andwith settlingveloci-
ties in therangeof 10

� 5 � 10
� 4 m/s indicateconcentrationin theplumeup to 50

timesabove ambient(taken as10 µg/l). For a continuousdischarge, this level of
concentrationsis reachedin the plumeafter 6 daysabout15 km away from the
source.For the one-day-discharge, only a few percentof the dischargedmassis
presentin thewatercolumnasthefinestparticles,comparedto 10%for continuous
source.The seabedwill be coveredwith � 100 g/m2 of sedimentin a radiusof
approximately1–2 km from the collector tracks.With continuousdischarge this
arearemainssimilar, but thedepositionnearthetrackscanreacheven5 kg/m2 or
about30mm.Thesevaluescanberecomputedfor largerdischargesin alinearway
without largererrors.

Mobilization,sorptionandtransportof heavymetals

Theinterstitialwater, releasedto thewatercolumntogetherwith thestirredbottom
sediments,is thoughtto bea sourceof substancesthatmaybe harmful to marine
organisms.The greatestconcernis aboutdissolved toxic heavy metals.After re-
lease,they will passively follow the watermovementswhile interactingwith the
surroundingparticlesof differentsorptionproperties.Thedisturbancemaychange
thephysico-chemicalpropertiesof theenvironmentinfluencingthemetaldistribu-
tion betweendissolved andsolid phasesand,consequently, their availability and
toxicity to marineorganisms(Koschinsky et al., 1997;2001a).The metalsbound
to theparticlesmayeventuallysettleto thebottom(if not releasedfrom thembe-
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fore). As anotherpotentialsourceof mobilizedheavy metals,theabradednodule
fines(by changedphysico-chemicalenvironmentof thesurroundingwater)should
alsobementioned.

Heavy metalswill bedischargedalongwith thesedimentparticles.Specialatten-
tion is paid to Mn, Co, Zn, Cd, Fe, As,Cs andHg (Koschinsky et al., 1997).The
interactionbetweenthe variousmobilizedsubstancesis consideredby additional
sourcetermsin thetransportEquation(7), wherebythedissolvedsubstancesmove
passively with thecurrent(ws

� 0), andtheboundonessettlewith thesediment.A
properdescriptionof thesorption-resorptioninteractionsis importantfor environ-
mentalimpactassessmentbecausethey controltheheavy metalbio-availability. In
orderto dealwith this problem,anadditionalstepof thenumericalalgorithmhas
beendevelopedin the framework of operatorsplitting which solvesa setof cou-
pled non-lineardifferentialequationswith the Runge-Kutta methodof the fourth
order. This stepallows modelingcomplex interactionsamonga numberof sub-
stanceswhichmaytakeplacein othertimescalesthanthehydrodynamicprocesses
and,therefore,aretreatedwith different time resolution.This is a well-validated
approachfor waterquality applications(Orlob,1983;Onishi,1994).

However, dueto the fact that the exact descriptionof the sorptionkineticsin the
deepseais the matterof further researchand known only approximately, first-
ordermodelsfor theheavy metalcycling in aquaticsystemsareappliedin practice
(Nyffeler et al., 1984;Cowen et al., 1990;Lavelle et al., 1992).An equilibrium
approachto sorptiondynamicscanhold only whenthe time scalesof interestare
muchlargerthanthetime scalesof adsorptionandresorptionprocesses(Imboden,
1978).In this case,thedynamicbalanceof two oppositeprocessescanbe treated
asa steadystatepartitioningbetweendissolvedandbounded(particulate)forms.
Otherwise,akineticapproachmustbeapplied.This is especiallythecasewhenthe
metalsaremobilizedby man-madedisturbancesthatarevariablein time.

In thedevelopedmodel,a kinetic (non-equilibrium)approachis implemented.Its
propertiesarebestunderstoodassumingaconstanttotalconcentrationof all phases
aswell asof thesuspendedsediment.This is satisfiedin laboratoryexperiments–
a closedsystemcomparedto anopenone.Thesorptionandresorptionprocessin
which thedissolvedD andtheparticleboundP metalis involvedcanbevisualized
as:

D
k1"$#% "
k2

P (18)

With cd thedissolvedmetalconcentration,cp theadsorbedmetalconcentrationon
sedimentparticles(particulatephase)measuredin � kg
 m3 � , andc0

� cp
�

cd the
total concentration,aone-stagesorption/resorptionprocesscanbedescribedas:
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dcd

dt
��� k1cd

�
k2cp

dcp

dt
� �

k1cd
� k2cp (19)

wherek1 is thesorptionrateandk2 theresorptionrate(in � s� 1 � or � d � 1 � ). In general,
theseratesare functionsof particle properties(e.g., their concentration,surface
type), sorptionmechanisms,dissolved species,andpH, andarevery specificfor
a given aquaticsystem.For further considerations,it is assumedthat k1 and k2

arenot functionsof cd or cp. Thesolutionof theEquations(19) arethefollowing
exponentialfunctionsof time:

cd

c0

� k2

k1
�

k2

� k1

k1
�

k2
exp � � � k1

�
k2 � t �

cp

c0

� k1

k1
�

k2

� k1

k1
�

k2
exp � � � k1

�
k2 � t � (20)

ThedistributioncoefficientkD
�
t � � cp

�
t �&
 cd

�
t � is givenas:

kD
�
t � � cp

�
t �

cd
�
t � � k1

� k1exp � � � k1
�

k2 � t �
k2
�

k1exp � � � k1
�

k2 � t � (21)

for t ' ∞ thedistributioncoefficient is equal:

kD
� k1

k2

� cp

cd
(22)

andcanbe immediatelyobtainedwhensteadystatedcp 
 dt � dcd 
 dt � 0 is as-
sumed.

While theresorptionratesfor themetalsof interestfoundin literaturedo not vary
much(magnitudeorderabout0.1–2.0d

� 1), theadsorptionratesvary stronglyand
dependon thesuspendedsedimentparticleconcentrationc (Nyffeler et al., 1984).
This concentrationcanbetakeninto considerationassumingthat thesorptionrate
k1
� k1

�
c� , while k2

� const, whichis acceptableasthesimplestmodel(Honeyman
et al., 1988).Furthermore,it is usuallyassumedthatthedistributionconstantkD is
a linearfunctionof thesedimentconcentrationc:

kD
� k1

k2

� Kc (23)

whereK �m3 
 kg� is a distribution constantnormalizedby thesedimentconcentra-
tion. Linearity canbeassumedfor small variationsof c, whereasfor larger varia-
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tions,a modelwith exponentialdependency of kD on c wouldbemoreappropriate
(Honeymanet al., 1988).For a linear dependency, the sorptioncoefficient canbe
expressedas:

k1
� k2Kc (24)

and the dependenceof the sorbedconcentrationon the sedimentconcentration,
whentheequilibriumis reached,is describedby thefollowing isotherms:

cd

c0

� 1
1
�

Kc
cp

c0

� Kc
1
�

Kc
(25)

Thevaluesof k1 
 c for themetalsof interestvary severalordersof magnitudebe-
tween10

� 3 � 102 m3kg
� 1d

� 1 (Nyffeler et al., 1984).Consequently, when k2
�

const, valuesof K vary stronglyaccordingto (24). Theexpressions(20) and(25)
canbeappliedin orderto obtainthesorptionandresorptionratesfor varioussed-
iment concentrationsfrom the laboratoryexperiments(Koschinsky et al., 1997;
2001a).Examplesof the sorptioncurvesfor varioussedimentconcentrationsand
realisticratevaluesaregivenin Figure12.

Nyffeleretal. (1984)suggestfurtherthatthemetalscanbedividedinto two groups
of distinct sorptionbehavior. For the first group,Na, Zn, Se, Sr, Cd, Sn,Sb,Ba,
Hg, Th, andPa, the one-stepsorptionmodelasdescribedbefore,is appropriate.
For theseelements,thesorptionprocessescanbedescribedasanoverall reversible
reaction.For the secondgroup with Be, Mn, Fe and Co, a two-stageprocessis
observed.In this case,aftersorptionat particlesurface,a furtherstagewith a long-
term sorptionappears(explainableasa lattice transport(Nyffeler et al., 1984)or
isotopicexchange(Koschinsky etal., 2001b):

D
k1"$#% "
k2

P
k3"$#% "
k4

L (26)

wherek3 hasanorderof magnitudeof 0.01–0.05d
� 1 andk4  0 in thetimescales

of a mesoscalemodel.Therefore,this second,muchslower reactioncanbetreated
asirreversible.Whencl describestheirreversiblysorbedmetalconcentration,this
two-stageprocesscanbedescribedas:

dcd

dt
��� k1cd

�
k2cp
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dcp

dt
� �

k1cd
� �

k2
�

k3 � cp (27)

dcl

dt
� �

k3cp

As anexample,thesorptioncurvesfor bothmetaltypesandfor constantconditions
areshown in Figure13.

The ratesdescribingthe kinetics assumevaluesobtainedfor the bottom surface
sedimentsfrom MANOP SiteH in concentrationof 0.1 g/l publishedby Nyffeler
(Nyffeleret al., 1984)andarepresentedin Table8.

For a rigorousdescriptionof the system,all reactionsof the dissolved element
with the solid phasemust be known and the reactionrate constantsfor various
suspendedsedimentconcentrationsquantified.Unfortunately, in situmeasurements
arecomplicated,especiallyin deep-seaconditions(Koschinsky et al., 1997).Also,
anapplicationof ratesfrom adifferentaquaticsystemto thedeep-seaenvironment
is notappropriate(Nyffeleretal.,1984).Thedeep-searatesareonly roughlyknown
from laboratoryexperimentsunderconditionsoccurringin nature(e.g.temperature,
salinity, pH,but notpressure)andusingoriginalparticles.However, theassumption
of anopensystemis not valid in this caseandno realisticbiological influencecan
beobserved.

In thecaseof deep-seamining discharges,the total concentrationc0 of themetal
in the watercolumnwithin a givendomainchangesin time andspacedueto the
man-madedischarge,advectiveanddiffusivetransportandsettlingof thesediment
particlescontainingsorbedmetals.Theassumptionof aclosedsystem(asin alabo-
ratory)is notvalid. It is assumedthatthemetalsaredischargedin aconstantratioof
thedissolvedto theparticulatephaseskdis

� cp 
 cd with ratesof qcd andqcp. These
phasesarecomputedfrom thedissolvedmetalconcentrationsin theinterstitialwa-
ter. The termqcd is connectedstrictly with thedischargeratefor thesedimentqc.
Therearetwo mechanismsof theparticle-boundmetalremoval from thewatercol-
umn.First, theparticlessettlewith thesettlingvelocityof thesedimentws, second,
they arescavengedby marinesnow with a raterepresentedby a sourceterm qs.
Very little is known aboutthediffusionfrom thetracksof themining devicesand
thediffusion from freshlydepositedparticles.Thesmall diffusive flux of thedis-
solvedmetalcanbemadeproportionalto thesettlingflux of contaminatedparticles
if theappropriateratesareknown (Lavelle et al., 1992).For environmentalimpact
assessment,metalsin theparticulatephase,which reachthebottomsediments,are
treatedasremovedfrom thesystem.Thesedimenterosion(includingcontaminated
particles)andthe diffusionof the dissolvedmetalsfrom the bottomsedimentsto
thewatercolumnareassumedto benegligible.

Theprocessesdiscussedaboveareschematicallypresentedin Figure14.Themath-
ematicaldescriptionof the concentrationdevelopmentof metalphasesresultsin
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threetransportequations.Thesehave to be solved simultaneouslywith the sedi-
menttransportEquation(7):

∂cd

∂t
�

u
∂cd

∂x
�

v
∂cd

∂y
�

w
∂cd

∂z
� (28)

∂
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In thecaseof settlingparticles,theboundaryconditionsfor sedimentareassumed.
For dissolvedspecies,a no-flux boundaryconditionat thebottomandmodelsur-
faceis applied.In all casesthesubstancesmayleave thelateralcomputationaldo-
mainboundariesfreely.

Resultsandconclusionsfor theheavymetaltransport

If onefits theexperimentaldatafor fine suspendedsediment,d � 63µm; c � 0.1,
1, 10, and30 g/l (Koschinsky et al., 1997),to Equation(20), oneobtainssimilar
adsorptioncoefficientsasgivenby Nyffeler et al. (1984),but differentvaluesfor
resorptionandK.

The resultssuggestthat for Mn, the value of k2 is at least one order of mag-
nitude greater(0 	 2 � 0 	 5 d

� 1). K variesstrongly and proportionally to c, from
50 � 500m3kg

� 1, which suggestsanexponentialdependency of k1 on c for larger
sedimentconcentrations.For Co, k2  0 	 8 � 1 	 2 d

� 1 andK  50 � 500 m3kg
� 1.

For low-reactive Cs, the valuesare in goodagreementwith MANOP data,k2
�

1 	 0 � 2 	 0 d
� 1, K � 0 	 1 � 1 	 0 m3kg

� 1.

The laboratoryexperimentswereperformedfor a time periodof about7 days,so
thatno informationis availablefor thelong-termtwo-stagesorptionprocesses.For
modeling,literaturevaluesareassumed(Nyffeleret al., 1984).Dueto thefactthat
the suspendedsedimentconcentrationsare lower than appliedin the laboratory
experiments,thevaluesobtainedfor fitting c � 0 	 1 g/l areassumed.
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Theconcentrationsin theinterstitialwatercb, from whichthedischargerateis com-
puted,are27.47µg/l (500nmol/l) for Mn and0.95µg/l (7 nmol/l) for Cs(Koschin-
sky et al., 1997).k1 variesaccordingto (24).47 µg Mn and1.65µg Csalongwith
1 kg sedimentaredischargedassumingthebottomsedimentporosityof 0.82.kdis

is takento beequalto 1/9 for bothcases.

The resultsareshown in Figures15 and16 in form of massbalancesfor a dis-
charge periodof 1 day anda continuousdischarge of 7 days.A currentscenario
with larger speedsis assumed(Jankowski et al., 1996),andotherparametersare
ws

� 10
� 4 m/s,δ � 10m, νh

� 1 	 0 m2 
 s. For low reactiveCs(notethelogarithmic
massscale),a constantdistribution valuekD betweenthedissolvedandparticulate
phaseis achievedonly by continuousdischarge.This guaranteesa relatively con-
stantspatialdistribution of sedimentconcentration.By an interrupteddischarge,
thesedimentconcentrationdiminishesin time,andtheparticle-boundCssettlesto
thebottomsothatthedissolvedmetalmassremainsconstant.

Similar interpretationcanbegivenfor Mn, but with muchlargersorptiondynam-
ics.In thecaseof thedescribedmodel,thevalueof theresorptionconstantk2 plays
a significantrole. Away from the source,the differencebetweenthe settling of
particle-boundmetalsandthemovementof dissolvedmetalsis very important.It
leadsto resorptionof the metalsfrom the particlesin the bottom-nearzoneand
weakening of sorptionof dissolved specieshigher above. The value of the re-
sorptioncoefficient playsthekey role. This canbebestillustratedby anexample,
wherebymassbalancesfor two hypotheticalmetalsdischargedfor a dayduration
with k2 differing aboutone order of magnitude,but with identical k1 values(K
changesaccordingly),arecompared(Figure17).For simplicity, k3

� 0. Whenthe
discharge stops,themassof particle-boundmetalis muchlarger in caseof lower
resorptioncoefficients.

In conclusion,the model indicatesthat for continuousdischarges,the expected
equilibrium distribution betweenthe particle-boundphaseand the soluteone is
reached.However, therearesituationswhenparticlesettlingandcurrentshearin
thebottomboundarylayermayleadto a separationof thephases.Themodelpre-
sentedindicatesthatonly in this casethedissolvedspeciesmay remainlongerin
the watercolumnor it may cometo resorption.However, the valuesof the coef-
ficientsmustbeknown moreexactly in orderto formulatereliableenvironmental
impactassessments.Thereis evidencethatit mayalsobenecessaryto includefur-
thergeochemicalprocessesin themodel(Koschinsky etal., 1997).

Summary

Thedevelopednumericalmodelallowsthesimulationof transportwithin thedeep-
seabottom boundarylayer. The hydrodynamicmoduletakes into consideration

25



the typical phenomenaoccurringthere,including variablebathymetryinfluence,
bottomshear, andstratificationeffects.All modelingparameterscanbe obtained
from measurementsin situor from fluid properties.A reliablemethodfor obtaining
thecurrentvariability in time hasbeendevelopedbasedon Fourieranalysisof the
currentmeasurements.It producescurrentscenariosrepresentative for thebottom-
nearzoneof theocean.Thismethodis independentfrom theparticularminingarea.
In additionto the local bathymetryit requiressomeprior knowledgeof thearea’s
hydrographyin form of currentmeasurementswithin the bottomboundarylayer
and/orabove it. The approachis appropriatefor simulationtimesof up to a few
weeksin areasof anextentup to 1000km2.

Thetransportmoduleallowssimulationof suspendedsedimenttransportincluding
its depositionto thebottom.Thestratificationeffectsaretaken into consideration
in themixing lengthturbulencemodel.Theconcentrationmodelrequiresacareful
idealizationof the sourceof the suspendedsediment.The areain which the dis-
charge takesplacemustbe resolved with appropriatemeshspacingso that both
dischargerateandconcentrationarewell reproduced.For themesoscalemodel,a
horizontalresolutionof 50–100m andaverticalin therange0.5–1m arerequired.
Theappliedmeshis unstructuredandtheresolutionmaybemuchlessat a greater
distancefrom the source.The only requirementis to reproducebathymetryprop-
erly.

Themodelallowsvarioustreatmentsof thesedimentsettlingvelocity, with or with-
out taking the cohesive sedimentpropertiesinto account.In theory, all common
approachesarepossiblein the framework of theconcentrationmodel.In practice,
assumptionsof constantmeansettling velocity or taking a few settling velocity
classeshave provedto be appropriate.A theoreticalsedimentflocculationmodel,
basedon empiricalconstantsthatcanexperimentallybeobtained,hasbeendevel-
oped(Jankowski et al., 1996).

The simulationof further effluentsalongwith sedimentsis realizedby solving a
transportequationfor eachphase.The interactionbetweenthesephasesis taken
into considerationby the sourcetermsin equations.The modelhasbeenapplied
for transportof heavy metalsdischarged from the interstitial water. Both kinetic
andequilibrium approachesarepossible.The kinetic approachshouldbe chosen
not only whenthesorptiontime scalesarelarge,but alsowhentheconcentration
variability dueto variousdischargeintensitiesis considerable.

Theresultsfor thesedimenttransportbasedontheBIE datashow thatevenwithout
appropriateinformation (bottom boundarylayer characteristics,suspendedsedi-
ment parametersandsourcecharacterization)the model is capableof reproduc-
ing the bottomdepositionfairly well. Discrepanciesexist with regardto the sed-
iment trap measurements,whosedata,however, may not be sufficiently accurate
for modelvalidation.Unfortunately, the predictionsfor larger areasmuststill be
treatedwith cautiondueto the insufficient quality of supportdata(Jankowski and
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Zielke,1997).Model-orienteddatasamplingduringfield experimentsmayimprove
theforecastreliability.

The computedresultsfor the transportof the heavy metalsinteractingwith the
sedimentparticlesare obtainedwith a first-ordermodel,with sorptionratesthat
areknown only approximately. The feasibility of themodelto dealwith this task
is presented.However, a substantialinput of supportdata,alsoinfluencingmodel
assumptions,is still needed.Theresultsindicatethatthevaluesof interactionrates,
especiallythe resorptionrate,are importantfor the bio-availability of the heavy
metalsat adistancefrom thesource.
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Fig. 1. Thebathymetryof theBIE surroundingarea.Therangesof computationaldomain
areshown. Thecoordinatesystemorigin is 128( 66667o W, 12( 8833333o N.
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Fig. 2. BIE mesh.Discretizationvariesbetween50and200m.
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Fig. 6. The final sedimentdepositioncausedby the NOAA BIE discharges.Deposition
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traps(triangles,2 mab)givenin thesameunits.
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Fig. 8. BIE model,thesedimentdepositionin trapscomparedwith computedvaluesat the
bottomandat thelevel of 2 mab.
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Fig. 10.An exampleof plumeduringtheemission(first tow). Concentrationat thebottom
level. Iso-lineseach2 mg/l, maximumvalue30mg/l.
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Fig. 11. Massbalancesfor suspended(dry) sedimentmassrelative to total emitted(dry)
massin agivensettlingvelocityclass,look Table3.
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Fig. 12. Examplesof one-stagesorptionprocessesin a closedsystemfor variousconstant
sedimentconcentrationsc. Initially cd ) c0, cp ) 0.Only sorbedconcentrationsareshown.
Thevaluesof processratesare:k1 ) k2Kc, k2 ) 10* 6 s* 1 ) 0 ( 0864d* 1, K ) 10 m3 + kg.
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Fig. 13. Examplesof the one-stage(left) and the two-stage(right) sorptionin a closed
systemfor constantsedimentconcentration.Initially cd ) c0, cp ) 0, cl ) 0. The val-
ues of processrates are: k1 ) 10* 5 s* 1 ) 0 ( 864 d* 1, k2 ) 10* 6 s* 1 ) 0 ( 0864 d* 1,
k3 ) 10* 7 s* 1 ) 0 ( 00864d* 1.
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Fig.14.A metalcycling model.Concentrations:cs suspendedsediment,cd dissolvedmetal,
cp bounded(reversiblysorbed)metal,cl (almost)irreversiblyboundedmetal;cb metaldis-
solved in interstitial water;fluxes:Fs settlingof sedimentparticles,Es sedimenterosion,
Dd diffusionof dissolvedmetal.Sourceterms:qc dischargedsediment,qcd dischargeddis-
solvedmetal,qcp dischargedmetalin theparticulatephase,qs scavengingby external,am-
bient particles.ki : sorption/resorptionrates,explainedin text. Thick lines: implemented
processes,thin lines:neglectedprocesses.
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Fig. 15.Massbalancefor CsandMn whendischargedfor aperiodof 1 day. Abbreviations:
part. in particulatephase,susp.in suspension,tot. total, sed.deposited,ads. irreversibly
adsorbed(in suspension).
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Fig. 16. Massbalancefor Cs andMn whendischarged continuouslyfor 7 days.Abbre-
viations: part. - in particulatephase,susp.in suspension,tot. total, sed.deposited,ads.
irreversiblyadsorbed(in suspension).
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Fig.17.Massbalancefor two hypotheticmetals.Left: k2 2 1 3 0 4 105 5 s5 1, K 2 100m3kg5 1.
Right:k2 2 1 3 0 4 105 6 s5 1, K 2 1000m3kg5 1. In bothcasesk3 2 0. Abbreviations:part. in
particulatephase,susp.in suspension,tot. total,sed.sedimented(deposited).

46



Table1
DISCOL sedimentclassesandtheir settlingvelocities

Class di ∆ρ wsi n 6 di 7 nm6 di 7
µm kg8 m3 m/s

a 100 76.7 2.414 105 4 0.14 0.7933

b 80 102.5 2.064 105 4 0.03 0.0890

c 50 192.2 1.514 105 4 0.07 0.0547

d 30 238.2 6.744 105 5 0.36 0.0630

e 3 626.5 1.774 105 6 0.40 0.0001

Table2
Assumedtrackextremepoints.

Point Latitude Longitude x [m] y [m]

Start 12 55.20 -12836.30 6683.5 4076.6

End 12 56.50 -12835.05 8939.8 6485.5

Tracklength3300m

Table3
BIE Settlingvelocitydistribution for concentration15mg/l.

Range[m/s] Fractionalpercentage

105 7 9 105 6 30%

105 6 9 105 5 15%

105 5 9 105 4 35%

105 4 9 105 3 20%

Meansettlingvelocity1 3 2 : 105 4 m/s
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Table4
BIE sedimenttrapcontents.

Trap x y z GPS z mdep (trap) mdep (bottom) mdep (2mab)

Nr [m] [m] [m] [m] [g 8 m2] [g 8 m2] [g 8 m2]

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. 123.7 115.4 27.7

Table5
Currentcharacteristics(NOAA 21).

Numberof measurementsn 3304

Time interval ∆t 600.0s

Meanzonalvelocityu -0.0147m/s

Variability rangeumin ; umax -0.0779,0.0218m/s

Meanmeridionalvelocityv 0.0341m/s

Variability rangevmin ; vmax -0.0139,0.1010m/s

Meanscalarvelocityvscal 0.0394m/s

Maximal scalarvelocityvscalmax 0.1070m/s

Minimal scalarvelocityvscalmax 0.0000m/s

Meanvectorvelocity vvect 0.0371m/s

Stability factorSF 0.9423

Meandirectionϕ 6 u ; v7 3363 7o
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Table6
Currentscenariocomponents.

Nr Period[h] Comment

1 41.0 inertial

2 39.4 inertial

3 37.5 inertial

4 12.42 M2 principallunarsemidiurnaltide

5 25.82 O1 principallunardiurnaltide

6 23.93 K1 luni-solardiurnaltide

Table7
Massbalancefor BIE modeling.

Days Emission[kg] 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

Σ 1398515

Table8
Two-stagesorptioncoefficients

Metal k2 k3 K

Mn 0 3 018d5 1 0 3 048d5 1 2200m3kg5 1

2 3 08 4 105 7 s5 1 5 3 55 4 105 7 s5 1

Co 0 3 011d5 1 0 3 013d5 1 2200m3kg5 1

1 3 27 4 105 7 s5 1 1 3 5 4 105 7 s5 1

Cs 1 3 5 d5 1 0 3 016d5 1 0 3 4 m3kg5 1

1 3 74 4 105 5 s5 1 1 3 85 4 105 7 s5 1
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