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Abstract

In recent years, the importance of investigatiometiavior and transportation of heavy metals inevatystems that are
dangerous for human health with toxic charactecsthas been increasing and hence work on develogagmethods
and models are undertaken. The aim of this stutlyiimplement a heavy metal model in a three - dsiomal numerical
model, ECOMSED in order to investigate the behawiod transportation of heavy metals. ECOMSED isatég of
predicting flow circulation, salt and non-cohesivediment transportation, deposition and re-susmemswith
hydrodynamic and sediment modules. In the heavglmetdel adopted, the behavior of heavy metalsimasstigated
by taking into consideration the effect of partitiacoefficient () on particulate and dissolved heavy metal
concentrations. The model is set up for a simplenophannel test case and the effect of flow stractpartition
coefficient, concentration of suspended sedimedtlad load on particulate and dissolved heavy metakcentrations
are investigated.This study is an attempt in modeling transportatimnheavy metals and the results found to be
encouraging for this initial state.
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1. Introduction

As a result of continuing increase of economic\atotis in gulf, lake, river, estuary and coastal
waters, environmental problems and especially golyproblem has been increasingly emerging. In
recent years, a significant increase in the nundbestudies related to the development of water
guality models used in prediction of the spatiad é&&mporal distribution of the quantity and quality
of a pollutant constituent has been observed. ®datly with the help of numerical model studies in
this area, the aim is to predict the spatial amadptaral distributions of the concentrations of heavy
metals harmful to human health present in waterdsoédither in dissolved form or particulate form
absorbed onto sediment.

Heavy metals are of particular concern in aquatdrenment because of their toxicity, persistence,
bioaccumulation and carcinogenicity [1]. In caseegteeding certain values of concentrations of
heavy metals, toxic and carcinogenic propertiesbeaseen not necessarily in the form of large doses
but resulting from bioaccumulation [2]. The metafwl of human beings can be affected both
physically and psychologically with the accumulatimf heavy metals taken from nutrition chain and
drinking water. The concentrations of various heawtals must therefore be kept under control
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within certain definite limits. Many vital healthrgblems would otherwise be inevitable over time
when required attention to the concentrations aadlsportations of heavy metals in water systems
that are harmful to human health is not given amplartant measures aren’t taken.

Heavy metal pollution, measurements of evaluati®owall as the use of new emerging numerical
model convections enable better understandingeob#havior of heavy metals without harming the
environment and efficient methods of struggle darstbe determined and applied over time. With
the developments in computer technology and numenmdeling techniques, the goal of present
studies is to develop numerical models enablingebeinderstanding of heavy metal behavior and
capable of predicting the transportation of heaeyahpollution validated with field data.

With regard to environmental pollution, metals dan classified according to three criteria as (1)
non-critical, (2) toxic but very insoluble or vergre and (3) very toxic and relatively accessiblar.
instance sodium (Na), potassium (K), magnesium (&g) calcium (Ca) are non-critical since they
are widely present and not considered as tracelsnbtd as macro-elements while nickel (Ni),
copper (Cu), zinc (Zn), cadmium (Cd), mercury (ldgyl lead (Pb) can be considered very toxic and
relatively accessible metals [1],[3].

Essential trace metals become toxic when the rartat supply becomes excessive. A metal in trace
amounts is essential when an organism fails to gnatlve absence of that metal. However, the same
trace metal is toxic when concentration levels edaequired levels [3].

Heavy metals can be present in the water colummanphases, namely dissolved and particulate
phase [4]. The dissolved metal phase changes toatftieulate phase in the water column principally
according to a number of possible pathways, formgta sorption onto clay minerals, sorption and
co-precipitation on hydrous Fe/Mn oxides and sorptand complexation on metals by humic
substances [1].

The aim of this study is to investigate the behawamd transportation of heavy metals by
implementing a heavy metal model in ECOMSED, whgla three - dimensional numerical model
[5]. With hydrodynamic and sediment modules ECOMS$SERZapable of predicting flow circulation,
salt and non-cohesive sediment transportation, siegpo and re-suspension. Thus, the behavior of
heavy metals can be investigated by taking intcsictamation the effect of partition coefficienty(k

on particulate and dissolved heavy metal conceotratby considering various conditions for
hydrodynamic, salt and non-cohesive sediment. Thdemis set up for a simple open channel test
case and the effect of flow structure, partitioefficient, concentration of suspended sediment and
bed load on particulate and dissolved heavy metatentrations are investigated.

2. Behavior and Partioning of Heavy M etals

The dissolved and particulate metal phases arsgoated differently. It is therefore important to
understand the mechanisms effective on the behaghases and transport of heavy metals. All fine
grained materials with a large surface area araldaf accumulating heavy metal ions at the solid-
liquid interface as a result of intermolecular gcwhich is termed as adsorption [1]. Many
researches were carried out about the dissolveganidulate heavy metals [3],[6],[7],[8],[9],[10].
Particulate material within water bodies such asiages is transported as both bed load and in
suspension. The suspended material is affectedutipulent diffusion and vertical settling. The
settling velocity of any particle will depend oB &ize, morphology and specific gravity [1].

When metals are introduced into water containirgpended particulate matter (SPM), a portion of
the metal is dissolved in the water and the renainsl absorbed onto surface of the SPM. The
distribution of the metal fractions between thes® tphases can be described by a partition
coefficient, k, defined as:
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where P is the concentration of heavy metal absbdresuspended sedimenig/() and C is the
concentration of heavy metal dissolved in the watdumn (g/L). The coefficient kis function of
spatially varied water chemistry and is notoriougifficult to quantify in marine waters. It is well
documented and generally accepted that there tsoagsfunctional relationship betweenR &nd
salinity. In many studies only the influence ofisi#y are considered and other direct water
chemistry effects are ignored [11]. In an estuaviiere fresh and salt water mix, changes in the
dissolved metal concentration are known to occtiniwithe water column, with the dissolved metal
concentrations increasing with increasing salif8iy

[12] describes the application of thgdoncept to the study of heavy metal desorpticthénHumber
Estuary. Heavy metal solid-solution partitioningpresented bygjkwas studied along the salinity
gradient of the Humber Estuary. In a study by [B3flepth averaged velocity and sediment transport
model (DIVAST) of the Humber Estuary was used whatbo modelled salinity and sediment
transportation. In [10] a review of partition caeiénts derived from field measurements was
conducted. Equilibrium kfor Cd, Cr, Cs and Zn were determined for the €ly@iweed, Dee,
Humber and Tamar estuaries from field measuremgathered from several studies. The
dependence of theylon salinity was then explored. It was found tlnré is a general reduction in
partitioning with increasing salinity. In a study [L4], the transport of suspended sediment over
intertidal mudflats was investigated as part ofltk#S program at the upper shore of Spurn Bight in
the Humber estuary.

Especially in the last two decades many numeritaliss have been carried out for prediction of
heavy metal concentrations and transportations graome of which are [13], [15], [16], [17], [18],
[19], [20], [21] and [22].

3. Methodology

Three-dimensional numerical model ECOMSED is usedriedict velocities and non-cohesive
suspended sediment fluxes. The parameters need#deefprediction of pollutant fluxes are the flow
depths and velocities which are required for palittransport in the dissolved phase, suspended
sediment concentration which is required for palhitfluxes in the particulate phase, bed elevation,
required to determine water column-bed exchangediment and salinity with which to predict the
partition coefficient variation.

3.1. Hydrodynamic M odel

The ECOMSED is an integrated three-dimensional dgginamic, wave and sediment transport
model designed to simulate time-dependent disiohat of water levels, currents, temperature,
salinity, tracers, cohesive and non-cohesive sadiraed waves in marine and freshwater systems.
ECOMSED uses an orthogonal curvilinear coordingtesn, greatly increasing model efficiency in

treating complex topography and irregularly shapesaistline. It consists of various modules such as
the ECOM hydrodynamic module and the SED sedimeanbsport module. The governing

hydrodynamics equations which are the continuityl @he Reynolds Averaged Navier-Stokes
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equations with hydrostatic pressure assumption Bodssinesq approximation are given in
orthogonal curvilinear coordinate system with sigroeordinate in vertical direction as

a
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where & and ¢, are the arbitrary horizontal curvilinear orthogbc@ordinates, respectively,is the
vertical sigma coordinatel), and U, are the velocity components alongand ¢, directions,
respectively,h and h,are the computational grid sizes fpand &,directions, respectivelyy is the

free surface D is the total water deptlpy is the reference densitg,is the in situ density, g is the
gravitational acceleration, f is the Coriolis pasder, A, and Ky are the horizontal and vertical
eddy diffusivity of turbulent momentum mixing arwd is the vertical velocity component in sigma
coordinate system given as

w:W_i{hzul[aa_D+a_,7j+hluz(o'a_D+a_,7j:|_(ga_D+a_,7) (5)
hh, 98, 08, g, ¢, o ot

71



Baduna Kocyit and Karakurt

in which W is the vertical velocity component in Cartesiaordinate system and t is the time. A
second-order turbulence closure scheme develop&iBhys adapted in the module where all details
of the model can be found in [23]. Mode splittimghnique is used to solve the governing equations.
Further details of the transformation of governgggations, turbulence model, boundary conditions
and the solution technique of the equations cdolned in [24].

3.2. Sediment Transport M odel

The SED module of ECOMSED is the three-dimensigediment transport model which simulates
cohesive and non-cohesive sediments. The threendiovaal advection-dispersion equation for
transport of sediment in Cartesian coordinate sys$egiven as

oC N ouC N ovC . oW -W,)C
ot 0x oy 0z

(6)
0 aC \ 9 aC ) o aC
‘&[“*ﬁ*a—y(‘\*a—y]*&[“ﬁ]

where C is the suspended sediment concentratidhablgd W are the velocity components in x, y
and z-directions, respectivelyyAs the horizontal diffusivity, K is the vertical eddy diffusivity and
W, is the sediment settling velocity. Output from SHEiddule includes the spatial and temporal

distribution of total suspended solids, water catuoconcentrations of cohesive and non-cohesive
sediments, bed fractions of cohesive and non-cebesiediments, the mass of sediment
deposited/eroded and subsequent change in bediefeveRe-suspension of sediments from a non-
cohesive sediment bed is based on the suspendéthieary of [25], [26].

3.3. Description of the Heavy Metal M odel

In modelling heavy metals consideration has toaken into account of the partitioning of the heavy
metal between the dissolved and the particulatsgsharhis partitioning could be described in the
form of the partition coefficientdgiven by Eq. (7).

Ink! = blin(S" +1)|+Ink? @)

where k" is the partition coefficient in cell n and' & thesalinity in cell n, i is the partition
coefficient of the heavy metal in freshwater, istahespecific and is typically in the range 2000-
200,000 I/kg. The constant b is determined expertaily and is typically in the range b = -0.5 to -
1.5.

The heavy metal model was implemented into thetiegiSECOMSED model to enable the
prediction of particulate and dissolved phase hemgtal concentrations and the exchange of
contaminated sediments between the water columrirenided. A similar work was also carried out
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in which this metal geochemistry model algorithmsvimplemented into to a 2-D model, DIVAST
[1]. Fig.1 shows a 1-D schema of the model working.

Box n-1 Box n Box n+1

Cn-l p n-1
ka n—l’v

(o=}
Ak
spm™t " SPM
sPM™ SAM"
Sn-1 g 551 S'1+1
b P

Figure 1: Box model of adjacent segments and gavgirarameters [1]

The main heavy metal processes occurring withinaier column can be summarized as follows:
If there is a bed-water column transfer of sedinana result of erosion/deposition, then as atiesul
the bed level adjustment (positive for erosion)lddae shown to be

Msn = A" p(hI,O - htl) (8)

where M is the mass of re-suspended/deposited sedimeetlin, A" is the plan area of cell p,is

the density of bed sediment andg(h h,) is the bed level adjustment (positive for erofsien
suspension).

If re-suspension occurs in cell n then"Nt positive and V the volume of the overlying water
column in cell n is used to calculate the re-sudpdrsediment concentration. This concentration is
given as:

SPM =M /V" 9)

where SPM' is the suspended sediment concentration gainegt&r column by re-suspension from
bed in cell n arising from the bed and"Né the mass of re-suspended/deposited sediment.

If deposition occurs in cell n thenMs negative and the deposited sediment concemtréigiven
by:

SPM™ =M /V" (10)

where SPM" is the suspended sediment concentration lostdabeell n by deposition.
The bed concentration is adjusted for the addedlrbgt
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P = (MR -MI.P™)

N (Y RES VD ()

where B is the particulate concentration of bed sedimedtarticles re-suspended from bed in cell
n, M{" is the mass of re-suspended/deposited sedimefitisMhe mass of bed sediment in cell n
(My"=A"ph" where R is the thickness of the bed involved in erosiopfdition), B™ is the original
particulate concentration of bed sediment ahtli® the particulate concentration of metal in cell
carried into cell n. The net input of total metkhe cell n can be shown to be of the followingrfo

C™ +SPM™ P"* + SPM.R" + SPM}* P"* (12)

where G is the dissolved concentration of metal in cell parried into cell n, P ' ™ articulate
concentration of metal in cell n-1 carried to celSPM™ is the suspended sediment concentration in
cell n-1 carried into cell n. SPMPR," is therefore the erosional/re-suspension termSpil" L. P

is the depositional term. SPMP"! is the particulate metal input from the previoed.d=or mass
balance, this must equal the output to cell n+1.

C™+SPM™ P"* + SPM.R" + SPM]*P"* =C" + P".SPM" (13)

where C is dissolved metal concentration in cell n cariigd cell n+1, Pis the resultant particulate
concentration in cell n carried into cell n+1, SPsIthe resultant suspended sediment concentration

in cell n carried into cell n+1 wher8PM" = SPM™™ + SPM + SPM; ™.

The fraction of metals on re-suspending particidative to the particles entering the cell from the
adjacent cell due to particle advection is given as

an

a= Pn—l

(14)

and the fractional loss of suspended sediment cirat®n entering the cell by advection SP\but
then being deposited on the bed is:

_ SPM;™
SPM™

B (-ve) (15)

The dissolved metal concentration in cell n iseffiene given by:

C"™ +SPM™.P"™ +SPM.R" + SPM;™.P"" =C" + P".SPM" (16)

and the particulate metal concentration in cefi:n i
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P" =Kk .C" (17)

The advective and dispersive transport of metakhéndissolved and particulate phases is modeled
using standard conservative advection-diffusioragiqu with no decay terms.

4. Modeling analysis of behavior and transport of heavy metals

Once the heavy metal model was implemented into thiree-dimensional numerical model
ECOMSED, the modified model was firstly set up tongate simplified and idealized one
dimensional open channel flow. The channel wasmasduo be infinitely wide, with a flat bottom.
The influence of a range of flow field, salinitydasuspended sediment concentrations and changes
in their values on the behavior and transportabbmeavy metals together with the influence of
partitioning coefficient on particulate and dissadv heavy metal concentrations have been
investigated. The change of metal concentratioi Wgjtvarying with distance, increasing the value
of ky, variation of k with salinity, suspended sediment concentratiod aretal input from bed
sediment was investigated. Fig. 2 shows the opanra with rectangular cross-section and Fig. 3
shows the grid cells in horizontal plane.

LX \ h

hs

Figure 2: Longitudinal profile of the open chanuoeéd in the simulations
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Figure 3: Computational domain in horizontal plane

In order to have a range of flow fields, three eli#nt channel slopes as 1:25000, 1:22500, 1:27500
were used and the depths and water elevations eergen such that normal depth was obtained
along the channel. For channel slopes of 1:25,0® 500 and 1:27 200, the depth below datum
was 1.5m at distance 0.0m and the depth was 2.8dmst@nces 32 500m, 29250m and 35750m,
respectively, for those sloped channels.

The simulation time was set to 62.5 hours wherdithe step for internal module was taken as 5sc,
yielding 45000 computational time steps during datons. In horizontal plane, the grid spacing
alongé; and¢; directions was set to 500m. Thus for channel@besl1:25000, 1:22500 and 1:27500,
the number of grids alon§ were 67, 61 and 74, respectively, while the nundfegrids alongg,
were 12 for all three channels. Free surface flownolary condition was adapted at the entrance and
exit of the channel. In the vertical direction, diVayers were used for all three channels. At the
beginning of simulation, all parameters were setetim as initial condition.

When the influence of channel slope on the flowdtrre is investigated with three sloped channels
given above, it is found that steady uniform flanaichieved such that the water surface is patallel
the channel bottom. The free surface is showngn 4iand the flow field in the surface, middle and
bottom layer is given in Fig.5. Distribution of Webacity component along the centerline of the
channel is illustrated in Fig.6. As can be seemfthe figure, distribution of longitudinal U velagi

is uniform along the channel centerline and loganit distribution of U is present along depth. It
can thus be concluded that the numerical modekrg much capable of simulating open channel
flow.
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0 5000 10000 15000 20000 25000 20000 25000

Distance (m)
- 1/25000 chnanel bed — water surface

Figure 4: Channel bed and water surface in theretaf slope 1:25 000

Figure 5:Distribution of longitudinal velocity corapent U in the surface, middle and bottom
layers of channel of slope 1:25 000
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Figure 6:Distribution of longitudinal velocity corapent U along the centreline of the

channel

Next, the model was set up to observe the abilitthe model of simulating the variation of non-
cohesive suspended sediment concentration (gil)s,Tirecessary boundary and initial conditions for
sediment were introduced. The initial non-cohesgdiment thickness on the channel bottom was
set to 2.0m and the non-cohesive suspended sedipanéentration was set to zero at the outlet
boundary condition. As can be seen in the Fig.7 B8, the distribution of non-cohesive
suspended sediment shows variations along deptex@ected. It can be seen that non-cohesive
suspended sediment transportation near surfacernwthe range of 0.001 — 0.01 g/l while it was in
the range of 0.005 — 0.075 g/l near bottom.
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Non-coh.sed.(g/L): 0.01 0.02 0.03 0.04 0.05 0.06 0.07
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Figure 7: Distribution of non-cohesive suspendatinsent concentration along longitudinal
channel centerline in the vertical direction

Non-coh.sed.(mg/L): 0.005 0.015 0.025 0.035 0.045 0.096%.0.075

Sigma

L I L
1000 2000 3000 4000
Y (m)

0 1 . 1

Figure 8: Distribution of non-cohesive suspendetirsent concentration in the lateral channel
section along depth

Next the model was set up to simulate the distigoudf dissolved heavy metal concentration. As
seen in Fig.9 and Fig.10, distributions of the aligsd heavy metal concentration varied along the
depth of water where the concentration increasau surface to bottom. For instance, the dissolved
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heavy metal concentration at the surface was 0g/T,5uhile it was found to be 0.525 pg/l at the
bottom.

Dis. Hvm Con.(g/l): 0.475 0.48 0.485 0.49 0.495 0.5 0.50510&515 0.52 0.525

1

Sigma

5000 10000 15000 20000 25000 30000
X (m)

Figure 9: Distribution of heavy metal concentratiorthe vertical section along the
longitudinal centerline of the channel section

Dis. Hvm Con.(g/): 0.48 0.49 0.5 0.51 0.52

Sigma

L L I
2000

L L I
3000

4000

0 L L I

1000
Y (m)

Figure 10: Distribution of heavy metal concentratio the vertical section along lateral cross
section of the channel
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The refined model was then set up to simulate #réqulate concentration of heavy metals.
In addition to the boundary and initial conditiogs/en above, the values for partition
coeffifient and the constant b were set to 6,689 Hnd -1.50, respectively. Distribution of
the particulate heavy metal concentration showedatans along depth as would be
expected. However, the model should be set up fimensomplex test cases and then to a
practical water body for validation.

5. Conclusions

In this study, a box model for heavy metal modelmgmplemented into the ECOMSED, a three -
dimensional numerical model to investigate the briaand transportation of heavy metals. With
hydrodynamic and sediment modules, ECOMSED, isadirecapable of predicting flow circulation,
salt and non-cohesive sediment transportation, siepo and re-suspension. In the heavy metal
module implemented, the behavior of heavy metals waestigated by taking into consideration the
effect of partition coefficient (§ on particulate and dissolved heavy metal conaéotrs for various
conditions for hydrodynamic, salt and non-cohes®diment. The model is set up for a very simple
open channel test case and the effect of flow &trac partition coefficient, concentration of
suspended sediment and bed load on particulatedemsdlved heavy metal concentrations were
investigated. This study is an attempt in modehegvy metal transportation and the results found to
be encouraging for this initial state.
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Notations

An plan area of cell n,

Ay and Ky horizontal diffusivity, and vertical eddy diffusty,

An and Ky horizontal and vertical eddy diffusivity of turlawit momentum mixing and

b constant,

P the concentration of heavy metal absorbedispended sedimentsg/L),

C suspended sediment concentration or the ctnatciem of heavy metal,
dissolved in the water columnd/L),

C" dissolved metal concentration in cell n carirgd cell n+1,

ct dissolved concentration of metal in cell n-1rieat into cell n,

D the total water depth,

f the Coriolis parameter,

g the gravitational acceleration,

h; and h the computational grid sizes in theand¢, directions, respectively,

(heo - 1) bed level adjustment (positive for erosionfusgension),

] Location of the grid cell in the x and y ditens,

Kqg a coefficient which is function of spatiallyned water chemistry and is
notoriously difficult to quantify in marine waters,

Kd'" the partition coefficient in cell n,
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