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Summary

In this study generic compartment models are investigated. Such models
are developed and used as described by e.g. Mackay (1991) and Mackay
et al. (1992) and forms the basis in the European Uniform System for the
Evaluation of Substances (EUSES) for risk assessment (EC, 1996).

In this investigation the environmental concentration is considered in re-
lation to the substance exchange between the water column and the sedi-
ment.

The uncertainty analysis is crucia for mathematical models when they
are used as decision support. A systematic approach is needed for deter-
mination of the total model uncertainty and in Sarensen et al. (2001a)
one suggestion, where the overall uncertainty sources are divided in two
types, is presented. This is aso in agreement with definitions in Etienne
et al. (1997). The first type is input uncertainty attributed to the uncer-
tainty in the input parameters for the model. The second type is the
structural uncertainty as a result of the assumptions made in the model.
Only the structural uncertainty will be considered in this investigation as
the input uncertainty is investigated elsewhere (e.g. Jager and Sop,
1995, Jager et al. 1997; Etienne et al. 1997).

The structural uncertainty is difficult to quantify, because a validation can
never be complete in reality. It may be possible to quantify the structural
uncertainty by considering different elements (sub-models) in the model
separately and for each sub-model formulate a more complete model to
identify the discrepancy between the sub-model under investigation and
the more complete model formulation. In this way the structural uncer-
tainty related to the additional assumptions included in the sub-model
under consideration compared to the more complete model will be quan-
tified. This method is attractive for the generic exposure models because
these models involve rather simple mathematical descriptions for the sin-
gle compartments and the interaction between them. Thus, as a part of a
structural uncertainty analysis it is possible to quantify the added uncer-
tainty in the generic sub-models compared to more detailed and thus
more complex models. The simplifications in the generic compartment
models are natural consequences of the goal to perform manageable cal-
culations for decision-makers. Thus, if the uncertainty related to the sm-
plifications in the generic sub-models is acceptable (small) compared to
the total obtainable uncertainty then the simple generic sub-models have
to be selected.

In thisinvestigation the structural uncertainty introduced in the smplified
mathematical formulation of the diffusive sediment uptake will be evalu-
ated on a regional scale. The sediment water system is important when
hydrophobic substances are considered. Measurements of a series of hy-
drophobic substances actualy show a high occurrence in the sediment
layer (Vikelsge, et al. 2001). In the generic compartment models a mean
diffusive transport length approach is assumed for a sediment box of a
specific arbitrary thickness (Mackay et al. 1992). The use of a single ho-
mogenous box is attractive in order to simplify the model, but the addi-



tiona structural uncertainty due to the simplification needs to be quanti-
fied and related to the general uncertainty level of the model.

Two major transfer mechanisms for the water/sediment exchange can be

relevant:

1. Transfer carried by net deposition of solids from the water column to
the sediment surface

2. Transfer due to diffusion in the sediment pore structure

In relation to the description of diffusion between the sediment and water

in generic models the following two questions appear relevant:

1. When will the transfer due to diffusion dominate the total substance
mass transfer?

2. What is the uncertainty in the generic models introduced when the dif-
fusion transfer is described using a single sediment box approxima-
tion?

In this report it is shown how diffusion and deposition of solids drive the
flux of substance between the water column and the sediment, respec-
tively. Initially when a substance is present in the water column (start of
emission) the diffusion will dominate the sediment uptake due to large
concentration gradients at the sediment surface. However, as the time
progresses, the diffusion-induced flux will decrease rapidly, as the con-
centration gradients at the top of the sediment will level out because more
substance enters the sediment layer. In contrast, the substance transfer
due to deposition of solids will not display a high flux initially but rather
avaluethat is proportional to the dissolved water column concentration.

The first case to be treated is when the dissolved water concentration is
assumed constant in time and when the degradation in the sediment and
the laminar boundary layer at the sediment/water column interface are
neglected. In this case the initia diffusive flux will become infinitely
high and decrease rapidly during time. The Flux due to deposition of
solids will not display ahigh initial value but be constant during time and
will thus become the dominating transfer mechanism after a specific time
period. An equation is derived to calculate the time period after which the
flux due to deposition is dominant. However, an additiona time period
needs to progress before the mass of substance in the sediment is gov-
erned by deposition. A maximum value of thistime period is calcul ated.

Under some circumstances it is doubtful to neglect the degradation in the
sediment. Even if degradation is included smple relationships are ob-
tained by assuming a steady-state sediment concentration and a negligible
laminar boundary layer at the sediment/water column interface. This
yields an estimate of the flux due to diffusion and deposition, respec-
tively, when steady-state is obtained in the sediment.

The description of diffusive transfer seems not well established in the ge-
neric compartment model, where the use of a mean transfer length for
diffusion damages the nature of diffusion. The full solution of the gov-
erning equation for sediment diffusion indicates an extremely high rate of
substance uptake, as long as the occurrence in the sediment is limited. On
the other hand, the single sediment box approach yields a constant diffu-
sion rate. After a specific time period the single box approach becomes
more valid, however, that time period can easily be in the order of many
years! In case of steady-state where the emission of substance into the



system is assumed equal to the sediment uptake by diffusion, the one box
approach will always overestimate the dissolved water concentration in
relation to the more complete sediment description. Obviously the dis-
crepancy between the diffusive transfer descriptions will vanish as the
transfer due to deposition of solids on the sediment surface starts to
dominate in the total transfer of substance mass to the sediment. In many
cases the deposition will dominate after a rather short time period and
thus the concept in the compartment models will become acceptable sim-
ply because the diffusive transfer is negligible.

Thus, in conclusion, it appears that the one sediment box approach seems
insufficient to include a redistic diffusion mechanism. But in many cases
the deposition and thus the burial from the sediment box of fixed thick-
ness will become the dominating factor in the sediment/water column ex-
change of substance and in those cases the inadequate description of dif-
fusion will not be important.

In reality bio-turbation can be important for the substance transfer and
one argument for using a single box to describe the diffusion in the sedi-
ment is that bio-turbation will tend to form a well mixed top layer at the
sediment surface. However, the opposite argument seems more valid be-
cause bio-turbation will increase the diffusive rate of uptake, and thereby
increase the structural uncertainty for the single box model, when the dif-
fusive uptake is underestimated in general.

The reason for this confusion is due to the fact that the single box ap-
proach, astypically implied in the compartment models, is amix between
a diffusive model and a completely mixed model. The sediment layer is
assumed completely mixed when the mass balance is made, where the
layer is represented by a single concentration value. However, when the
transfer of substance to the sediment layer is estimated a mean diffusive
length of transfer is used, which assumes diffusive concentration stratifi-
cation in the layer. If the sediment layer were assumed completely mixed
in a consistent way then there would have been instantaneous equilibrium
between the water column concentration and the sediment layer concen-
tration.

The generic compartment models need to be mathematicaly simple in
order to be applicable to decision support and a more realistic description
of the diffusive transfer into the sediment will introduce a rather high
level of mathematical complexity. Thus, an appropriate suggestion could
be simply to accept the generic compartment models as valid when the
diffusive description is negligible. However, more detailed models are
necessary for the special cases where the diffusion controls the wa-
ter/sediment exchange. This investigation ends up in a pragmatic guide
for handling of this problem.






Resumé

| denne rapport er generiske compartment modeller undersagt. Disse mo-
deller er udviklet og brugt som beskrevet af f.eks. Mackay (1991) og
Mackay et al. (1992) og danner basis i "European Uniform System for
Evaluation of Substances’ (EUSES), der anvendes til risikovurdering af
miljefremmede stoffer (EC, 1996).

| denne undersagelse er de beregnede koncentrationer undersagt i forbin-
del se stofudveksling mellem vandfase og sediment.

En usikkerhedsanalyse af matematiske modeller er afgerende ndr de an-
vendes til bedutningstagning. En systematisk tilgang er ngdvendig nar
den totale modelusikkerhed skal bestemmes og i Sarensen et al. (2001a)
er en fremgangsmade praesenteret, hvor de samlede usikkerhedskilder er
inddelt i to typer. En sddan definition er ogsa foresldet i Etienne et al.
(1997). Den farste type er usikkerheder fra modellens inputparametre.
Den anden type er den strukturelle usikkerhed, der stammer fra model-
strukturantagelserne. Det er kun den sidstnaevnte type der vil blive om-
handlet her, da undersggelser omkring inputusikkerheder kan findes i
f.eks. Jager and Sop, 1995, Jager et al. 1997, Etienne et al. 1997.

Den strukturelle usikkerhed er svag at kvantificere fordi en validering al-
drig vil vaze fuldstaendig. Ved at dele modellen op i undermodeller og
for hver undermodel at lave mere komplekse formuleringer, kan man fa
et bud pé strukturusikkerheden som felge af aandrede proces- og struktur-
beskrivelser. Denne metode er attraktiv for generiske modeller, da de in-
volverer relativt ssmple matematiske udtryk for hver enkelt compartment
og interaktionerne mellem dem. Som en del af en strukturel usikkerheds-
analyse er det sdledes muligt at kvantificere usikkerhederne i de generi-
ske undermodeller sammenlignet med mere detaljerede og komplekse
modeller. Forenklingerne i de generiske compartment modeller er natur-
lige konsekvenser af gnsket om at udfere |ettil gaangelige beregninger for
bedlutningstagere. Hvis usikkerhederne relateret til forenklingerne i de
generiske undermodeller er sma sammenlignet med den totale usikker-
hed, sa skal disse simple modeller derfor anvendes.

| denne undersagelse skal den strukturelle usikkerhed, fordrsaget af de
forenklede matematiske beskrivelser af det diffusive sedimentoptag,
evalueresi regional skala. Sediment-vand systemet er vigtigt i forbindel-
se med skasbnen af hydrofobe stoffer, hvilket understettes af malinger der
viser hgje koncentrationer af hydrofobe stoffer i sediment (Vikelsge et al.
2001). | generiske compartment modeller antages en gennemsnitlig diffu-
siv transportlaangde i en sedimentboks af vilkarlig tykkelse (Mackay et al.
1992). Anvendelsen af en sadan laangdeparameter i en homogent opblan-
det boks er attraktiv n&r modellen skal forenkles, men den tilfgjede
strukturusikkerhed forarsaget af forenklingerne skal kvantificeres og re-
laterestil det generelle usikkerhedsniveau for modellen.
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To overordnede transportmekanismer for vand-sediment systemet er re-

levante:

1. Transport ved netto-sedimentation af partikler fra vandet til sediment-
overfladen.

2. Transport ved diffusion i sedimentporestrukturen.

| relation til beskrivelsen af udvekslingen ved diffusion mellem vand og

sediment i generiske modeller, er falgende spargsmal relevante:

1. Hvorndr vil transporten som falge af diffusion dominere den totale
stoftransport.

2. Hvad er usikkerheden i de generiske modeller, som falge af at diffusi-
onen beskrives ved en enkelt sediment boks.

| denne rapport vises det hvorledes henholdsvis diffusion af oplast stof og
deposition af suspenderet stof driver fluxen af stof mellem vandfasen og
sedimentet. | begyndelsen af en given emission, nar stoffet ferste gang
optreader i vandet, vil diffusionen dominere transporten til sedimentet pa
grund af en stor koncentrationsgradient ved sedimentoverfladen. Efter-
handen som tiden gér, vil den diffusive flux aftage hurtigt, fordi stofmas-
sen i sedimentet vokser og gradienten aftager. | modsadning hertil vil
stoftransporten forérsaget af deposition ikke vaare stor ved start men stige
med tiden, da den er proportional med koncentrationen af oplest stof i
vandet.

Det farste tilfadde der behandles er, nér den totale koncentration i vandet
antages at vaae konstant i tiden og nedbrydningen i sedimentet er nul, li-
gesom det laminaae vand-sediment graanselag er negligeabelt. | dette til-
fadde, er den initielle diffusive flux uendeligt stor og vil aftage hurtigt
med tiden. Fluxen ved deposition af suspenderet materiale vil vaae kon-
stant og vil sdledes blive dominerende efter et bestemt tidsinterval. En
ligning opstilles til beregning af tiden hvor den diffusive flux er domine-
rende. En yderligere tidsperiode skal forlgbe far den samlede stofmasse i
sedimentet er styret af depositionen. En maximumveadi for dette tids-
forlab er fundet.

| nogle situationer er det fejlagtigt at negligere nedbrydningen i sedi-
mentet. Hvis den medregnes kan der opstilles nogle simple udtryk for
steady-state koncentrationen i sedimentet, hvilket giver et estimat af den
relative betydning af diffusion og deposition.

Beskrivelsen af den diffusive transport er ikke velunderbygget i den ge-
neriske compartment model, hvor anvendelsen af en middel transport-
langde strider mod principperne for diffusionsprocessen. Den fulde |@s-
ning af sedimentdiffusionsligningen indikerer en ekstremt hgj stofoptags-
rate, s laange forekomsten i sedimentet er begramset. | modsagning her-
til, giver den enkelte sedimentboksi den generiske model en konstant dif-
fusionsrate. Efter en given tidsperiode bliver enkeltboks tilgangen mere
gyldig, men den nadvendige tidsperiode kan vaare mange ar. | tilfaddet
hvor der er steady-state, det vil sige, hvor emissionerne af stof ind i sy-
stemet er lig med sedimentoptaget ved diffusion, vil enkeltboks modellen
altid overestimere den oplgste koncentration i vandet i forhold til den me-
re fuldsteendige sediment beskrivelse. Det er givet at forskellen i diffusi-
onsbeskrivelserne vil aftage efterhanden som depositionen af partikler til
sedimentoverfladen begynder at overtage i den samlede transport.



Det kan konkluderes, at tilgangen ved de genetiske modeller ikke beskri-
ver diffusionsprocessen i sedimentet tilfredsstillende. | mange tilfadde vil
depositionen og den efterfalgende begravning af stof imidlertid dominere
stoftransporten efter en bestemt tidsperiode og den resulterende uover-
ensstemmelse vil derfor blive acceptabelt pa grund af det ubetydelige dif-
fusionsbidrag.

Bio-turbation kan vage vigtig for stoftransporten og et argument for at
anvende en enkeltboks til at beskrive diffusionen i sedimentet er, at bio-
turbation kan danne et opblandet overfladelag i sedimentet. P4 den anden
side vil bio-turbationen gge den reelle diffusionsrate og herigennem
yderligere gge den strukturelle usikkerhed hidrgrende fra den i forvejen
understimerede diffusionsrate.

Grunden til forvirringen omkring diffusionsbeskrivelsen er, at enkeltboks
modellen er en blanding mellem en diffusionsmodel og en fuldstaandigt
opblandet model. Sedimentet antages at veae fuldstaandigt opblandet nar
massebalancen opstilles repraesenteret af én enkelt koncentrations vaadi.
Nér diffusionstransporten skal beregnes, anvendes imidlertid en gennem-
snits diffusionslaangde, som danner en diffusionslagdeling i sedimentbok-
sen. Hvis sedimentet antages at vaare fuldstaandigt opblandet i alle bereg-
ningshenseende, sa ber der vaare umiddelbar ligevasgt mellem vandet og
sedimentet.

Generiske compartment modeller skal vaare matematisk simple for at vee
re anvendelige til besutningstagning og en mere realistisk beskrivelse af
diffusionstransporten i sedimentet vil indfare et hgjt matematisk kom-
pleksitets niveau. En passende fremgangsmade er, at acceptere de generi-
ske compartment modeller som optimale séfremt diffusionen er ubetyde-
lig. Mere detaljerede modeller er imidlertid ngdvendige i de situationer
hvor diffusionen styrer sediment-vand stofudvekslingen. Denne undersg-
gelse munder ud i en praktisk vejledning til handtering af denne problem-
stilling.
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1 Introduction

Basically the environmenta risk of a chemical depends both on the tox-
icity and the expected environmental exposure level. Both of these quan-
tities are difficult to predict, however, estimates are necessary in the risk
assessment. The high uncertainty is compensated by introducing safety
factors to form conservative estimates and thereby secure that no unac-
cepted harm will occur. The prediction of environmental exposure levels
is a central topic in the risk assessment and the focus of this work. The
predicted exposure level is often calculated using environmental fate
models primary based on a compartment model paradigm, where the sub-
stance distribution within different compartments (media) is considered.

Generic fugacity models are developed and used in most cases to predict
exposure as described by e.g. Mackay (1991) and Mackay et al. (1992).
This type of models forms the basis in the European Uniform System for
the Evaluation of Substances (EUSES) system of models for risk assess-
ment (EC, 1996). In EUSES the ratio between the effect concentration
and the predicted concentration is calculated. In exposure assessment
different spatial and temporal scales can be considered depending on the
problem of concern. In some cases local problems needs to be analyzed
e.g. at an outlet from a wastewater treatment plant, where the local stream
is described in alocal compartment model. In other cases the background
concentration level is estimated for a larger area (regional, national or
global scale). The time scale can also be different, where in some cases
the peak concentration is related to the acute toxic effect or in other cases
the long term exposure is of primary concern. In EUSES both alocal and
aregional exposure is calculated. These different scalesin time and space
induce different model setups and different sources of uncertainty. It is
very important to consider the uncertainty of the model estimates and to
gather as much empirical information as possible of actual measured ex-
posure levels.

M easurements of some substances may give useful information to make
predictions for new/not investigated substances. The system to be consid-
ered is rather complex and the resources for deducting investigations ap-
parently will always be limited. Thus, the task is to accept, but minimize,
the lack of knowledge (uncertainty). Neither the empirical knowledge nor
the mathematical models can stand alone, because they have different
weaknesses and benefits and thus need to be combined in order to obtain
optimal knowledge in the exposure assessment.

The uncertainty analysisis crucia for mathematical models used as deci-
sion support. In principle when the uncertainty is not known, any model
prediction will be useless. The model user may have a more or less intui-
tive idea about the actual uncertainty in a specific calculation or he/she
may just use the model prediction to seeif the result isin conflict with an
‘expert judgement’. However, if the model predictions shall act as a pow-
erful information source the uncertainty needs to be identified based on
objective and well established methodologies. In such a methodology it is
necessary to take a systematic approach in the uncertainty analysisin or-
der to be sure that all uncertainty sources have been taken into account in
the final uncertainty estimate. Otherwise the uncertainty analysis may

13
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turn out to be more harmful than fruitful because a false reliability is
added to the model prediction by the incomplete uncertainty analysis re-
sult and thisis a pitfall in probabilistic risk assessment.

Different systematic approaches can be used to form a complete uncer-
tainty analysis and one is described in Sarensen et al. (2001a), where the
overall uncertainty sources are divided in two types. The first type isin-
put uncertainty attributed to the uncertainty in the input parameters for
the model. The second type is the structural uncertainty as a result of the
assumption taken in the model. Thisis also in agreement with definitions
in Etienne et al. (1997). Different attempts have be made to include input
uncertainty analysis into the EUSES (Jager and Sop, 1995, Jager et al.
1997; Etienne et al. 1997). In general a series of methods exist to investi-
gate the input uncertainty, however, it is more problematic to find a
method to quantify the structural uncertainty.

The best way to quantify the structural uncertainty would be a validation
using measured exposure values. This has to be done when possible.
However, a validation will never be complete, because the system is to
complex compared to the limited resources. The dilemma in the quantifi-
cation of the structural uncertainty can be formulated as follows: If the
structural uncertainty is going to be quantified completely then the model
under consideration needs to be compared with a ‘perfect’ model. If this
Is possible then it is possible to replace the model under consideration by
this ‘perfect’ model and avoid the structural uncertainty.

One possible way to quantify the structural uncertainty is to analyze a
delimited sub-model from the generic compartment model. A more com-
plete model is then formulated as an alternative to the sub-model and
compared to the sub-modeling results. The discrepancy between the sub-
model and the more complete model yields the structural uncertainty re-
lated to the additional assumptions which is used in the sub-model but
not used in the more complete model. This method is attractive for the
generic exposure models because these models involve rather smple
mathematical descriptions for the single compartments and the interac-
tion between them. Thus, as a part of a structural uncertainty analysis it
would be possible to quantify the added uncertainty in the generic sub-
models compared to more detailed and more complex models. The sim-
plifications in the generic compartment model are natural consequences
of the goa to perform manageable calculations for decision-makers.
Thus, if the uncertainty related to the simplifications in the generic sub-
models is acceptable (small) compared to the total obtainable uncertainty
then the ssmple generic sub-models have to be selected.

The selection of sub models in this work is illustrated in Fig. 1.1. The
sediment is selected because of the tendency to act as a sink, wherein
exobiotics are accumulated and the sediment water system is, therefore,
important when hydrophobic substances are considered. Measurements
of a series of hydrophobic substances actually show a high occurrence in
the sediment layer (Vikelsge, et al. 2001). This project is a part of alarger
project and both the references Fauser et al. (2001) and Sarensen et al.
(2001b) are relevant for evaluation of the generic compartment models.
The uptake into the sediment is relevant for the regional exposure model.
At the local scale in EUSES the sediment is assumed in equilibrium with
the water column, which eliminates the necessity for a description of the
uptake.
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Figure 1.1 Selection of the sub model for further analysisin this investigation.

The generic risk assessment models (Mackay type) for exposure de-
scribes the water sediment exchange using a mean diffusive transport
length approach for a single sediment box of a specific arbitrary thickness
(Lseg) (Reuber et al. 1987 and Mackay, 1991). Consequently the single
box will have a linear concentration profile. This is obviously a smplifi-
cation compared to the solution of the local differential equation within
the sediment layer having diffusion as transport phenomenon and the re-
sulting structural uncertainty needs to be known by the user of the ssimple
generic models. The difference between the generic model and a more
realistic diffusion model isillustrated in Fig. 1.2
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Figure 1.2 The principle in the two sub models analyzed in this investigation.
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The transfer of substance between the water column and the sediment is
governed by complicated conditions. Thus, any realistic model for de-
scribing the mechanism will be rough estimates of reality only. The fol-
lowing transfer mechanism can be relevant:

1. Transfer carried by deposition of solids from the water column to the
sediment surface

2. Transfer carried by resuspension of solids from the sediment to the
water column

3. Transfer due to adjective flow between the sediment and the water
column

4. Transfer dueto diffusion into the sediment pore structure

The two first mechanisms will in this investigation will be considered as
one net deposition. The actua deposition is assumed to be larger than the
resuspension due to the primary production and supplement of solids
from surface water and waste water treatment plants (the last one typi-
cally being of minor importance). Mechanism 3 will not be included in
this study, as the advective transport into the sediment is not included in
the generic compartment models. Mechanism 4 depends on the actua
concentration profile in the very top of the sediment and is as such crucial
when the sediment is described using a one box approximation as in the
generic compartment models. In relation to the description of the sedi-
ment/water transfer in generic models the following questions appear
relevant:

1. When will the transfer due to diffusion dominate the overall substance
mass transfer?

2. What is the uncertainty in the generic models introduced when the dif-
fusion transfer is described using a single box approximation for the
sediment?

The answer to the first question will identify when it is important to con-
sider the diffusion mechanism as crucia. Chapter 2 deals with this ques-
tion, where the equations for diffusion and deposition are derived. In
chapter 3 the generic compartment model equations for the sedi-
ment/water exchange is shown and related to the basic diffusion proper-
ties. In Chapter 4 the diffusion is solely investigated and the generic
compartment model is compared to a diffusion model which takes into
account the formed concentration profile. The conclusion ending up in a
operational guide-lineis given in chapter 5.
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2 The sediment/water exchange using a
diffusion/deposition description

The substance transfer between the water column and the sediment is as-
sumed controlled by three mechanisms. (1) Diffusion of dissolved sub-
stance through the hydraulic laminar film at the sediment surface. (2) Net
deposition of solids from the water column to the sediment surface con-
stant in time. (3) Diffusion of dissolved substance within the sediment
pores. The deposition and resuspension is considered in this investigation
as a net deposition (deposition minus resuspension). First non-steady-
state conditions for the sediment are described where degradation is ne-
glected. Afterwards steady-state is assumed and the degradation in the
sediment is included. The influence induced by the hydraulic laminar
film will not be included in the equations but discussed separately.

2.1 Governing equation for the sediment concentration
profile

The diffusion transport flux equation is

acﬂ 21
oX

Flux,, =-D
where Fluxgs is the substance flux (Mass/mz-s), Ciss 1S the dissolved
substance concentration, D is the diffusion coefficient (m?s) and x is the
distance. A local mass balance for an infinite thin sediment layer (dx) in
combination with Eq. 2.1.forms

2
C_. =R .-C
axs’zd'ss , WhereR, =6 +K, -0 and thus Codiss " Msitot 2.2

where Csiss IS the dissolved concentration in the sediment pore water, D ¢
is the molecular diffusion coefficient modified for the sediment pore
system, Rs is defined as the retention factor for the sediment as a result of
adsorption to the sediment pore structure, ¢ is the porosity (volumetric
water content) of the sediment, Ky is the linear adsorption coefficient for
the sediment (I/kg) and o is the dry bulk density (kg/dm®) of the sedi-
ment. The concentration Cs IS the total concentration per sediment vol-
ume (ug/l) including both the dissolved and adsorped fraction.

The degradation of both substance and the sediment solids are neglected
in Eg. 2.2. This equation is used in the following analysis in order to in-
vestigate the influence on the substance transfer due to both diffusion and
the deposition of solids on the sediment surface. In a natural system con-
tinuous deposition of solids will take place on the sediment surface.
These solids will adsorb substance in the water and thus participate in the
transfer of substance from the water column into the sediment. The sedi-
ment surface will slowly be elevated due to this sedimentation as illus-
trated in Fig. 2.1. The diffusion in the sediment locally as described by
Eqg. 2.2 is till valid in this case, however the solution of the equation be-
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comes more difficult due to the upward moving sediment surface. Thus,
Eqg. 2.2 is transferred into the moving space coordinates (X') from the
fixed space coordinate (x) in order to fix the boundaries for the differen-
tial equation, see Fig. 2.1. The X' value is defined to be zero at the sedi-
ment surface.

» time, t

Sediment

f
Dep R =::f———=:::::::::117’—’—— S
0

0
X=X -vi v
v ']
X X
Fixed space coordinate Moving space coordinate relative to

the sediment surface

Figure 2.1 Illustration of the sediment build up due to deposition of solids. Definition of two space coordinates: A
fixed coordinate (x) and a moving coordinate following the sediment surface (X').

In Fig. 2.1 the relationship between the two space coordinatesis given as
X'=X+V-t 2.3

where v is the upward moving velocity of the sediment surface (m/s).
The so-called chain rule is used to transfer the differential equation into
the moving coordinate system:

oC. . - .
&m$|::ackm$'9§"+acam$ 24
ot ox  dt ot |

|X

where | and | isthe partial derivative in time for constant x and X,

respectively. A combination of the Egs. 2.2, 2.3 and 2.4 yields a differ-
ential equation for the substance distribution in the X' coordinate system
(relative to the sediment surface) as

oC 0°C oC,
:_Ei. V- s,diss 25

ot R, ox? X'

s,diss s,diss

where v is the upward velocity of the sediment surface (m/s) due to the
deposition of the solids which will be assumed constant in the solution.



Thisyields the following initial and boundary conditions
Csdis=Cuwdiss, for X' =0, t>0 2.6a
Csaiss=0, for X >0, t=0 26Db

where the dissolved concentration in the water column, C,, giss, IS assumed
to be constant and Csgiss IS the dissolved concentration in the sediment
pores. The influence from the laminar film at the water/sediment inter-
face is neglected by the condition of constant Cs s Value at the sediment
surface (Eq. 2.6a).

2.2 Constant dissolved water column concentration

An analytical solution of Eq. 2.5. is manageable for constant concentra-
tion of dissolved substance in the water column (C,, gis CONstant in timein
Eq. 2.6a). The solution of Eq. 2.5 is shown in Appendix A (Eg. A.11) and
the dissolved concentration in the sediment pore water (Csgis) as a func-
tion of X' and t becomes

X-V-R,
1 1 ’R X 1 ’R X
Cs,diss:E‘Cw,di&s' erf{z‘ D_S.(W_V'ﬁ}]-ke D, 'effC{E‘ D_S[W-H/\/E}] 2.7
s S

The flux (ug/(m?h)) into the sediment by diffusion is described as

aCsdi:vs
Flux,, =-D;- ’ 2.8

s X'

x'=0

Eqg. 2.7 is differentiated at the sediment surface (X' =0) (see Appendix A,
Eg. A.14) and combined with Eq. 2.8 to give an equation for the diffusive
exchange between sediment and water column as

1 [Rt)
{2 D._. 1
Flux, :%'Cw,dis' 2-e[2 DS) -N/S—F—V-Rs-erfc(%-v- RSD—] 2.9
- \ D,

In case of no deposition of solids on the sediment surface (v=0) the Egs.

2.7 and 2.9 becomes:
Csdissv:O :deiss'erf l.x, i 2.10
T ' 2 D, -t
and
D. .
Flux v=0 = Cw,diss : S—RS 211

-t

The two constants Ds and Rs needs to be known before this equation can
be applied.
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As a first approximation for Ds the following relationship between the
molecular weight (MW) and the diffusion coefficient is useful (Schwar-
zenbach et al. 1993):

0.5
MW,
Dw,unknown = Dw,known (W) 2.12

unknown

Benzen is used as known substance (D, = 10° m?/s and MW=78 g/mol,
(Schwarzenbach et al. 1993)) in Eq. 2.12 to from the plot in Fig. 2.2,
where the D, valueis estimated for different MW values.

2,5E-09

2.0E-09 | |Va|ue for Benzene

1,5E-00 | /
1,0E-09

5,0E-10 |

0,0E+00

Estimated D, value based on
Eqg. 4.12 (Benzene as known)

0 100 200 300 400 500 600 700 800 900 1000

Molecular weigth (g/mol)

Figure 2.2 Estimated D,, values as a function of the molecular weight using Eq. 2.12 and Benzene as
the known substance.

It isseenin Fig. 2.2 that the D, value is rather constant for higher values
of MW. Organic pollutants of higher hydrophaobicity will often have a
weight above 100-200 g/mol. Thus, according to Fig. 2.2, the D,, values
will not exhibit large variation for such substances. It is further reason-
able to assume a close relationship between Dg and D,,, SO a rather con-
stant D,, value indicates also a limited variability of the Ds value. Con-
trary, the Rs value can easily change dramatically due to differences in
the sediment and substance adsorption properties. When Ds isinvolved in
Eq. 2.9 the two parameters Rs and Ds aways acts as pairs either as prod-
ucts or as ratios. Thus, a high uncertainty related to Ry compared to Ds
will pin point the Rs parameter to be the dominating source of uncertainty
when the sediment/water exchange has to be described in a mathematical
model. Nevertheless, in this argumentation the bio-turbation is neglected,
which may increase the effective diffusion into the sediment and thus in-
troduce additional uncertainty into the Ds value.

The square root relationship between the diffusion coefficient and the
Flux (Egs. 2.9 and 2.11) combined with Eq. 2.12, relating the molecular
weight to the diffusion coefficient indicates nearly no effects on the
Fluxgi value due to different molecular weight. This can be illustrated
by comparing the Fluxg for two different substances assuming v=0: (1)
benzene and (2) a substance having the same R value as benzene but a
different diffusion coefficient due to a different MW. The second sub-
stance is arbitrary and selected only to compare differences due to realis-
tic differences in the diffusion coefficient value. The ratio between the
diffusive flux of benzene (Fluxg penzene) @nd the flux of an arbitrary sub-
stance (Fluxgis, ) Can be calculated by combining Egs. 2.11 and 2.12 as



I:qudiff,s:ub _ MWbenzene o 213
MW, '

Fl uxdiff ,benzene

Eqg. 2.13 is used in Fig. 2.3 using benzene as know substance and the
Fluxg value for substances having a higher molecular mass than benzene
is seen to be nearly constant independent on the molecule mass. In this
analysis only the differences in the diffusion coefficient is considered
while in reality the hydrophobicity (in terms of Ry) and thus the Fluxgis
value will indirectly be dependent on the molecular weight as well.
Higher molecular weight will in general result in a large molecular vol-
ume and thus in a higher degree of hydrophobicity (higher Rs value)
which will increase the substance flux into the sediment.

Flux ratio due to different Ds

values

.!_\
o1

100 200 300 400 500 600 700 800 900 1000

Molecular mass (gZ/mol)

Figure 2.3 The ratio between the flux of benzene and the flux of a substance having different diffusion

coefficient due to different molecular mass. All other properties are assumed the same.
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time=t

Deposition

Sediment

The substance mass per unit area included in the sediment due to deposi-
tion of solids (massyey) during an infinitesimal short time step (dt) is de-
scribed in Fig. 2.4.

time=t+dt Freshly deposited material

Freshly deposited substance mass per
unit area and during dt (dmassye
(Mass/m?), using the definition of Rsin
Eqg. 2.2 and the boundary conditions in
Deposition Eq. 2.6a

-dx

x'=0

=R, -C,, 4 "X

dmassy, = C

s,tot

-
B—

Sediment

Figure 2.4 The substance mass included in the sediment as a result of deposition of solids on the sediment surface
during the infinitesimal time step dt.

Using the relationship for dmassyy, derived in Fig. 2.4 the following
equation can be derived for the flux of substance to the sediment due to
deposition:

dmass,,, dx

dt =R, Cy s _t =R, -C, 4V 214

FluX,,, = r

where the retention factor Rs for the newly formed sediment is assumed
similar to the value for the former deposited sediment layer below.

The following dimensionless factor is characteristic for the wa-
ter/sediment exchange flux:

2.15

because the flux due to diffusion (Fluxg¢) is expressed in a simple way
by combining the Egs. 2.9, 2.11 and 2.15 as

Fluxg, = FluXq o - (e*AZ —r - A erfc(A)) 2.16



where Fluxgs=0 1S the flux value due to diffusion in case of no deposi-
tion of solids (v=0) as described by Eq. 2.11. In asimilar way Eq. 2.14 is
rewritten as

Fluxy, = FluXgq o V47T - A 217

From Eqgs 2.16 and 2.17 it is seen that the ratio between Fluxg¢ and the
total flux (FluxgrtFluxge) is a function only of A (note: The FluXgiy=o

Flux,,

cancels out in the flux ratio). The ratio Is shown as a
Flux,, + Flux,,

function of AinFig. 2.5.
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Figure 2.5

Flux,,, + Flux,

Flux

as a function of A (Eg. 2.15) calculated using the Egs. 2.16 and 2.17.

Critical values of A are useful in order to identify the predominant flux as
either Fluxy or Fluxqe,. The diffusive transport is seen to dominate when
A is below about 0.2 (cf. Fig. 2.5) while the transport by deposition will
dominate when the A value is above 0.2. Initialy the diffusion will al-
ways be dominant because A is zero for t=0. But, the A value will in-
crease during time and after a specific critical time period A will become
above 0.2 indicating that the deposition of solids on the sediment surface
starts to dominate. When the time has progress for a longer period the A
value becomes above about 0,6 and the deposition will be the only sig-
nificant transport mechanism for the flux.

The specific Flux (m/s) values are defined as:

Flux

specific Flux = 2.18

w,diss

Both the Egs. 2.9 and 2.14 predict the actual Flux to be proportional to
the Cy, g4s Value. Thus, the actua Flux to a given time is ssimply the cal-
culated specific Flux multiplied by the dissolved water concentration.
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The specific mass per unit sediment surface area (m) can be calculated as

t t
specific mass= 2 _ 1 1R dt = J(specific Flux) dt 2.19

w,diss Cw,diss 0 0

where mass is the total mass of substance in the sediment per unit area
(Mass/m?). In the following the mass of substance in the sediment as a
result of diffusion will be denoted massys and the corresponding mass
due to deposition will be denoted massyep.

Using the values for DEHP: D&=2-10"" m?s, R=10600 and v= 2.5
mm/year, as suggested by Vikelsge et al. (2001) for Roskilde Fjord, the
Egs. 2.9, 2.14 and 2.19 is used to calculate the specific Fluxg¢ and Flux-
dep respectively as a function of time in Fig. 2.6. The two Flux values are
equal after about 5 days, which is equivalent to at A value of 0,2, in
agreement with the prediction in Fig. 2.5 of the Fluxgs value being half
of the total Flux.

1,5E-06 — = = -Spec. Flux(m's) 1,5E-04
\ —=Spec. Mass (m)
\
- 1,2E-06 7 |Deposition part - 1.2E-04
o ] ’é
IS ' =
;’ 9,0E-07 4 | - 9,0E-05 @
>
T e
3 o
£ 6,0E-07 - - 6,0E-05 5
i) (5]
o o
& %)
3,0E-07 -~ - 3,0E-05
0,0E+00 0,0E+00
0° 20% 40 60 80 100

Time (d)

Figure 2.6 The specific flux and the specific mass (per unit sediment area) as a function
of time due to diffusion and deposition, respectively.

After about 22 days the specific massy is equal to the specific massye,
and afterwards the deposition of solids at the sediment surface will be the
dominating factor for the substance mass in the sediment. The Fluxgs
value is very high initially compared to the Fluxge, Value so the intersec-
tion between the mass curvesin Fig. 2.6 happens in a much later time pe-
riod than the intersection of the Flux curves.

The specific mass;s can be calculated by combining Egs. 2.9 and 2.19.
However, it is not possible to obtain an analytical solution of the integral
(Eqg. 2.19) to get a parametric functiona relationship between time and
massyi¢r. Thus, only numerical integration of Eg. 2.9 is possible. Such
numerical integration have been done and the following relationship is
identified at any wanted numerical accuracy:

D
mass;; =— for t— oo 2.20
Vv




It is surprising that a complicated operation like a numerical integration
of Eq. 2.9 yields a simple relationship as Eq. 2.20. It has not been possi-
ble to derive the relationship between Eq. 2.20 and Eq. 2.9 explicitly, due
to the need for a numerical integration, so Eq. 2.20 is ssmply aresult of a
numerical experiment testing a combination of series of Ds, Ry and v val-
ues. The following parameter value intervals are tested: Ds below 1.10°
m?/s, Rs above 100, and v above 0.5 mm/year. The Rs value was impor-
tant for the rate of convergence asillustrated in Fig. 2.7.
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Figure2.7 The convergence of the specific mass;y for two different Ry values.
Ds=4,5-10"° nf/s and v=2 mm/year.

From this analysis the following ratio can be defined using Egs. 2.14,

2.19 and 2.20:
specific massgjff for t — oo 2R
Ratiogiff <_—— il — = ! =1 o=l sy 221
specific massgjff for t+ Specific massgep v2-RS 1+B Dg
1=t
Ds

where the parameter Ratiog¢ is smaller than the maximum ratio of sub-
stance mass in the sediment which can be attributed to diffusion. e.g. If
the Ratiogs value is 0.1 then the diffusion mechanism will account for
less than 10% of the total substance mass in the sediment at the time
value t. B is a characteristic dimensionless parameter. The B factor will
also be identified as characteristic in the next paragraph. If the time scales
under consideration is so large that the Eqg. 2.21 predicts the influence
from diffusion to be negligible then it will be possible to neglect diffu-
sion in the model for sediment water exchange because the deposition of
solids will dominate.

2.3 Constant emission of substance to the water phase

The dissolved substance concentration in the water column was assumed
to be constant in the above section, while in reality it may be more realis-
tic to assume the emission of substance to the water compartment to be
constant in time. In this case the dissolved water concentration (Cy giss)
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may change with time. In this case initialy the flux into the sediment due
to diffusion will be equal to the emission into the water, while in case of
constant C,, qiss Value the initial Fluxg« will be infinite. However, it seems
more difficult to perform an analytical solution of Eg. 2.5 based on the
assumption of constant emission compared to the previously solution
(Eg. 2.7), where the C, 4 Value was assumed constant. Therefore, a
more approximately method using the thin layer diffusion assumption
will be used to replace the differential equation Eq. 2.5.

The basic assumption in this theory is that the substance is transported
though a layer having neither accumulation nor degradation. The space
average of the Flux value (Fluxa,) within the layer at any time will be
(Using Eg. 2.1):

L L C,
Flux,, =£-JF|UXdX=1JDaC£dX=EJdCdi’S :B(Cl—Cz) 2.22
L L) ox Ll L

where C; and C; are the upper and lower boundary value (just above and
below the layer) respectively, for the dissolved concentration. Eq. 2.22
may seem surprising since a smple relationship for the spatial average
flux is identified independently of the actual variation in the C value
within the layer. This equation will aways be true also in cases where
the change in concentration values within the film is non-linear.

If no accumulation takes place in the layer then the amount of substance
entering the film will be equal to the amount leaving and therefore, the
flux will have the same value independently of distance within the layer.
If the diffusion and retardation coefficient are assumed constant then a
constant flux though the layer will give a constant concentration gradient
which again yields a linear concentration profile. In this case the flux
though the entire layer will be equal to the average flux given by Eq.
2.22.

Dissolved concentration in
water column: C,, giss

|
Deposition of solids

Sediment
surface

Contaminated layer dur-
ing deposition

AN AN > I

\/W\/ Layer formed before

Flux by diffusion through the contamination
contaminated layer - :

Figure 2.8 Formation of sediment as a result of deposition. The emission starts at t=0, the formed sediment
subsequently being contaminated with substance. The thick arrow illustrates the diffusion pathway for
substance to diffuse from the water column into the non-contaminated sediment.



max,diff

The maximum Flux from the water column into the old sediment layer
formed before the contamination took place can be calculated using the
thin layer assumption (Eq. 2.22) for the new sediment layer (formed after
contamination), where the substance concentration at the interface be-
tween the new sediment layer and old sediment (Csgissx=1Ldep) 1S aSSUmMed

to be negligible compared to Cygiss (C,, iss = Cs diss x-Ldep = Cuw,aiss) 8
FIUX o g = L Chs = R Chdiss 2.23
‘ Lo vt

This equation describes the maximum possible value for two reasons: (1)
The substance concentration at the interface between the newly formed
and old sediment is assumed to be negligible compared to C,giss
(Chas —C = C,4s) @d (2) All the substances which is trans-

ferred into the old sediment layer by diffusion comes from the water col-
umn and not from the newly formed sediment layer, which is a result of
using the thin layer diffusion theory. The mass accumulation in the water
column is assumed negligible so the total Flux entering the sediment by
both diffusion and sedimentation is equal to the emission E (Mass/(m?*s))
defined as the total emission to the system divided by the sediment/water
interface area. This gives the following relationship:

s,int erface

E = FIUX g gir + FIUX e, 2.24

max, di

where Fluxge, is given by Eq. 2.14. The Egs. 2.14, 2.23 and 2.24 is com-
bined in order to find C,, 4 & a function of time:

Cw,dis :LD 225
vV-R+—
V-t

The total mass taken up from the water column by diffusion can now be
calculated (overestimated) by combining Egs. 2.23 and 2.25 and inte-
grating with respect to time as

2
mass = Dy Eln[v R, t+DS] 2.26

'max, diff VZ . RS DS
where massmaxirr 1S @an over estimation (max value) of the mass in the
sediment attributed to diffusion. The total mass which has entered the
sediment during the time t is simply E-t so the mass fraction between the
MaSSmax giff aNd the total massis

mass

max,diff

MaSS,qiy

2
-In v RS'-t+1 =l-ln(B+1) 2.27
( D B

S

1
E-t V2 R,
D

S

where B is defined in Eq. 2.21. Now two equations exist for determina-
tion of the substance mass fraction in the sediment due to diffusion (Egs.
2.21 and 2.27) and both of them overestimate the actua influence from
diffusion where E is constant. The best equation to select of these two is
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RatioF|yx, steady =

28

the one, which is associated with the smallest over estimation of the ac-
tual mass ratio. Thus, the best choice between the two equations is to se-
lect the equation, which predicts the mass fraction to be smallest because
both of them make an overestimation. The fact that both equations de-
pends on B as the only variable makes this choice easy and a mass frac-
tion calculated using Eq. 2.21 will always represent the smallest value.
Thus, Eq. 2.21 is preferable to use although the governing assumption for
the equation is a constant water concentration and not a more realistic
constant emission to the system.

2.4 Steady-state including degradation in the sediment

It should be remembered that the degradation was neglected in the basic
differential equation in this analysis (Eq. 2.5). Therefore, the calculation
overestimates the sediment concentration especially after longer time pe-
riods. The differential equation including degradation is rather difficult to

s,diss

0
solve analytically for the non steady-state situation where #0.1In

this case a numerical solution has been made by Vikelsge et al. (2001). In
the steady-state solution the time changes is zero and the partia differen-
tial equation is reduced to a ordinary differential equation with respect
only to X' (and not both x' and t). The solution of this equation becomes
(Vikelsze et al. 2001):

VR (VR Y ko |
2D \| 2D, ) D

Cs,diss = Cw,diss ’ 2.28

Where k; is the first order degradation coefficient with respect to the dis-
solved concentration.

The equation for the steady-state diffusive flux into the sediment is de-
rived by differentiation of Eq. 2.28 (for X' =0) combined with Eq. 2.8 as

4-D, k
Flux, = —% -Cyaies V- R -[1— /1+W+R5} 2.29

The ratio between the flux only attributed to diffusion (Fluxgg) and the
total flux as a result of both diffusion and deposition of solids is calcu-
lated by using the Egs. 2.14 and 2.29 as

Fluxgi N - 4.k -D 4-1n2-D
dft _ _N1+G=L g G="tSorG="- 5 230
Fluxgep + Fluxgiff  +1+G +1 V< - RS ve-Rg Ty,

where the characteristic dimensionless G parameter is defined both in
relation to k; and in the relation to the degradation half life time in the
sediment T.,. The following key value comes out of Eq. 2.30: The trans-
fer is dominated by deposition (RatiOgux seady<0.5) When G<8 and domi-
nated by diffusion (RatiOg iy seady™0.5) When G>8. The G parameter de-
terminates the flux ratio at steady-state after a sufficient long time period.



2.5 The importance of the laminar film at the sedi-
ment/water interface

Direct contact between the pore water in the sediment and the water col-
umn at the sediment surface has been assumed in the derived equations.
However, it is well know that a laminar film will exist at the interface
between the water column and the sediment. This film may cause an ad-
ditional resistance for the transfer of substance, and diffusion equationsin
which this is neglected (Eqg. 2.9) will thus over estimate the transfer by
diffusion into the sediment. The laminar film will not affect the transfer
of substance due to deposition of solids on the sediment surface, so, this
film is only important in cases where the diffusion is identified as the
dominating mechanism for substance transfer.

The Flux crossing the laminar film can be calculated using Eq. 2.22 and
by assuming no accumulation and chemical transfer (e.g. degradation)
within the film. The resulting equation is:

D
FlUX ., fijm = L_W -(C

W

w,diss Cs,di$ x'=0) 2.31

where D,, is the diffusion coefficient in the laminar film, L, is the film
thickness and C is the dissolved concentration in the sediment

s,diss|x-=0
pore water at the sediment surface (xX'=0). A critical parameter for the
FluXiamfim iS Seen to be the laminar film thickness, which depends on the
actual hydrodynamic conditions. An equation is derived in Appendix B to
estimate the L, value and the conclusion is that the laminar film thickness
L. isinverse proportional to the spatial mean water velocity in the water
column (V). Thus Eqg. 2.31 combined with the results in Appendix B pre-
dicts the actual Fluxamfiim Value to be directly proportional to V. In cases
where the laminar film thickness in general can be the controlling factor
for the sediment uptake there may till be time windows where the water
velocity is so high due to tida movements and wind friction that the
sediment uptake happens without any inhibition from the laminar film.
Due to the strong non-linear behavior of the diffusion flux into the sedi-
ment a relative small time period of high water velocity may be enough
to ensure a nearly unaffected transport of substance into the sediment
when the total transfer of substance massis considered.

The existence of the laminar film will inhibit the diffusion keeping the
flux due to deposition unaffected. Thus, the influence of diffusion will be
over estimated when equations, where the laminar film is neglected are
used. This will result in safe conclusions in cases where the diffusion is
predicted to be insignificant. The main purpose of this part of the investi-
gation is to identify when the Diffusion is insignificant. So, the laminar
film will be neglected due to the following two reasons: (1) The laminar
film is highly dynamic and difficult to interpret. (2) The predictions will
still be valid when the diffusion is determined to be insignificant.
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3 The one box sediment description of
diffusive transport

In this chapter the diffusive transfer as described in the generic compart-
ment models (Mackay, 1991) will be related to the basic equations de-
rived in chapter 2. In the one box sediment description the sedi-
ment/water exchange by diffusion is described as two first order trans-
fers: A transport from the water to the sediment and a transfer from the
sediment to the water. This yields the following equation for the trans-
port, where the notation for the coefficients are equivalent to SimpleBox
as presented by Brandes et al. (1996):

Fluxgss box = XCH ater —sed - Cw,diss = XCH sed —water * Cstot 31

where XCHyater-sed @Nd XCHeeg-nater @re the first order coefficient for the
transport from the water column to the sediment and the transport from
the sediment to the water column, respectively. In this investigation the
Fluxgis, ox 1S considered to be per unit sediment surface area (equa the
flux (Mass/m?-s)) so the XCH coefficients are described as

kWSwater ’ kWSsed
kWSWater + k\NSsed

3.2

XCH water—sed —

where. Eqg. 3.2. is based on a two film diffusion description, where the
transport into the sediment is assumed to happen though two layer of re-
sistance: One layer in form of the laminar water film at the sedi-
ment/water column interface and another layer in form of the sediment
layer it self. The sediment thickness is defined to be 3 cm. The release
from the sediment to the water column is described as

XCH
XCH oy ey = -t =sed. 33

R

The transfer coefficients kws,qer and kwsyy can be explained by the so-
called thin film diffusion theory. The basic assumption in this theory is
that the substance is transported though the film having neither accumu-
lation nor degradation in the film. If the transport is assumed diffusive
and the diffusion coefficient constant in the film, the concentration
change through the film will be linear as discussed at Eq. 2.22. Thus, in
this case the flux though the entire film will be equal to the average flux
given by Eq. 2.22 and the mass transfer coefficient becomes

kws = — 34
L
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The system isillustrated in Fig. 3.1.

> C
Fluxl = kSNwater . (Cw,o - Cw,l)
N N /v
i 2 Water film above sediment
W
Y Sediment surface
A4
RN e — C
S
\/ Sediment layer

v EEENEEEEEEEEEEEEEEEEEENENE—

v

Figure 3.1 Schematic illustration of the sediment/water transfer description. L,, and Lgy are the thickness
of the water film and the diffusion length in the center of the sediment layer, respectively. Flux; and Flux,
are the flux of substance (Mass/n?s) though the water film and to the center of the sediment layer,
respectively.

Having no accumulation in the transporting films the fluxes Flux; and
Flux, in Fig. 3.1 will be equal and the exchange between water column
and sediment can be calculated as

kws,
_ kvvswater : kWSsed .C — kvvswater : kWSsed .C
kws,., +kws,, " kws,, +kws, O

where the dissolved substance concentration at the sediment center
(Csaiss) s related to the total sediment concentration (Csyo) by the reten-

ter

Flux, = Flux, < C,-C,s =Flux, - 1 + 1
3.5

tion factor as
Cs,tot = Rs ’ Cs,di$ 3.6
For the water film Eqg. 3.4 combined with the equation for Flux, in Fig.
3.1yields

D
kWSwater = L—W 37
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where D,, is the diffusion coefficient in the water (m?%s) and Ly, is the
laminar water film thickness (m) asillustrated in Fig. 3.1. The numerica
value of kyswater 1S €Stimated in Brandtes et al. (1996) to be 2.778- 10° m/s
and the value is assumed constant for all substances neglecting substance



related differences in the D,, value. A numerica value for kKSWyqer as
2.778-10° m/s and a value for D, as 5-10"° m?/s, which is estimated as a
value for a larger molecule in Fig. 4.2, yields a water film thickness
above the sediment (L,,) of about 0.2 mm. This value is related to a spa-
tial mean water velocity (V) around 10 cm/s in Fig. B.1 (Appendix B).
However, as discussed in Chapter 2, the actual L,, value may vary with
time.

For the sediment an equation for the mass transfer coefficient is derived
by combining Eg. 3.4 and the equation for Flux, in Fig. 3.1 as

D

S

where Ds is the effective diffusion coefficient in the sediment and L is
the thickness of the sediment layer asillustrated in Fig. 3.1. The values of
the two diffusion coefficients D,, and Ds may not be equivalent because
of the increased travelling lengths in the pore system in the sediment.
Mackay et al. (1992) suggested the following relationship between the
two values: D&=D,,6*°, where the porosity 6 in the sediment is estimated
to be 0.5. This gives the following numerical value. Ds=0.35-D,,. In
Brandes et al., (1996) a numerical value for kwsgq IS assumed to be
2.778-10® and the length to the center of the sediment box (Lo is as-
sumed to be 2 cm. These value for kSweq and Ly l€ads to an Ds value of
2.778-10™° m?s using Eq. 3.8. The assumed distance to the center of the
sediment layer (2 cm) seems large compared to the total sediment thick-
ens used in the same model (3 cm). In this analysis the distance to the
center of the sediment layer is assumed to be half of the sediment thick-
ness and equal to 1.5 cm. If the kwseq Vvalue is fixed then a change in Ls
value from 2 cmto 1.5 cm will induce a change in the estimated Ds value
from 2.778-10° m%s to about 2.1-10"° m?s. An actual vaue for D of
about 2-10™° m%s is in agreement with the use of Ds=0.35-D,, in combi-
nation with a value for D,, as 5-10™° m?s. The kwsyy is assumed to be
constant for all substances.

The kwsyaer Value is 100 times higher compared to the kwseg value,
which makes it possible to simplify the Eq. 3.2 and thereby Eqg. 3.3 as

XCH o oog = kWS, 3.9
XCH sed—water kvvssed 310
R,

Thus, the values selected by Brandtes et al. (1996) for the mass transfer
coefficients, where the kws,qer Value is much lager than the kwsyq value
removes the laminar water film at the sediment surface as important for
the transfer.

An important conclusion form this anaysis is that the rate of uptake by
diffusion is independent on hydrophobicity and constant for all sub-
stances. This seems to conflict with the general tendency for a hydropho-
bic substance to enter the sediment at a higher rate compared to a more
hydrophilic substance. The storage capacity in the sediment is related to
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the hydrophobicity because the retardation factor Rs reduces the release
from the sediment to the water (e.g. Eq. 3.3). Thus hydrophobic sub-
stances will tend to accumulate in the sediment but the rate of which it
enters the sediment by diffusion is not affected by the hydrophobicity.
This will be investigated in more detail by comparing this sediment box
approach to afull description of sediment exchange by diffusion.



4  The discrepancy introduced in relation
to the diffusive transfer by the one box
sediment layer approximation

Only the diffusive flux is investigated because in this case the sediment
box approximation differs from the more complete diffusion model
forming a concentration profile in the sediment. The analysis will be di-
vided up in two parts: (1) A transient situation where the sediment con-
tamination changes during time. (2) A steady-state situation where the
substance Flux in to the sediment equals the degradation. As the deposi-
tion of solids on the sediment surface is neglected the burial of solids
below the sediment box will aso be neglected. So the purpose in this
chapter is to evaluate the performance of the generic compartment model
compared to a more complete description of diffusion. This is relevant
for cases where the transfer is dominated by diffusion and not by deposi-
tion and the resulting burial mechanism.

4.1 Transient conditions

The system to be considered in the following is a water sediment system
having a size of one area unit (1 m?) and where the dissolved water con-
centration (Cy,gis) 1S assumed constant. The mass uptake to the sediment
(massgirr in Mass/m?) is calculated using both the one sediment box ap-
proach and a continuously diffusion description for the sediment. The
degradation in the sediment is neglected as only the transport of sub-
stance is investigated.

A mass balance for a unit area of the sediment yields the relationship:
= Flux 4.1

where Fluxg is the diffusive rate of uptake to the sediment (Mass/m?s)
and defined as positive downward. The Fluxg¢ value can be either calcu-
lated using the one sediment box approach (Eg. 3.1) or by introducing a
concentration profile in the sediment.

Combining the Egs. 3.1, 3.3, 3.8 and 3.9 and 3.10 yields

d MaSSitt pox _ 2-Dq 'Cw,dis 2-Dq

dt L. LR,

MaSSist pox 4.2

where the mass of substance in the sediment is related to the concentra-
tion as MmaSSyfpox=LsCstor-  ThiS equation has the form
ﬂ:—a-y+ band the solution of this linear differential equation is

dt
b b _a

y=—+(y,——-€), wherey, is the y value at t=0. In our specific
a a
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case wherey is replaced by massiispox the corresponding y, value is zero

yielding the final solution (y = E-(1— e®))as
a

_ 22'D5 it
MaSSit pox = Cw,dis Lo R '{1_5' b R ] 4.3

This equation gives the sediment contamination per unit sediment area
(Mass/m?) as a function of time and the corresponding Fluxg as a func-
tion of time is derived by the following equation upon differentiation of
Eq. 4.3 with respect to time:

2D
2-C, .- D 7ot
FIUX 5 pox = %'e Het R 4.4

S

This equation predicts the Fluxgnox 0 be close to constant in the begin-

2 3

ning. This is easy to see using a Taylor series. e" :1+u+u—2+u§.... Us

ing the first term (1) from this series as an approximation for the expo-
nential function in Eq. 4.4 the following equation is obtained

2-Cw,diss ' Ds
Ls

Fluxgiff box = 45

where the Fluxgis nox 1S Seen to be constant independently on the Rs value
(hydrophabicity). The Taylor series can be used to identify the time pe-
riod in which Eqg. 4.5 is valid. As the time progress the u value in the
Taylor series above will increase and thus the higher order terms will
tend to be more and more important. A critical u value will exist above
which the “1” part of the series will be insufficient as an approximation
for the exponential function. In this analysis the critical u value (uy) is
defined to the value for which uy=0.1. Thus, when u is below u,, then the
first order term (u) in the Taylor serieswill have a value which is smaller
than 10 % of the value for the zero order term (1). Using this value the
constant Fluxgis pox rel@tionship as predicted by Eq. 4.5 is close to be valid
as long as the exponent in Eq. 4.4 is below 0.1. From this condition the
critical time period is derived as

(003m?* 1 .
20-2-10° m?/s 3600s/h-24h/d

R, ~26d-R, 46

where the unit for t is days and the values used are taken from Brandes
et al., (1992) including the modification of the diffusion path length from
2 cmto 1.5 cm as discussed above. The prediction from this equation can
be interpreted as the time period after which the rate of substance re-
leased from the sediment to the water column starts to have some degree
of significance. At the time below this critical value the first term on the
right hand side of Eqg. 3.1 dominates while the second term may have
some significant importance at later time values. The t., is seen to be very
large, in the magnitude of many years, for hydrophobic substances where
the Rs value easily exceeds 10000. It seems strange that the model pre-
dicts the rate of uptake to the sediment by diffusion to be constant and
independent on the hydrophobicity for time period aslong as this.



The sediment box approach for describing the sediment water column
exchange will be further evaluated using an alternative diffusion model
where the concentration profile is taken into account for the sediment

layer.

The mass of substance per unit area transferred by diffusion and calcu-
lated without using the one box approach can be determined as the time
integral of the equation of substance flux. If the deposition of solids is
neglected (v=0) Eq. 2.11 replaces Eq. 2.9. Upon integrating the resulting
equation for the mass per unit area becomes:

/ -D_-t
MaSS v—0 = 2: Cw,diss ) RSTS 4.7

where massy, =0 IS the mass of substance per unit sediment area
(Mass/m?) calculated using the equations for the diffusion profile and ne-
glecting the deposition of solids at the sediment surface. The ratios be-
tween the mass per unit area calculated using respectively the sediment
box equation (Eg. 4.3) and the diffusion profile equation (Eq. 4.7) is:

2.Dg
MaSSgtpor _ L |7-R, {Leﬂt] 48

masS;q .o 2 D._-t

S

This equation predicts the mass ratio to vary as a function of time, how-
ever, it is difficult to make any general conclusion about this behavior
from this equation because the time (t) is both in the denominator and in

the exponent.
2 3

An analysis using the Taylor series €" :1+u+%+u§..., where the

first two terms (1+u) are used for the exponential function yields

Ms,box 1 ﬂDSt

M s, profile Ls Rs

4.9

Using Eq. 4.9 it is possible to conclude that the massratio is zero initially
and increases proportional to the square root of time. Thus, the box de-
scription predicts a mass radically smaller compared to the prediction
using the profile description. Eq. 4.9 is only approximately for afirst time
period, whereas Eq. 4.8 predicts the ratio to approach zero for longer time
periods, which again is a consequence of the fact that no degradation nor
burial are involved in this analysis. With out burial in the box description
the substance can only accumulated in the upper 3 cm of the sediment
layer, while the diffusion profile model allows the diffusion to take place
into deeper parts of the sediments.

Using specific values for DEHP as suggested by Vikelsge et al. (2001):
R=10600, D=2-10"'° m%s and a Ls as 1,5 cm, the two mass values using
the sediment box approach and the diffusion equation, respectively, are
shown in Fig. 4.1. In Fig. 4.1 the diffusion equation is seen to predict a
much larger mass compared to the on sediment box model during the first
many years and the sediment box model seems basically insufficient to
describe the diffusive flux into the sediment using the thin layer diffusion
approximation.
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Figure 4.1 The calculated sediment content (DEHP) using both the Box description
and the description based on a concentration profile in the sediment.

The parameter for DEHP can also be used to investigate the relative dif-
ference between the two models as described by Egs. 4.8 and 4.9, see
Fig. 4.2.

0,25
Taylor serios approximation (Eq.4.9)
— 012 N \
o
%
= 0,15 - Eqg. 4.8
S 01
]
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@
£ 0,05 -
0 T T T
0 5 10 15 20
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Figure 4.2 The massratio per m? sediment area (DEHP) between the box model and
the model based on a concentration profile in the sediment (Eq. 4.8). The Taylor ap-
proximation (Eg. 4.9) is also shown.



4.2 Steady-state conditions

The preview section investigated transient sediment uptake while this
section will consider a situation where steady-state exists. Steady-state
sediment content will take place when the degradation processes in the
sediment balances the net flux to the sediment. In this situation no further
accumulation in the sediment is possible. This investigation is relevant
for the steady-state calculations in the sediment box approach. A first or-
der degradation relationship will be assumed. As in the preview section
only the transfer due to diffusion will be considered.

As a simple case study a water sediment system is considered and illus-

trated in Fig. 4.3, where a constant rate of substance is introduced to the
water (emission to the water body).

Supply (emission) of substance, E

v

Water column
Steady-state: E=Flux Cudiss Flux
Sediment l
Cs,diss

Degradation: K;-Csgiss

Figure 4.3 The case study system, where a water column of unit area receives sub-
stance at a constant rate and interacts with a sediment in where first order degra-
dation takes place. The flux into the sediment needs to be equal the rate of supply at
steady-state.

The concentration in the water column will increase during time and ap-
proach a steady-state concentration. The question is how a sediment box
approach will determine the steady-state concentration compared to a
sediment concentration profile model. First the equation for steady-state
will be derived for both types of models and then calculation will be per-
formed to compare them.

In the one sediment box approach the degradation in the sediment layer is
given as

Degradation=k, -C_, - L, 411

s,diss
where k; is the first order degradation coefficient with respect to the dis-

solved concentration (1/s). The substance flux is described as Flux, in
Fig. 3.1, which can be combined with Eq. 3.8 to form
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Fluxdiff box — IES '(Cw,diss _Cs,dis) 4.12

S

At steady-state the substance flux into the sediment is equal to the degra-
dation, so these two equations can be sat equal to each other in order to
calculate the steady-state sediment concentration as

C _ Cw,diss ) Ds 413
s,diss,steady — kl . Li + DS .
At steady-state the emission to the system is equal to the degradation (Eq.
4.11). Thus, EQ. 4.12 can be rewritten using Eq. 4.11 and the relationship

E=Fluxg as

L, 1
Cw,diss,steady,box =E- [D_S + kl ] I—S ] 4.14
where Cy gissseady,box 1S the steady-state water concentration as calculated
using the sediment box approach. When a concentration profile in the
sediment is considered the degradation processes have to be included in
the basic differential equation so Eq. 2.5 must be extended by afirst order
degradation term as

ac:s,diss — s s,diss kl 4 15

ot R ox? R
where the deposition is neglected (v=0). At steady-state the left hand side

of this equation will be zero leaving a ordinary second order differential
equation with respect to the distance (x’) from the sediment surface.

d 2Cs,diss _ ﬁ C

dX' 2 D s,diss

S

=0 4.16

This equation is solved using a standard method for solving ordinary dif-
ferential equations and the solution is

DS
Cs,diss,steady = Cw,diss,steady ‘€ 4.17

This equation describes the steady-state concentration profile which will
be formed in the sediment after a period long enough to establish steady-
state, where the degradation is balancing the diffusion. The equation for
Fluxgi is derived using Egs. 2.8, 4.17 and the steady-state condition,

where Fluxgs equals the emission E. This yields an expression by which
Cugisssteady CaN be calculated when E is known:

_E
k.- D

S

C 4.18

w, diss, steady =

The sediment box approach and the concentration profile type of model
come up with two different equations for the steady-state water column
concentration. The difference can be calculated as the ratio between re-



spectively Egs. 4.14 and 4.18, where Eq. 4.14 (SimpleBox type) is di-
vided by Eq. 4.18 (Concentration profile type). The resulting equation for
thisratiois

C. .
wdiss steady BOX _ petio = kg Dy | —+——— |=G+1 419
Cw,diss,steady Ds Ky - Lg G
where
Ky
G=Llgy .| — 4.20
sed D

The minimum value of the Ratio is easy to find usign the differentiation
of Eq. 4.19 as

d Ratio 1
dG G

min Ratio

0 =G =1 4.21

min Ratio

Putting a G value of 1 into Eq. 4.19 gives a minimum Ratio of 2. Thus,
the sediment box approach will always overestimate the dissolved water
concentration at steady-state by a factor larger than two. However, this
overestimation can easily be much higher depending on the actual values
of G.
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5 Discussion and Conclusion

It is shown how diffusion and deposition of solids drive the Flux of sub-
stance between the water column and the sediment. Initially when a sub-
stance starts to be present in the water column (start of emission) the dif-
fusion will dominate the sediment uptake due to a large concentration
gradients in the sediment surface. However, as the time progresses, the
diffusion-induced flux will rapidly decrease, as the concentration gradi-
ents at the top of the sediment will level out because more substance en-
ters the sediment layer. In contrast, the substance transfer due to deposi-
tion of solids will not display a high flux initially but rather a value,
which is proportional to the dissolved water column concentration.

Assuming constant water concentration and neglecting degrada-
tion and the laminar boundary layer at the sediment/water col-
umn interface

It is shown how the Flux changes from diffusion dominance to domi-
nance of deposition of solids and the time value for this change is calcu-
lated. The diffusive Fux isinitialy infinitely high, but decreases rapidly
with time. The Flux due to deposition of solids will not display a high
Flux initially but a constant value when the dissolved concentration is as-
sumed constant. There exists no lower limit for the deposition rate of
solids below which the diffusion will become the dominating factor at in-
finitely long time scales. Thus, there will always be a time value after
which the Flux due to deposition of solids is the dominating factor. The
only gquestion is the actual time before this transition will occur. In atime
period after which the Flux due to deposition has started to dominate,
there will still be more substance mass in the sediment as a result of dif-
fusion. The substance mass in the sediment due to deposition will first be
larger than the corresponding mass due to diffusion after an additiona
time and a maximum value of thistime period is calculated.

Assuming steady-state sediment concentration and negligible
laminar boundary layer at the sediment/water column interface
The partial differential equation for the concentration profile in the sedi-
ment can be transformed to a simpler ordinary differential equation by
assuming a steady-state concentration in the sediment. In this case a
rather smple solution is possible also when the degradation isincluded in
the equation. From this solution the ratio between the flux due to diffu-
sion and deposition alone, respectively, can be calculated. This yields an
estimate of the final importance for diffusion and deposition, respec-
tively, after steady-state has been achieved in the sediment. An easy
measure for the time scale needed for steady-state to become valid is the
half-life time in the sediment (T.,). After a time period much longer than
the half-life with constant substance emission into the system, steady-
state will have been established in the sediment layer. At that time the
sediment contamination will not depend on the full history of exposure
any more.
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Calculating the laminar boundary thickness

The thickness of the laminar boundary layer is calculated using basic hy-
draulic theory and rough estimates results from the calculation. The ac-
tual thickness is seen to be strongly (inverse) dependent of the spatial
mean water velocity in the water column. Water velocities introduced to
open waters (open marine areas, bays or greater lakes) by tidal water
movements and wind friction will in most cases be able to reduce the
laminar boundary layer thickness to a magnitude of 0.1 mm. This means
that the diffusion resistance in the layer becomes rather unimportant,
however, the temporal change in the thickness seems to be large due to
temporal changes in water flow velocity.

General guide lines for concerning the importance of diffusion
and deposition respectively

Some general guidelines are the result of the equations for the sedi-
ment/water exchange and they are presented in Fig. 5.1.



- Estimate the time scale (time step) of the transient cal culation (days, months and years): tyae
- Estimate the half-life time for degradation in the sediment: T,

Calculate the critical time period (t,) after which deposi-
tion will dominate the substance mass in the sediment
(Eq. 2.21 for Ratio=0.5):

Y
s No

Yes No
@ Calculate the steady-state Flux ratio
(Eq. 2.30):

_4:In2-D,
Two time periods are defined: VR R-T,
t>t.: Both Diffusion and deposition
t<t.: mostly deposition

Ge<8 G=8
G>>8
A 4
Diffusionis not negligible
A 4 A 4
p{ Diffusionisnegligible Deposition is negligible

Figure 5.1 The decision rule scheme, which summarize the conclusion for the sediment uptake investigation.
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In order to illustrate the use of the guide line numerical values are used
from the investigation of DEHP (Vikelsge et al., 2001) in Fig.5.2. In this
case the deposition is seen to be the dominating factor.

- tsae: from year to year (1 year) -Dg 210 m¥s
- Ty 11 years - v: 2.5 mm/year
- Ry 10600

Calculate the time period for diffusion to dominate
(Eq. 2.21 for Ratio=0.5):

ter=0.1 year

Yes

0.1 year << 11 years?

Yes
0.1 year << 1 year?

Diffusion isnegligible

Figure 5.2 Use of the decision scheme in Fig. 5.1 using numbers for DEHP in a
Danish bay (Roskilde Fjord) taken form Vikelsge et al., (2001). It relays on judg-
ment how much one number needs to be larger than an other number before the <<
relationship is true. In case of fate modelling the uncertainty will typical be rather
high and thus the << relation ship can be considered to be true also for rather small
differences.

Evaluation of the approach in the generic compartment models

The generic compartment models (Mackay type) use a one box model for
the sediments in order to keep the calculations simple. However, when
diffusion needs to be included in the caculation the one box approach
needs to be evaluated in relation to a more complete solution of the dif-
ferential equations for diffusion. The description of diffusive transfer is
not well established in the sediment box model, where the nature of dif-
fusion is damaged by using a mean transfer length for diffusion. In reality
or as aresult of the full solution of the governing equation for sediment
diffusion the rate of substance transfer can be extremely high, as long the
contamination in the sediment is limited. Contrary, the generic compart-
ment model tends to have constant rate diffusion in the first time period
for simulation. After a specific period the mean length approach becomes
more valid, however, that time period can easily be in the magnitude of
many years! In case of steady-state where the emission of substance into
the system equal's the sediment uptake by diffusion the one box approach



will aways overestimate the dissolved water concentration compared to
the more complete sediment description. Obviously the discrepancy in
the diffusive transfer description will vanish as the transfer due to depo-
sition of solids on the sediment surface starts to dominate in the total
transfer of substance mass to the sediment. In many cases the deposition
will dominate after a rather short time period and thus the concept in the
generic compartment models will becomes acceptable simply because the
diffusive transfer is negligible. Hence, the conclusion is that the one
sediment box approach seems insufficient to include a realistic diffusion
mechanism. However, in many cases the deposition and thus the burial
from the sediment box of fixed thickness will become the dominating
factor in the sediment/water column exchange of substance and in that
case the inadequate description of diffusion will not be important.

The generic compartment models need to be mathematicaly simple in
order to be usable as decision support and a more realistic description of
the diffusive transfer into the sediment will introduce a rather high level
of mathematical complexity. Thus, an appropriate suggestion could be
simply to say that the generic compartment models are only valid when
the diffusive description is negligible and otherwise more detailed models
are necessary. Theresult in Fig. 5.1 gives the guidelines for when the dif-
fusive transfer mechanism is negligible.

In this investigation the bio-turbation has been neglected, which may in-
duce a vertical mixing of water and sediment solids. The effect of thisis
an increased substance transfer between the sediment and the water col-
umn. This can be considered as an enhanced diffusive transfer and in-
cluded in the mathematical model as an additiona contribution to the Dg
value. Thiswill increase the importance of the diffusive transfer and thus
weaken the relevance of the sediment box approach. In case of high bio-
logical activity it may simply be possible to obtain reliable results by as-
suming the water column and the sediment layer to be in instant equilib-
rium.
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List of symbols

Dimensionless parameter defined by Eq. 2.15 (-).
Dimensionless parameter defined by Eq. 2.21 (-).
Dissolved concentration (ug/l).

Dissolved concentration in the sediment pores (ug/l).

Dissolved concentration in the sediment pores at steady-
state conditions (ug/l).

Dissolved concentration in the sediment pores having no
deposition of solids on the sediment (ug/l).

Dissolved substance concentration at the interface between
the sediment layer formed by deposition during the period
of contamination and the old sediment (ug/l).

Total concentration per sediment volume (ug/l).
Dissolved concentration in the water column (ug/l).

Calculated dissolved concentration in the water column at
the steady-state conditions using the full diffusion equation

(ug/l).
Dissolved concentration in the water column at steady-state
conditions calculated using the generic compartment model

(ug/l).
The total substance concentration (dissolved and adsorbed)
(ug/l)

Diffusion coefficient (m%s).
Diffusion coefficient in the sediment pores (m%s).

Known diffusion coefficient (m?s)
Unknown diffusion coefficient (m?/s).

Emission of substance into the system per unity system area
and per time unit (Mass/(m?*s)).

Substance flux (Mass/m?-s).

Average Flux (Massm?s).

Flux by diffusion estimated for benzen (Mass/m?s).
Substance flux due to deposition (Mass/m?.s).

Substance flux by diffusion (Mass/m?-s).

Substance flux by diffusion into the sediment box
(Mass/m?-s).

Substance flux by diffusion having no deposition of solids
on the sediment surface (Mass/m?-s).

Maximal possible flux due to diffusion (m?s).

Flux by diffusion for a specific substance (Mass/m?s).

Substance flux crossing the laminar film at the sedi-
ment/water column interface (Mass/m?-s).

Dimensionless parameter for Eq. 2.30 (-)

Linear adsorption coefficient for the sediment (I/kg)

First order degradation coefficient with respect to the dis-
solved concentration (1/s).
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MaSSyiff v=0
MASSryax, diff

MW
M Wbenzen
M Wknown

M Wunknown

Rs
Rati Oyiff

Rati O ux,box

The partial mass transfer coefficient at the water side of the
sediment-water interface (m/s).

The partial mass transfer coefficient at the pore water side
of the sediment-water interface (m/s).

Fixed lenght (m).

The thickness of the deposited layer during contamination
(m).

The thickness of the sediment box in the generic compart-
ment model (m).

The laminar film thickness at the sediment/water column
interface (m).

Mass of substance per unit area in the sediment due to
deposition (Mass/m?).

Mass of substance per unit area in the sediment due to dif-
fusion (Mass/m?).

Cal culated mass value assuming v=0

Over estimated mass of substance per unit area in the sedi-
ment due to diffusion (Mass/m?).

Molecular weight (g/mol).

Molecular weight for benzene (g/mol).

Molecular weight for a substance having a known Ds value
(g/mal).

Molecular weight for a substance having an unknown Ds
value (g/mal).

Dimensionless parameter (Eqg. 4.20) for the ratio between
the generic model and the sediment profile model for the
calculated dissolved concentration in the water column (-).
Retention factor (-).

Mass ratio of substance which can be attribute to diffusion
().

The ratio between the diffusive flux calculated using the
sediment box approach and the diffusion profile description

)

Rati Opjuxsteady The ratio between the diffusive flux.
specific Flux Flux of substance into the sediment relative to the dissolved

concentration in the water column (m/s).

specific mass Mass of substance per unit area in the sediment relative to

the dissolved concentration in the water column (m).
Time (3).

Degradation half life time in the sediment (s)
Friction velocity (m/s)

The rate of increase in sediment height due to deposition of
solids on the surface (m/s).

Mean horizontal velocity of the water column (m/s)
Distance (m).
Downward distance form the sediment surface (m).

First order mass transfer coefficients for the transfer of sub-
stance from the water column into the sediment (1/s).

First order mass transfer coefficients for the transfer of sub-
stance from the sediment into the water column (1/s).



)

Dry bulk density (kg/dm?)
Porosity or volumentric water content in the sediment(-)
Kinematic viscosity (kg/(m-s))

53






Appendix A

The Equation to solveis

aC Ds azcs,diss aC

s,diss — —v- s,diss Al

aH R ox? X

This equation is transformed into a more easy to solve equation using the
transformation as

vt
V(X !RS

2:D,

S

C =W-€ A2

s,diss

where w is defined to be an arbitrary function of X' and t. A combination
of Egs. A.1 and A.2 using the Chain Rule of differentiation yields

aw_D, o'w
ot R, ox?

A3

The new boundary conditions for the w function are derived from the
boundary conditions as Egs. 2.6 aand b:

ik ar,
W=C.4-€ *» forx=0ew, =C,. e
w=0 for X'— o A4
w=0fort=0

A Laplace transformation of Eg. A.3 yields the following ordinary differ-
ential equation:

%- (32\'/;/ =sW A5
X

where Wis the Laplace transformation of w :

W = j e st . wdt A.6
0

The boundary conditions described in Eq. A.4 adso needs to be trans-
formed using Eq. A.6 as

— s,diss A7

S_
4.D,
w=0 for X— =
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Eqg. A.5. is solved using the boundary conditions of Eq. A.7:

W = s,diss e s A.8

The inverse transformation of Eq. A.8 to find w yields the solution of Eq.
A3as

t'VZ-RS 7x'-v-RS . X"“V-Rg .
W:E-de&-e g 20 gid L R (X y i e ceid L R [ Xyt ] ||as
2 " 2 \D, (+t 2 D, (+t

where erfc is a standard function called the complementary error func-
tion, which is defined as

2 ¢ e
efc(z)=1-—|e” -dn A.10
N

The equation for the dissolved substance concentration in the sediment as
afunction of depth and timeisformed using Egs. A.2 and A.9 as

c;c[af{; \/[;E(Tf]]em{; = (Tfm At

Differentiation of Eq. A.10 is needed in order to determinate the diffusive
exchange of substance between the sediment and the water column. First
we will differentiate the complementary error function (erfc). Using the
so-called Leibnitz's Rule for differentiation of integrals Eq. A.10 is dif-
ferentiated with respect to z as

di(erfc(z))z—i-e—zz A.12
VA

Jr

Now Eg. A.11 can be differentiated using the relationship in Eq. A.12

and thechainrule (ierfc(z) = ierfc(z) : %) as
dx dz dx

D

o[BG

s,diss 1
A =2.C s L , 2 A.13
' w,diss R ( X
oX 2 Rs [2\/;(\[+V[)] Ds —{5- D—S-[ﬁ—v- t)]
- |—|e +e
D,-t-m
At the sediment surface (x’ =0) this equation can be ssmplified to:
ac . . ] _R~V2~'[

s,diss :l‘CWdiSS' \ RS l.v, RS t -2. RS_.e 4Ds A.14
X |, 2 D, 2 D, D,-t-m
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Appendix B

The length scale of the laminar film thickness at the sediment water col-
umn interface is estimated in this appendix using a horizontal flow as-
sumption. The used theory considers highly idealized condition so the re-
sults shall only be considered as length scale estimates. Important pa-
rameters for the laminar film thickness are:

1. The mean water velocity in the water column
2. The roughness of the sediment/water column interface

The water column in a marine/estuarine area or in greater lakes will al-
ways have a velocity different from exactly zero. This is mainly due to
wind friction at the water surface and tidal movement of the water. The
tidal movement can easily result in water velocities equal to the velocity
in a fast flowing river and will periodically change direction. Thus, the
water velocity is avery dynamic parameter and the resulting laminar film
thickness will also change during time. The roughness of the bottom
(sediment/water column interface) is more constant in time but related to
the actual condition at the bottom. As the bottom conditions can vary
between stones and sand etc. the spatial variation of the roughness may
belarge.

The following equations will not be derived because it will involve quite
a lot of basic hydraulics which are presented in a series of text books
(E.g. Engelund and Pedersen, 1982). Close to a solid surface (the bot-
tom) there will exist alaminar layer in which a water molecule will flow
in a fixed distance to the solid surface. The local velocity will increase
from the solid surface and out in the water column and the friction from
the water column to the solid surface is transmitted through the layer by
‘friction’ between the water molecules. At a give distance from the solid
surface the flow will become turbulent and the water molecule will not
have a fixed distance to the surface any more due to the formation of ed-
dys. This distance from the surface where the conditions change from
laminar to turbulent can be calculated by combining the laminar and tur-
bulent flow theory as

L, =11.7-— B.1

where v is the kinematic viscosity (v=1.3-10° kg/(m-s) at 10° C) and Uy
the friction velocity. The friction velocity is not a true velocity but a key
parameter coming out of the basic flow theory. The relationship between
the spatial mean velocity in the water column (V) and the friction velocity
is

U, = v r B.2
6.4+ 2.45In(k)

where d is the depth of the water column, k is the length scale of the bot-
tom roughness and V is the spatial mean water velocity. This equation is
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valid for wide channels where the depth is much smaller than the wide-
ness. In our case the widenessisin the length scale of km and the depth is
in the length scale of m. Another assumption is that the flow needs to be
strongly turbulent (In hydraulic terms. a Reynol number of several thou-
sands). This will typically be true when the water depth is in the length
scale of m, also for very low water velocity (in the size of 1 mm/s). The
actual depth (d) varies and a reasonable interval could be between 1 to 50
m. The value of k depends on the conditions on the bottom and the value
may vary from about 1 cm to several cm (20-50 cm). Summing up this
variation a reasonable interval for the d/k ration can be 10-1000. When
the depth of the water is larger than one meter the ration d/k will be much
larger than one and the logarithmic function in Eqg. B.2 will smooth out
the variability in the d/k ratio. As aresult of this a given variability in the
d/k ratio will introduce a much smaller variability in the U and thus the
Ly valuein Eg. B.1. The U; value will, on the other hand, be proportional
to the mean water velocity (V) so the variability in the water velocity will
tend to have rather high influence on the L,, value. L, values are calcu-
lated as a function of V in Figure B.1, where a band of values is calcu-
lated for the d/k ratio interval of 10 to 1000 and for V values up to 50
cm/s.

The laminar film thickness is seen to be extremely variable as the water
velocity decreases below about 10 cm/s. In a natura system where the
actual water velocity varies from hour to hour due to wind and tidal
movement it seems nearly impossible to consider the laminar film thick-
ness as afixed value. In cases where the laminar film thickness in general
can be the controlling factor for the sediment uptake there may still be
time windows where the water velocity is so high that the sediment up-
take happens without any inhibition from the laminar film. Due to the
strong non-linear behaviour of the diffusion flux into the sediment arela
tive small time period of high water velocity may be enough to ensure a
nearly unaffected transport of substance into the sediment when the total
transfer of substance massis considered.

0,9 4
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Figure B.1. The calculated laminar film thickness as a function of the spatial mean
water velocity in the water column. The lower and upper boundaries represent re-
spectively the d/k values of 10 and 1000.
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It is shown how diffusion and deposition of solids drive the flux of
substance between the water column and the sediment. The generic
compartment models (Mackay type) use a one box model for the
sediment in order to keep the calculations simple. However, when
diffusion needs to be included in the calculations, the one box model
needs to be evaluated in relation to a more complete solution of the
differential equations for diffusion. General guidelines that are based

on the system parameters are set up in order to establish the
importance of diffusion and deposition respectively. These define the

range where diffusion or deposition is negligible or where both
processes must be included in order to describe the sediment-water
substance exchange most appropriately.
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