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Abstract The fate of di(2-ethylhexyl)phthalate (DEHP) is
modeled in Roskilde fjord, Denmark. The fjord is situated
near Roskilde, which comprises 80,000 PE, various
industries, a central wastewater treatment plant, and
adjacent agricultural fields. Roskilde fjord is thus a suitable
recipient for studying the transport and fate of DEHP,
which is used in a variety of different industries and
consumer products. Wastewater from households and
industries is led to the local wastewater treatment plant,
which leads the effluent to the fjord. The sludge is partly
stored and partly amended on an adjacent field. The model
applied in the present study is a simple box model coupling
water and sediment compartments of the fjord with
wastewater treatment plant effluent, streams leading to the
fjord, and atmospheric deposition. The fjord model com-
prises first-order degradation, adsorption, sedimentation,

vertical diffusion in the sediment, dispersive mixing in the
water, and water exchange with the surrounding sea.
Experimental measurements of DEHP were made in the
fjord water and sediment, in the wastewater treatment plant
inlet and effluent, and in streams and atmospheric deposi-
tion. The experimental data are used to calibrate the model.
The model results show that freshwater from streams is the
predominant DEHP source to the fjord, followed by
atmospheric deposition and effluents from wastewater
treatment plants. Sedimentation is the predominant removal
mechanism followed by water exchange with the sea and
degradation.
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1 Introduction

Chemicals enter the environment via many sources, and
once they are emitted their transport patterns can be
complex. In some cases, the origin and fate of a chemical
may be clear and easy to track in the environment, such as
the washing detergent linear alkylbenzene sulfonate, which
is predominantly emitted to the wastewater. In other cases,
the chemical may be present in a wide range of products
and used in many different industrial and household
activities. Thus, the phthalate ester di(2-ethylhexyl)phtha-
late (DEHP) is the most abundantly used phthalate ester and
is primarily used in polyvinyl chloride (PVC) products as
softener. The content of DEHP in flexible polymer
materials varies but is often around 30% (w/w) [9]. Flexible
PVC is used in many different articles, e.g., toys, building
material such as flooring, cables, profiles, and roofs, as well
as medical products like blood bags, dialysis equipment,
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etc. DEHP is used also in other polymer products and in
other nonpolymer formulations and products [1, 17].
Consequently, the wide use of DEHP gives rise to many
possible scenarios of human and environmental exposure.
Considering the suspected hormone-disrupting effects (risk
phrases R60 and R61) and the large annual use of 73,500-
ton PVC in Denmark alone [16], a risk assessment has been
undertaken for DEHP [1]. The conclusions for the
environment are that there is at present no need for further
information and/or testing for wastewater treatment plants,
surface water, sediment, the atmospheric compartment, and
the terrestrial compartment. For human health, there is need
for limiting the risks for human health for workers,
consumers (children, patients), man exposed indirectly via
the environment (adults, children, babies or infants), and
combined exposure [1].

In order to implement the restrictive regulations sug-
gested in a risk assessment, a coupling between source and
target is required. This is inherent in a fate, or cycle,
analysis of the chemical in the environment. Although
DEHP is predominantly used in PVC products, it is not
evident that the fate of DEHP follows the fate of the PVC
products. The objective of this study is to follow the cycle
of DEHP in a typical Danish rural environment and to
define the main sources and removal mechanisms with
respect to the recipient Roskilde fjord.

Fjords and inner waters have been investigated with a
variety of models ranging from simple batch reactor models
describing residence time (e.g., [5]) to more complex models
such as MARE (MArine Research on Eutrophication) that
builds on a series of models linking information about
ecosystem properties, biogeochemical processes, physical
transport, nutrient inputs, and costs for nutrient reductions
[15]. Further studies on fate modeling of phthalate esters in
environmental matrices can be found in Kao et al. [8],
Turner and Rawling [19], Williams et al. [23], and Zhou and
Liu [24].

In the present work, we use a model that includes all
significant spatial and temporal trends of the DEHP flow in
Roskilde fjord, and yet so simple that the number of input
parameter is minimal. In this way, the uncertainty related to
parameter uncertainty will be minimized and the predictive
power of the analysis will be optimized. The model is
evaluated theoretically and with experimental measurements.

2 Background and Theory

Roskilde fjord cuts its way through northern Zealand. It is
approximately 40 km long and ends in the northern part of
the Isefjord (Fig. 1). The total surface area is approximately
125 km2; mean depth is 3 m and maximum depth is 31 m at
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Fig. 1 Schematic view of Roskilde fjord. Symbols and notations are explained in Table 1
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the end of Lejre Vig. A shallow threshold that causes a long
residence time in the southern part separates the northern
and southern parts. Surveillance of Roskilde fjord is
performed annually in the Danish national monitoring
program NOVANA (e.g., [22]) where chemicals and biota
are monitored in the aquatic and terrestrial environment.

The level and the temporal and spatial variation of
DEHP concentrations were measured in Roskilde fjord
during three seasonal campaigns, involving widespread
different locations. Sediments were investigated in the
innermost part of the fjord (Roskilde Vig) including a core
22 cm deep (∼80 years old) [20]. The seasonal sampling
additionally comprised atmospheric deposition, three
streams, and a lake, including water and sediment.
Furthermore, DEHP concentrations were measured in the
particulate and dissolved phases at the inlet, effluent, and
sludge at the wastewater treatment plant (WWTP). Meas-
urements and modeling of the WWTP performance is
presented in Fauser et al. [2, 3]. Effluent concentrations and
flows are applied as input to the fjord.

Physicochemical processes and parameters that involve
the fate of DEHP in the water and sediment, respectively,
are:

– Bio-degradation; Different first-order degradation
rates, k1 values, can be found in the literature for the
degradation of DEHP in water and sediment, respec-
tively. In the water phase, the concentration of active
biomass is very small and as a rough estimate a
reaction rate equal to a factor of 1,000 [4] lower than
the aerobic rate found in a WWTP k1=10

−5 s−1 by
Fauser et al. [3] is expected. Slow degradation has also
been found in the terrestrial environment, probably due
to anaerobic conditions [21]. In the aerobic sediment,
surface layer about the same degradation rate as in the
WWTP is expected. The thickness of the layer can be
varying, mainly due to wind conditions and a probable
mean value will be around 5 cm. Below this layer,
anoxic (nitrate or sulfate-reducing) conditions prevail
and a degradation rate factor of 10 lower than the
aerobic rate is assumed.

– Sorption; At the WWTP outlet and in the water phase
of the fjord, the organic fraction of the particulate
matter is relatively high and in the sediment it is lower
due to degradation, implying a lower Kd value in the
sediment. However, Kd is defined under equilibrium
conditions and since it is questionable whether the
retention time in the water is long enough for
equilibrium to occur, a reduction of the sorption
coefficient is appropriate in the water. On the other
hand, the substance entering the fjord through dis-
charge and deposition will already be associated to
DOM and therefore it is more a problem of desorption

in the diluted fjord water. At the sediment surface, the
organic fraction will be higher than in the deeper
layers. The sediment density is, however, assumed to
be constant throughout the depth although there will be
an increase caused by pressure buildup. The former
will result in a decreasing sorption coefficient and the
latter in an increasing sorption coefficient for increas-
ing depths. Microbial degradation of organic matter can
release adsorbed substance. Digestion of organic matter
by benthic organisms will remove adsorbed substance
and degrade or incorporate it in the tissue. The
substance will then be released as adsorbed substance
when the organism dies. The former process will result
in a decreasing sorption coefficient and the latter
process an increasing sorption coefficient. Due to these
complex interactions, only one Kd value is assigned to
the total system. In the WWTP, a Kd value for DEHP
was found to be approximately 13,000 L kgDM−1 [2].
The organic content in the sediment and in the
particulate material in the WWTP effluent and fjord
water is lower than in the biomass in the bioreactors in
the WWTP, and a Kd value of 10,000 is applied.

– Sedimentation is a transport mechanism where particles
are brought to the sediment surface by gravitational
settling. Due to turbulence resuspension of surface
layer, particles will occur. The resuspended particles
are assumed to comprise the same concentration of
adsorbed substance as the particles in the water phase.
It is therefore sufficient to consider the net sedimenta-
tion. DEHP occurs in low concentrations and has low
solubility and low degradation rate [18]. The governing
removal or transport mechanism in the sediment is
diffusion, which in turn is related to a similar removal
rate from the water phase. The approach is therefore to
define the vertical transport of nonsedimentary sub-
stance in terms of a “suction” caused by molecular
concentration gradient conditioned diffusion in the
sediment, where the water depth is 3 m and the dry
matter content at the surface is 1.58 kg org. dm L−1.
Madsen and Larsen [10] found linear accumulation rates
in the inner fjord in the interval 1.2–5.8 mm year−1. The
total downward transport of substance is thus found
from a combination of diffusive concentration gradient
conditioned transport and sedimentation of adsorbed
particulate substance.

– Vertical transport in the sediment; Once the substances
have reached the sediment, the dissolved fraction can
be transported further vertically and horizontally. The
flux in the sediment is governed by molecular
diffusion. Advection and convection are negligible
processes that are primarily relevant in connection with
hydraulic gradients in groundwater studies. The rela-
tionship between molecular size and diffusivity can be
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used to predict diffusivities of compounds from known
diffusivities of other compounds based alone on the
molecular masses, cf. Eq. 1 [12].

Dunknown

Dknown
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Mw;known

Mw;unknown

s
ð1Þ

This requires that the carrier media are the same and that
the chemical structures are related. Benzene may be used as
a model compound for calculating the diffusivity of DEHP
that also contain a benzene ring in addition to the alkyl
chains and ester groups. Schwarzenbach et al. [12] have
found Dbenzene=10

−9 m2 s−1 (Mw,benzene=78 g mol−1). Com-
bined with Mw,DEHP=391 g mol−1, this yields DDEHP=5×
10−10 m2 s−1. Fick’s first law can describe the vertical
substance flux in the sediment

Nsz¼q � Ddisp;sz � dCS

dz

mg

m2s

h i
ð2Þ

where θ=0.55-L water (per liter total) is the porosity of the
sediment and Ddisp,sz is the vertical dispersion coefficient in
the sediment and Cs the sediment DEHP concentration.
Schwarzenbach et al. [12] suggest the following empirical
relationship to the molecular diffusivity

Ddisp;sz ¼ DDEHP � q1:5 ¼ 5� 10�10 � 0:551:5

¼ 2� 10�10 m
2

s
ð3Þ

Neglecting the influence from bioturbation, the horizon-
tal concentration gradient is much smaller than the vertical
concentration gradient and the horizontal diffusion can be
omitted in the mass balance for a model sediment volume.

– Horizontal transport in the water; The hydraulic effect
from the sea will cause a high flow through the narrow
parts in the middle of the fjord. This combination of
saline intrusions and freshwater discharges causes a
salinity gradient ranging from 20‰ in the northern
entrance to 14.5‰ in the inner parts of the fjord [6]. On
a local scale, freshwater intrusions can enter the saline
fjord and thus lower the salinity. However, it is
assumed that the convective flow in the sediment is

zero, thus excluding the influence of percolation of
groundwater through the sediment into the fjord. Only
net deposition, streams, and anthropogenic outlets are
considered as freshwater sources to the fjord. Due to an
effective large-scale mixing of the water volumes,
which enhances the vertical transport of dissolved and
particulate matter, the vertical concentration gradient is
negligible, resulting in a mean depth-integrated con-
centration in the water column. The large-scale mixing,
which is caused by a combination of wind- and current-
driven turbulence and convection, is also the predom-
inant process in the horizontal transport of water and
substances. Tides are shallow within the inner Danish
waters and have only limited influence on potential
mixing and water exchange due to tidal gates in the
estuaries and fjords to the North Sea. Hydraulic effects
from wind and freshwater sources are able to create
water-level fluctuations up to 170 cm above mean sea
level in the inner fjord compared to only ±10 cm
resulting from tidal variations [11]. The salinity mixing
data are used to calculate an effective longitudinal
dispersion coefficient for the narrow part of the fjord.
Assuming a uniformly distributed freshwater supply
along the shore of 1.16×10−4 m3 (m s)−1, a mean cross-
sectional area of 2,610 m2, a length of 28 km, cf.
Table 1, and salinities of 20‰ in the northern entrance
and 14.5‰ in the Bredning, the effective dispersion
coefficient can be calculated from the salinity gradient
[6]

Dwx ¼
1:16� 10�4 m2

s � 28; 000mð Þ2
2� 2610m2 � ln 20:0

14:5

¼ 54
m2

s
ð4Þ

The longitudinal salinity gradient is only constant in the
narrow part of the fjord and therefore the dispersion
coefficient is only representative of this section. In the
inner fjord where the discharge from the WWTP is situated,
the salinity is approximately constant and the horizontal
transport is based on wind-driven turbulence and convec-
tive mixing. Conclusively, it is not relevant to consider the
transport in the Vig and Bredning in relation to dispersion
but rather to consider them as mixed basins.

Table 1 Hydraulic and geographical key data for Roskilde Vig, Bredning, and narrow passage

Vig Bredning Narrow passage

Surface area Avig=4 km2 Abred=48 km2 Anarr=73 km2

Length – Lbred = (10 km) Lnarr=28 km
Mean depth h=3 m h=3 m h=3 m
Diffuse freshwater flow Qf,vig=0 Qf,bred=3.60 m3 s−1 qf,narr=1.16×10

−4 m3 (m s)−1

Point source flow Qp,vig=136.7×10
−3 m3 s−1 Qp,bred=36.0×10

−3 m3 s−1 qp,narr=3.60×10
−6 m3 (m s)−1

Water exchange Qbred-vig=(0.5×Qf-sea) 3.4 m3 s−1 Qnarr-bred=(2×Qf,sea) 13.7 m3 s−1 Qsea-narr=(3×Qf,sea) 20.5 m3 s−1
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3 Sources

WWTP effluent is discharged as a point source to the
surface water at the shore at the innermost part of Roskilde
fjord (Vig). The flow is 492±356 m3 day−1 with a mean
concentration of 0.7 μg DEHP per cubic meter [2, 3]. Point
sources to the Bredning and narrow passage of the fjord,
i.e., WWTP discharges from four smaller cities, are
estimated to account for the same concentration (CWWTP)
and flow rate (QWWTP) as the WWTP in the Vig. The total
load from the point sources is distributed uniformly along
the horizontal axis (cf. Table 1 and Fig. 1). Freshwater
intrusions from streams and lakes occur along Roskilde
Bredning and the narrow passage. The freshwater intrusion
is higher per length unit in the Bredning than in the narrow
passage. Atmospheric deposition is considered to be
uniformly distributed with respect to time and surface area.
The dry deposition rate is 230 μg DEHP (m2 year)−1 [21].
For a period of 25 years, ending in 1991, all sludge produced
in earlier WWTPs in Roskilde was used for amendment on
an agricultural field adjacent to the WWTP discharge. Since
1991, the produced sludge has been stored in an intermedi-
ary deposit close to the sludge-amended area and shore.
Leaching from the sludge-amended soil as well as washout
from the sludge deposit, in case of heavy rainfall, contribute
to the load to the fjord [21]. In 1969, in connection with
work on the Roskilde harbor, the sediment was dumped
nearby in the fjord. This has since then been a source of
leaching to the fjord water. The load has decreased with time
and is today estimated to be negligible compared to the
WWTP discharge. The flux of saline water from the sea to
the fjord is three to four times larger than the freshwater flux
to the fjord [7]. In Table 1, water exchange rates are stated.

4 Model Parameters

Parameters are either required as input or are estimated
from model runs. They are state variables, i.e., dependent
variables that are being modeled, model inputs, i.e.,
constants required to run the model, calibration parameters,
i.e., constants used for performing an adjustment or tuning
between model results and measurements.

Calculated and measured state variables:

Cw Concentration of dissolved DEHP in water phase
[mg L−1].

Cs Concentration of dissolved DEHP in sediment phase
[ng g−1].

Measured model inputs:

Xw Concentration of suspended particulate matter in
water phase=10×10−6 kg DM (L total)−1

Xs Concentration of dry matter in sediment=1.06 kg
DM (L total)−1

θs Water fraction in sediment=0.55 L water
(L total)−1

QWWTP Discharge flow from WWTP=492±356 m3 h−1

CWWTP Concentration of dissolved DEHP in WWTP
discharge=0.7 μg DEHP L−1

RWWTP Retention factor for WWTP discharge=1.05
Ctot,dep Atmospheric bulk deposition=7.29×10–15 kg

DEHP (m2 s)−1

Ctot,f Concentration of mean total substance in
freshwater from streams=0.2 μg DEHP L−1

Calibration parameters:

Kd Distribution coefficient between water and organic
matter in water or sediment [L water (kg DM)−1].

k1N Aerobic pseudo first-order removal rate [s−1].
k1D Anaerobic pseudo first-order removal rate [s−1].
S Annual sediment accumulation rate [mm year−1].

Estimated model inputs:

Dwx Horizontal dispersion coefficient in narrow part of
fjord=54 m2 s−1

Dsz Molecular diffusion coefficient in sediment=2×
10−10 m2 s−1

and parameters in Table 1.
The mean residence time for the entire fjord is

approximately 3 months.

5 Model Equations

Roskilde Vig and Bredning are considered to be totally
mixed and the narrow part of the fjord is described by
dispersion. A water model and a sediment model is set up
that in combination describe the dynamic and steady-state
DEHP concentrations in the water and sediment of
Roskilde fjord and account for the overall mass balances
in the different regions of the fjord. The water model is a
steady-state box models of Roskilde Vig and Bredning
combined with a dynamic numerical model of the narrow
passage of the fjord. The sediment model is a numerical
model including diffusion, sedimentation, and degradation
and analytical expressions. Experimental results are used to
validate the models.

The models are set up based on the assumptions of
constant discharge flow (QWWTP), freshwater flow (Qf),
deposition (Qdep), discharge concentration (CWWTP), fresh-
water concentration (Cf), deposition concentration (Cdep),
water depth (h), concentrations of suspended matter in water
and sediment (Xw, Xs), equilibrium between dissolved and
adsorbed substance (Kd). The water volume is totally mixed
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along the vertical axis; there is only vertical diffusive flow
in sediment (Dsz); the dissolved concentration in sediment
surface layer is equal to the dissolved water concentration;
there is first-order degradation of dissolved substance in
water and sediment (k1), and sediment depth is increasing
in time due to sedimentation (S).

In order to establish simple and robust models, the
growth and wilting cycle of vegetation and influence of
changing emission patterns from consumers and wastewater
treatment plants are not considered. Accordingly, mean
annual conditions are simulated based on constant flows
and concentrations.

5.1 Steady-State Box Model for Water Compartment

The general steady-state mass balance is shown in Eq. 5
and for Roskilde Vig the mass balance becomes as shown
in Eq. 6. Mass balances for Roskilde Bredning and narrow
passage are described analogously. In Roskilde Vig, mass
balance Cw,bred is unknown. In Roskilde Bredning, mass
balance Cw,vig and Cw,narr(boundary) are unknown and in
the mass balance for the narrow passage Cw,bred is
unknown. By inserting model parameters and values from
Table 1 and performing model iterations, the unknowns are
determined.

0 ¼ Point sourcesþ Freshwater sources

þWater exchangeþ Atmospheric deposition

þ Sedimentationþ Degradation ) ð5Þ

0 ¼ CWWTP � RWWTP � QWWTPþCtot;f � Qf ;vig

� Cw;vig � Rw � Qbred�vigþQp;vigþQf ;vig

� �þCtot; dep

�Avig�Cw;vig�S�Avig�Rs�k1�Cw;vig�Avig�hvig

ð6Þ

5.2 Differential and Numerical Water and Sediment Models
for Narrow Passage

The mass balance for the water compartment of the Vig and
Bredning are as shown in Eq. 6. For the narrow passage,
the water mass balance is described below. Transport in the
sediment is described irrespective of the model for the
water. In Fig. 2, a vertical section of the water–sediment
system is shown and horizontal and vertical mass fluxes are
stated for each compartment.

The time incremental mass balance for a water volume
dx×b×h and a sediment volume dx×b×dz is shown in
Eq. 7, where Nx and Nz are the mass fluxes [g (m2 s)−1]
along the x- and z-axis, respectively, of substance A with

dissolved concentration CA. k1 is a pseudo first-order
process constant. Equation 8 is the result of two-dimensional
modeling assumptions and can be formulated for the water
and sediment compartment, respectively.

dCA

dt
� R� dx� b� dz ¼ Nx � b� dz

� Nx þ dNx

dx
� dx

� �
� b� dzþ Nz � dx� b

� Nz þ dNz

dz
� dz

� �
� dx� b

þ
X

k1i � CA � dx� b� dz ) ð7Þ

dCA

dt
¼ � dNx

dx
� 1

R
� dNz

dz
� 1

R
�
X k1

R
� CA ð8Þ

5.2.1 Differential Equation Water Compartment
(Narrow Passage)

The horizontal flux, in Eq. 9, includes advection and
dispersion

Nwx ¼ Qnarr

b� h
� Cw;narr � Rw � Dwx � @Cw;narr

@x
� Rw ð9Þ

where (cf. Fig. 1)

Qnarr ¼ Qf ;bred þ Qp;vig þ qf ;narr þ qp;narr
� �� x ð10Þ

Nwx  + 
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∂
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Fig. 2 Vertical sectional view of the water–sediment system in the
narrow passage of Roskilde fjord
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The vertical flux, in Eq. 11, is a combination of sedi-
mentation of particles, extraction of molecular substance
through sediment suction, atmospheric deposition, and
freshwater sources. The first term is the boundary condition
at the sediment surface caused by sediment “suction” of
substance. The total mass balance for the water compart-
ment furthermore includes first-order degradation and thus
becomes as shown in Eq. 12

Nwz¼�Dsz � @Cs

@z

����
z¼0

�S � Rs � Cw;narr þ Ctot;dep

þ qf ;narr
b

� Ctot;f þ qp;narr
b

� Ctot;p ð11Þ

@Cw;narr

@t ¼ Qnarr

b�h � @Cw;narr

@x þ qf ;narrþqp;narrð Þ
b�h � Cw;narrþ

Dwx � @2Cw;narr

@x2 � Dsz
Rw�h � @Cs

@z

��
z¼0

þ
Cdep

Rw�h � S�Rs�Cw;narr

Rw�h � k1
Rw

� Cw;narrþ
qf ;narr

b�h�Rw
� Ctot;f þ qp;narr

b�h�Rw
� Ctot;p

ð12Þ
Boundary conditions:

Cw;narr ¼ Cw;bred for x ¼ 0

Cw;narr ¼ Cw;sea ¼ 0 for x ¼ Lnarr þ 5km

5.2.2 Differential Equation Sediment Compartment
(Narrow Passage, Bredning, and Vig)

The horizontal flux is negligible. The vertical flux arising
from molecular diffusion and advection from sediment
buildup is shown in Eq. 13. The total mass balance for the
sediment compartment is shown in Eq. 14. In the upper
5 cm, the aerobic degradation rate, k1N, is used and further
down the anoxic degradation rate, k1D, is used.

Nsz ¼ �Dsz � @Cs

@z
þ S � Rs � Cw ð13Þ

@Cs

@t
¼ Dsz

Rs
� @2Cs

@z2
� S � @Cs

@z
� k1

Rs
� Cs ð14Þ

5.2.3 Numerical Equation Water Compartment
(Narrow Passage)

The two coupled second-order differential Eqs. 12 and 14,
each having two independent variables, x and t for the
water model and z and t for the sediment model,
respectively, can be solved numerically using a grid

consisting of discrete nodes for the (x, t) and the (z, t)
system, respectively, and by employing a forward time
central space scheme (cf. Fig. 3).

Cnþ1
w ið Þ ¼ Cn

w ið Þ
þdt � Qnarr

b� h
� Cn

w iþ 1ð Þ � Cn
w ið Þ� �

dx
þ qf ;narr þ qp;narr
� �

b� h
� Cn

w ið Þ
� �

þ dt � Dwx �
Cn
w iþ 1ð Þ � 2� Cn

w ið Þ þ Cn
w i� 1ð Þ� �

dx2

� �

� dt � Dsz

Rw � h
� Cn

s i; jþ 1ð Þ � Cn
s i; jð Þ� �

dz

� �����
j¼0

þ dt � Cdep

Rw � h
� S � Rs

Rw � h
� Cn

w ið Þ � k1
Rw

� Cn
w ið Þ

� �

þ dt � qf ;narr
b� h� Rw

� Ctot;f þ qp;narr
b� h� Rw

� Ctot;p

� �
ð15Þ

5.2.4 Numerical Equation Sediment Compartment
(Narrow Passage, Bredning, and Vig)

The numerical interpretation of the sedimentation term S×
Rs×Cw is accounted for by increasing the sediment
thickness with an extra layer, dz, each time Eq. 16 is
fulfilled. With a step size of dz=0.01 m and an accumu-
lation rate of S=2.5 mm year−1, an additional layer with
thickness dz must be added every 4 years. In doing so, the
entire concentration profile is moved downward one grid
point. The sediment difference Eq. 17 does therefore not
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comprise a sedimentation term. For j=0, the second space
derivative in Eq. 17 is shown in Eq. 18.

tsed¼ dz

S
ð16Þ

Cnþ1
s i; jð Þ ¼ Cn

s i; jð Þ þ dt

� Dsz

Rs
� Cn

s i; jþ 1ð Þ � 2� Cn
s i; jð Þ þ Cn

s i; j� 1ð Þ� �
dz2

� �

� dt � k1
Rs

� Cn
s i; jð Þ

� �
ð17Þ

Cn
s i; 1ð Þ � 2� Cn

s i; 0ð Þ þ Cn
s i; 0ð Þ� �

dz2
ð18Þ

At time step n, the input sediment surface concentration
Cs(i, 0) to the sediment equation is calculated from the
water equation at the same time step because of the faster
dispersion in the water phase compared to the diffusion in
the sediment. At time step n+1, the input sediment surface
concentration Cs(i,0) to the water equation is calculated
from the sediment equation at time step n.

6 Analytical Equations

6.1 Dynamic Solution to the Diffusion and Sedimentation
Problem in the Sediment

A combined dynamic diffusion, sedimentation, and degra-
dation problem is too complex to solve analytically.
Determination of the concentration profile in the sediment
at any given position in the fjord is therefore simplified to a
problem of diffusion and sedimentation in a semi-infinite
medium, where the boundary (water) is kept at a constant
concentration. It is acceptable to consider the water
concentration as constant in time due to the high horizontal
dispersion and vertical mixing that prevail in the water
phase compared to the slower sedimentation to and
diffusion in the sediment. The boundary condition is thus
Cs(x, 0)=Cw(x)steady state for t>0. The initial condition is
Cs(x, z)=0 for t=0. The solution of the one-dimensional
diffusion and sedimentation problem, Eq. 19, thus yields
Eq. 20 [13]. Where erfc ( ) is the complementary error
function.

@Cs

@t
¼ Dsz

Rs
� @2Cs

@z2
� S � @Cs

@z
ð19Þ

Cs ¼ 0:5� Cw

�
erfc 0:5�

ffiffiffiffiffiffi
Rs

Ds

r
� z ffiffi

t
p � S � ffiffi

t
p� �� �

þ e
S�Rs
Ds � erfc 0:5�

ffiffiffiffiffiffi
Rs

Ds

r
� z ffiffi

t
p þ S � ffiffi

t
p� �� �

0
BBBB@

1
CCCCA

ð20Þ

6.2 Steady-state Solution to the Diffusion, Sedimentation,
and Degradation Problem in the Sediment

Under steady-state conditions, the linear homogeneous
second-order equation, describing diffusion, sedimentation,
and degradation in the sediment compartment, is as shown
in Eq. 21. It can be solved according to Spiegel [14] with
the boundary conditions CS → 0 for z → ∞, CS=Cw (steady
state) for z=0, giving Eq. 22.

Dsz

RS
� d2CS

dz2
� S � dCS

dz
� k1

RS
� CS ¼ 0

, d2CS

dz2
� S � RS

Dsz
� dCS

dz
� k1

Dsz
� CS ¼ 0 ð21Þ

Cs zð Þ ¼ Cw steady� stateð Þ

� e
S�Rs
Dsz�2�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S�Rs
Dsz�2ð Þ2þ k1

Dsz

q� �
�z ð22Þ

7 Results and Discussion

7.1 Theoretical Validation, Sediment Compartment

In Fig. 4, the numerical model, Eq. 17, is validated with the
analytical solution to the diffusion and sedimentation
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problem, Eq. 20. Degradation is set to zero in the numerical
model and the following parameters are used; S=2.5 mm
year−1, k1N=2×10

−5 s−1, k1D=8×10
−6 s−1 (below a depth of

5 cm), Kd=10,000 L water (kg dm)−1. Simulation time is
50 years and the optimum time step, with respect to
run time and precision, is dt=105 s. Vertical step size is
dz=0.01 m.

Two cases are considered: diffusion combined with
sedimentation and diffusion alone. The sedimentation
process in the numerical model, where discrete layers of
thickness 1 cm are added, is seen to be satisfactorily
described compared to the analytical solution. A situation
of sedimentation alone will produce a horizontal curve
through 300 ng DEHP g DM extending to a depth of S×
50 years≈12 cm. The two diffusion curves and the two
diffusion + sedimentation curves are coincident, which
implies that the numerical sediment model is considered to
be validated.

7.2 Experimental Calibration, Sediment Compartment

In Fig. 5, the validated numerical model is calibrated with
the experimental sediment concentration profile sampled
130 m from the WWTP discharge. The curve at the upper
5 cm decreases according to the typical transport degrada-
tion situation with a constant degradation rate. The high
degradation rate indicates aerobic conditions and is the
same order of magnitude as the aerobic rate found in the
WWTP although the biomass and oxygen concentrations
are considerably lower in the sediment. Deeper down in the
sediment, the profile flattens out and decreases with only
10% in 5 cm. The oxygen concentration is probably
negligible. A degradation rate of 8×10−6 s−1 suggests either
anoxic or anaerobic conditions.

The periodic fluctuations from 12 to 20 cm are probably
experimental noise but bioturbation by lugworm (Arenicola

marina) could also cause this effect. Circumstances that
disconfirm this are the hardness of the sediment core. Two
cases can be considered: the fluctuations below approxi-
mately 12 cm are noise and the concentrations are zero.
This gives a sedimentation rate of 2.5 mm year−1.
Alternatively, the concentration profile below 10 cm is
approximately constant down to a depth of minimum
20 cm. In this case, the sedimentation is equal to or larger
than 4.5 mm year−1 since diffusion alone cannot transport
this amount of substance down to these depths. In the
model setup, the sedimentation is described as a discontin-
uous process where a layer of dz=1 cm is added every
4 years but in reality the sedimentation occurs in two
annual maxima, one in the spring and one in the autumn.
The different sediment applications have been investigated
in the numerical model and the results are identical.

In Fig. 5, the last curve is the steady-state profile, cf.
Eq. 22. From observing the profile development in time and
from flux considerations by Sørensen et al. [13], the time
needed to achieve steady state is governed by the sediment
accumulation rate. It is only for t=0, where the concentra-
tion gradient at the sediment surface is infinitely high, that
diffusion will dominate the flux. With S=2.5 mm year−1,
steady state is reached in the upper 2.5 cm after 10 years.

Equation 23 shows the flux at the sediment surface
during steady state. It is found by differentiating Eq. 22 for
z=0 and insertion in Eq. 13. Higher degradation rates yield
increasing concentration gradients and thus higher diffusion
rates through the sediment. Higher adsorption coefficients,
Kd, and therefore higher retention factors, Rs, result in
higher association with particulate matter and higher
sedimentation rates of adsorbed substance. For DEHP, the
ratio between k1N×Dsz=2.0×10

−15 m2 s−2 and S×Rs=
26.5 m year−1 gives in a sedimentation flux comprising
about 95% of the total flux to the sediment. Hydrophobic
substances are thus transported to the sediment at higher
rates than hydrophilic substances.

Nsz ¼ Cw steady� stateð Þ � S � Rs

� 0:5þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:25þ k1 � Dsz

S � Rsð Þ2
s !

ð23Þ

7.3 Water Compartment

Experimental measurements in the water compartment yield
a mean DEHP concentration of 91±81 ng DEHP per liter
(five sampling sites) [20]. Water concentrations in the
different sections of the fjord are calculated from Eq. 5,
combining the two box models and the dispersion model in
an iterate process. The calculations assume constant flows
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and constant concentrations for the DEHP sources. Steady
state will occur in the water compartment after a few
months and will therefore be considered in the following.
For simplicity reasons, the diffusive suction by the
sediment is omitted, which is in accordance with steady
state. The biomass concentration in the water is a factor of
100 lower than in the WWTP and furthermore the micro-
organisms are not adapted to optimum DEHP degradation;
therefore, the degradation rate per liter is set a factor of
1,000 lower than in the WWTP, k1=2×10

−8 s−1. This is
probably still too high but it is compensated by the removal
by volatilization. Apart from the degradation rate, there are
no adjustments of the model parameters in order to fit the
modeled results to the experimental findings. The experi-
mental sediment surface concentrations increase towards
the inner parts of the fjord. In Roskilde Vig, the DEHP
concentration is a factor of two higher than in the Bredning
and a factor of ten higher than in the narrow passage. In the
narrow passage, the flow and turbulence are considerably
higher and the net sedimentation rate is reduced.

By using the calculated steady-state concentration for the
Bredning as boundary condition in the numerical solution
for the narrow passage, the water concentration profile in
Fig. 6 is obtained. The experimental concentrations in the
water compartment are approximately constant in all
sections of the fjord and do therefore not display the
characteristic decrease caused by dispersion as seen in
Fig. 6. The experimental concentration peaks around 11 km
(Frederiksund), which is an area with very high current and
resuspension of settled material with adsorbed DEHP. With
a mean experimental water concentration of 91 ng DEHP
per liter, there is a discrepancy by a factor of 3–5 compared
to the modeled water concentrations. A reason for the
underestimation of the calculated concentrations could be
missing contributions from sources such as boats, spills
from industrial activities, or leaching from dumped slag
which is reported to have taken place in the Vig.

7.4 Flow of DEHP in and Around Roskilde Fjord

In Fig. 7, the DEHP sources, removals, and sinks to the
Roskilde fjord water compartment are shown as steady-
state mean flows (g DEHP day−1). The freshwater sources
from streams are the main contributors to DEHP in the fjord
water followed by atmospheric deposition and WWTP
discharges. The removal processes are highly dominated by
sedimentation, followed by water exchange with the sea
and degradation balancing the sources. Calculated steady-
state mean water concentrations for the three regions of the
fjord are Vig 32 ng DEHP per liter, Bredning 26 ng DEHP
per liter, and narrow passage 19 ng DEHP per liter (mean,
cf. Fig. 6).

8 Conclusions

The cycle of the phthalate ester DEHP is investigated in a
typical Danish rural environment, where the main sources,
removal processes, and sinks are quantified in the recipient
Roskilde fjord. Sedimentation of particle-bound DEHP, or
binding of dissolved DEHP to sediments, is the main
removal process from the water compartment, whereas
degradation and transport to the surrounding sea are of
lesser significance. Freshwater from streams is the main
source and is followed by atmospheric deposition and
discharges from wastewater treatment plants.

Numerical models are set up to quantify the transport of
DEHP in the water and sediment compartments of the fjord
and a steady-state mass balance quantifies the DEHP flow
in and around Roskilde fjord. Calculated DEHP concen-
trations in the water are validated with measured fjord water
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concentrations and the sediment model is calibrated with
sediment core measurements and validated with analytical
solutions.

The fate of DEHP in the sediment compartment is
described with sedimentation, diffusion, and first-order
degradation. However, diffusion can be omitted under
steady-state conditions, which typically occur in the surface
layer after about 10 years. The insignificance of gradient
conditioned diffusion in the surface layer justifies the use of
a sediment description comprising a totally mixed sediment
compartment, such as the setup used in the mathematically
simpler SimpleBox, comprised in the European Union
System for the Evaluation of Substances. The suggested
modeling approach, where water and sediment compart-
ments are treated separately only connected with substance
exchange through sedimentation, seems appropriate in
describing the fate of DEHP in Roskilde fjord.

The model requires a set of predefined processes and
parameters that are valid for the specific conditions
represented by Roskilde fjord. These conditions are highly
influential on the model result. For other fjords and inner
waters, the conditions will be different and by adjusting the
parameters the model setup may still be applicable. It is
important to always have some means of validation of
model calculations, either with other models or most
appropriately measurements in the actual system.

Concentrations found in the fjord water are too low to
adversely affect the environment, whereas the concentra-
tions found in the sediments may influence the bottom
living organism and through them enter the food chain. The
suggested net DEHP supply to the sediment may further
build up the DEHP concentration and eventually cause
critical levels in the water phase in the future. The
presented fate model elucidates the transport patterns of
DEHP in the complex multimedia fjord system and can
support decision making as to which sources must be
reduced in order to implement the most effective strategy
for protecting man and the environment.
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