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Summary

The occurrence sources, transport and fate of nonylphenols and phtha-
lates in the aquatic environment of a fjord was investigated. The sub-
stances analysed were: NP, NPDE, DBP, DPP, BBP, DEHP, DnOP and
DnNP. The analytical methods were specifically developed for the in-
vestigation, using high resolution GC/MS. The investigation comprised
measurements of water and sediment in the fjord as well as in sources.

The level and the temporal and spatial variation of the xenobiotics in the
water of the fjord were studied during three seasonal campaigns, involv-
ing widespread different locations. Very low concentrations were found.
DEHP was the most abundant substance, followed by much lower con-
centrations of DBP, BBP, DPP and NP. NPDE was not found. The con-
centrations of the higher phthalates were highly significantly inter-
correlated. On a large geographical scale the spatial variation was insig-
nificant, but a significant seasonal variation was present, indicated by a
maximum for June and a minimum for December, confirmed by analysis
of variance. The largest seasonal variation and a significant short-term
variation were present at the narrow middle location, where the current
velocity is high. The broad innermost part, near Roskilde, was most con-
stant.

Sediment was investigated in the innermost part of the fjord (Roskilde
Vig). Much higher concentrations were found than in the water, DEHP,
DBP NP and NPDE being most abundant. A decreasing gradient from
the WWTP outlet to a location 6 km away was observed, approaching the
concentrations found in the other less polluted fjord, Isefjord. Thus, hori-
zontal transport through the water is limited to some kilometres, and the
main transport process seems to be sedimentation, or binding to sediment
in the fjord bottom.

The sediment investigation including a core 22 cm deep (~80 y old) from
Roskilde Vig. A decreasing tendency with depth/age was observed for
DEHP and BBP, reflection the historical development in consumption of
phthalates. For NP and NPDE, a more complicate pattern was found,
characterised by low concentrations in the upper/youngest part and two
deeper maxima, probably caused by variation in the use of NPEs .

The seasonal sampling further comprised three streams and a lake, in-
cluding water and sediment. In the water of the streams, the DEHP con-
centrations ranged up to the triple of the fjord. The spatial and temporal
variations were more pronounced and random, certainly because the
streams - unlike the fjord - are hydraulic and geographic separate entities
having different sources and flows. The lake sediment indicated a sig-
nificant sedimentation of all substances – in particular NP and NPDE –
in the deepest part of the lake.

Numerical models were set up in order to describe the fate of the sub-
stances in the water and sediment compartments of the fjord. Only DEHP
data was used since DEHP was the most abundant substance and the only
one to occur in concentrations that are of environmental significance.
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The physico-chemical processes in the fjord that were considered to in-
fluence the fate of DEHP, were: 1st order degradation of dissolved
DEHP, adsorption to particulate matter, sedimentation of particulate
matter, vertical diffusion in the sediment and dispersive mixing in the
water. DEHP sources to the fjord were streams, wastewater treatment
plant discharges and atmospheric deposition. Water exchange with the
surrounding sea removes DEHP, since the DEHP concentrations is negli-
gible in the sea.

In order to establish a simple robust model, the seasonal variations were
not considered. More data concerning the growth and wilting cycle of the
vegetation and the influence of changing emission patterns from con-
sumers and wastewater treatment plants were needed and therefore mean
annual conditions were simulated based on constant flows and concen-
trations.

The numerical models were validated with analytical expressions. The
experimental sediment core data was used to calibrate the sediment
model yielding a sedimentation rate of 2.5 mm pr. year, corresponding
well to a rate previously found for the fjord. Furthermore a distribution
coefficient equal to 10000 litre pr. kg dm and a 1st order degradation rate
of 2 ⋅ 10-5 sec-1 were found.

The sediment simulations showed that it is the sedimentation process that
governs the vertical transport of substance in the sediment. Diffusion is
only significant in the theoretical upstart of the system, where the con-
centration gradient is large at the surface. This fact has further been in-
vestigated in Sørensen et al. (2000), in relation to evaluating the generic
compartment model, SimpleBox, comprised in the European Union Sys-
tem for the Evaluation of Substances, EUSES.

The water model was made by dividing the fjord into two sections of to-
tal mixing along the horizontal axis, where the surface areas were large
and into a narrow dispersive section where the horizontal flow was high.
The shallow water was considered to be totally mixed along the vertical
axis in the whole fjord. The experimental water concentrations were ap-
proximately constant only displaying minor spatial variations that could
not be modelled, probably because of short-term effects such as tidal
flow. The mean experimental concentration was a factor of 5 higher than
the mean calculated concentration.

Freshwater from streams were the predominant DEHP source to the
fjord, followed by atmospheric deposition and wastewater treatment
plants. Sedimentation was the predominant removal mechanism followed
by water exchange with the sea and degradation.

In spite of the deviation between the experimental and calculated DEHP
concentrations in the water, the used modelling approach is considered to
simulate the complex interactions that take place in a system such as Ro-
skilde Fjord, satisfactorily. However, in order to employ the model as a
risk assessment tool it is necessary to further investigate analytical detec-
tion limits, source contributions and temporal variations of the system.
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Resumé

Forekomst, kilder, transport og skæbne af nonylphenoler og phthalater i
det akvatiske miljø af Roskilde Fjord blev undersøgt.

Der blev analyseret for stofferne NP, NPDE, DBP, DPP, BBP, DEHP,
DnOP og NP. De analytiske metoder var udviklet specielt for undersø-
gelsen, og anvendte højtopløsende GC/MS. Undersøgelsen omfattede
målinger af vand og sediment i fjorden samt kilder.

Forekomst og variation i tid og rum af de miljøfremmede stoffer blev un-
dersøgt i tre årstid prøvetagninger, der omfattede lokaliteter vidtstrakt
langs fjorden. Der blev fundet meget lave koncentrationer i fjordvandet.
DEHP forekom i højest koncentration, fulgt af DBP i meget lavere kon-
centration, og minimale mængder af BBP, DPP og NP. NPDE kunne ik-
ke påvises. Der var en højsignifikant korrelation mellem de højere
phthalater. I geografisk stor skala var de rumlige variationer ikke signifi-
kante, men der var en signifikant årstidsvariation tilstede, kendetegnet
ved et maksimum i juli og et minimum i december, bekræftet ved vari-
ansanalyse. Den største variation og en betydelig korttidsvariation fand-
tes i den snævre midterste sted, hvor strømningshastigheden er høj. Den
inderste del, nær Roskilde, var mere konstant.

Der blev undersøgt sediment i den inderste del af fjorden (Roskilde Vig).
Her fandtes meget højere koncentrationer end i vandet, idet DEHP, DBP,
NP og NPDE var mest forekommende. En aftagende gradient fandtes fra
udløbet af rensningsanlægget til en position i 6 km afstand, hvor koncen-
trationen nærmede sig koncentrationen i Isefjorden, der anses for mindre
forurenet. Horisontal transport gennem vandet er således begrænset til
nogle få kilometer, og hovedtransportprocessen synes at være sedimenta-
tion, eller binding til sediment på fjordbunden.

I sedimentundersøgelsen indgik en kærne 22 cm dyb (ca. 80 år gammel)
fra Roskilde Vig. I denne sås en aftagende koncentration med dyb-
de/alder af DEHP og BBP, hvilket afspejler den historiske udvikling i
forbruget af phthalater. For NP og NPDE blev fundet et mere komplice-
ret mønster, kendetegnet ved to dybere maxima, som formentlig er forår-
saget af ændringer i forbruget af NPE.

Årstids prøvetagningen omfattede tillige vand og sediment i tre åer og en
sø. I åvandet gik DEHP koncentrationen op til det tredobbelte af fjord-
vandet. Variationerne i tid og sted var mere udtalte og tilfældige, hvilket
kunne forventes fordi åerne i modsætning til fjorden er hydraulisk og ge-
ografisk adskilte enheder med forskellige kilder og strømning. Søsedi-
mentet antydede en betydelig sedimentation af alle stoffer – særlig NP og
NPDE – i den dybeste del af søen.

Numeriske modeller blev lavet med det formål, at beskrive skæbnen af
stofferne i henholdsvis fjordens vand og sediment. Det var kun DEHP
koncentrationerne der var tilstrækkeligt høje til at have miljømæssig be-
tydning og derfor blev disse kun anvendt.
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De fysisk-kemiske processer i fjorden, der ansås at være af betydning for
DEHP’s skæbne, var: 1ste ordens nedbrydning af opløst DEHP, adsorpti-
on til partikulært materiale, sedimentation af partikler, vertikal diffusion i
sediment og dispersiv opblanding i vandfasen. DEHP kilder til fjorden
var åer og vandløb, rensningsanlæg og atmosfærisk deposition. Vandud-
veksling med havet (Kattegat) fjernede DEHP, da koncentrationerne var
ubetydelige i havet.

For at kunne fastlægge en simpel og robust model blev der ikke taget
højde for de tidslige variationer i systemet. En større mængde data om-
kring planters og dyrs vækstcyklus og betydningen af skiftende emissio-
ner fra såvel forbrugere som rensningsanlæg ville være nødvendigt i den
henseende. Derfor blev årsmiddelværdier med konstante vandmængder
og koncentrationer anvendt.

De numeriske modeller blev valideret med analytiske udtryk. De ekspe-
rimentelle data for sedimentkernen blev brugt til at kalibrere sediment
modellen, hvilket gav en sedimentationsrate på 2.5 mm pr. år, som sva-
rede godt til tidligere undersøgelser for fjorden. Derudover blev der fun-
det en fordelingskoefficient på 10000 liter pr. kg tørstof og en 1ste ordens
nedbrydningsrate på 2 ⋅ 10-5 sek-1.

Sediment beregningerne viste, at sedimentationsprocessen er bestem-
mende for den vertikale transport af stof i sedimentet. Diffusion er kun
betydende i den teoretiske opstartsfase af systemet, hvor koncentrations-
gradienten ved sedimentoverfladen er meget stor. Dette er undersøgt
yderligere i Sørensen et al. (2000), i forbindelse med en evaluering af
den generiske compartmenmodel, SimpleBox, som indgår i ”European
Union System for the Evaluation of Substances, EUSES”.

Vandmodellen blev lavet ved at inddele fjorden i to dele med fuldstændig
opblanding, hvor overfladearealet var stort og i en smal passage med dis-
persion, hvor den horisontale vandstrømning var høj. Den lavvandede
fjord ansås at være fuldstændigt opblandet i dybden. De eksperimentelle
vandkoncentrationer var tilnærmelsesvist konstante og udviste kun min-
dre variationer som funktion af stedet. Disse blev ikke modelleret, da de
sandsynligvis skyldtes korttids effekter såsom tidsvandsstrømninger. Den
gennemsnitlige eksperimentelle koncentration var en faktor 5 højere end
den gennemsnitlige beregnede koncentration.

Ferskvand fra vandløb og åer var den dominerende DEHP kilde, efter-
fulgt af atmosfærisk deposition og rensningsanlæg. Sedimentation var
den dominerende fjernelsesmekanisme, efterfulgt af vandskifte med ha-
vet og nedbrydning.

På trods af afvigelsen mellem de eksperimentelle og beregnede DEHP
koncentrationer i vandet, må den opstillede model anses for at simulere
de komplekse interaktioner i Roskilde Fjord tilfredsstillende. For at an-
vende modellen som et risikovurderingsværktøj vil det imidlertid være
nødvendigt at undersøge forhold omkring detektionsgrænser for de be-
tragtede stoffer samt kildetilførsler og tidslige variationer mere indgåen-
de.
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1 Introduction

The finding of octyl-phthalates in wastewater at high concentrations sev-
eral years ago (Miljøstyrelsen 1994) caused considerable concern, be-
cause some phthalates just by then had been recognised as possibly oes-
trogen-like or carcinogenic, making them harmful to human health. Since
then, many investigations of Danish waste water and sewage sludge have
confirmed the presence of phthalates, (PAE) as well as nonylphenol-
ethoxylates (NPEs), PAHs and an array of other pollutants. The emission
of chemicals into the environment leads to the risk of human exposure.

The most severe effects ascribed to oestrogen-like substances seem on
the human reproductive health, causing reduced sperm quality and tes-
ticular cancer in men, and breast cancer in as well men as women (and
other forms of cancer). Although the oestrogen-like effects for the nonyl-
phenols and phthalates are weak compared to many other substances and
to oestrogen itself, the concentrations of these compounds in wastewater
are high compared to other xenobiotics (Toppary et al. 1995). Hence,
nonylphenols and phthalates presumably play a significant role for the
total oestrogen-like effect of sludge and wastewater.

This line of thought initiated a series of investigations of the sources,
transport and fate of xenobiotics, sponsored by the Danish Environmental
Protection Agency (DEPA), carried out by NERI. These investigation
were limited to the local community of Roskilde city and surroundings.
The present investigation is a part of the series.

In the previous investigations of the project, the emissions to wastewater
from an array of pre-selected industries and institutions pre-selected
sources were studied. The deposition of nonylphenols and phthalates was
measured in a nearby ground station, assumed to represent the fjord sur-
face reasonably well. Also, nonylphenols and phthalates in some streams
were investigated (Vikelsøe et al. 1998). However, in that study only
about one tenth of the total sources for wastewater was found. The sub-
stances are to a large extent removed from wastewater by wastewater
treatment plants (WWTPs), but nevertheless some residual substances
remain in the outlet. This has been measured in connection with the
source project, and again in the WWTP modelling project (Fauser et al.
2000).

The present investigation sets the focus on Roskilde Fjord as a recipient
of NPE and PAE, involving sources, transport and fate. It continues the
above mentioned source study, and includes measurements of the fjord
water itself. The sources of relevance for the fjord are the wastewater
treatment plan outlet, the deposition, and some small streams running
into the fjord. Furthermore, sediment from the fjord is investigated, since
sediments play an important role in the transport and fate of xenobiotics
in the aquatic environment of the fjord.
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2 Purpose

The aim of the study has been to investigate the occurrence, sources,
transport and fate of nonylphenols and phthalates in the aquatic environ-
ment of Roskilde Fjord. It was further intended to find the temporal as
well as the spatial variation of these xenobiotics in the fjord and stream
water. Further, to investigate nonylphenols and phthalates in sediment in
the fjord including a sediment core in the southern part, expected to yield
clues regarding the historical variation of the concentration of xenobio-
tics, as well as some streams and lakes. Finally, an important aim was to
make a mass balance for the fjord system, including sources, transport
and the mechanisms of elimination, and to make a mathematical model
describing the fate of the substances in the fjord system.
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3 Experimental

3.1 Monthly samples of fjord water

Monthly water samples were taken at two locations, one in the Southern
part (Roskilde Vig) near the city of Roskilde, and one further North (Ro-
skilde Bredning). County of Roskilde Authority took these samples from
a boat, as an extension of the routine fjord-monitoring program, Table 1.

Table 1 Monthly water samples taken in the southern part of Roskilde Fjord 1998
Location Dir Sampling dates
(station)

km
24

Mar
21

Apr
19

May
23
Jun

16
Jul

18
Aug

6
Oct

19
Oct

20
Nov

21
Dec

Roskilde Vig (St. 2) N 2 W W W W W W W W W
Roskilde Bredning (St. 60) N 7 W W W W W W W W W W

Dir = direction and distance from Roskilde Harbour W = water sample

3.2 Seasonal sampling plan

Furthermore, the experimental plan involved three seasonal sampling
campaigns, shown in overview in Table 2. Each campaign comprised
sampling of fjord water at the mouth of the fjord and at a narrow and a
broader place at the middle. These samples were taken from the beach, a
bank or a bridge. In the June sampling session, some samples were taken
the same day with a time interval of 6 hours, corresponding to different
tide, and hence current direction in the narrowest part of the fjord. In
each seasonal campaign, water samples were further taken in a brook
(Helligrenden), two streams (Maglemose Å and Hove Å) and a lake
(Gundsømagle Sø), which Hove Å flows through. In Hove Å and Gund-
sømagle Lake, some sediment samples were also taken. The lake is in-
volved in the Danish national monitoring program, NOVA.

Table 2 Seasonal sampling, overview

Location Type Dir Sampling dates
km Mar 98 Jun 98 Sep 98 Dec 98 Nov 99

Skuldelev Fjord N 16 W W W
Frederiksund Fjord N 21 W * W W
Kulhuse (mouth of fjord) Fjord N 37 W * W W
Helligrenden mouth Brook E 12 W W W W
Maglemose Å mouth Stream N 7 W W
Hove Å upstream lake Stream W S W W W S
Lake Gundsømagle Lake W W S W W S W S
Hove Å mouth Stream N 8 W W S W W S

W = water S = sediment * Sampled twice with 6 hours interval
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In Table 3 the flow in the streams 1998 on the sampling dates as well as
the monthly means are given according to hydrometric information from
Roskilde County (1999).

Table 3 Flow in streams 1998

Flow l/s Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Hove Å ups S 52.7 41.0 313

M 243 368 438 464 135 48.3 64.0 57.5 45.1 138 363 373
Hove Å dns S 510 54.2 41.0 774

M 239 389 621 585 141 42.6 69.6 59.0 36.3 83.0 577 552
Maglemose Å S 117 34.2

M 86.6 149 212 230 36.7 16.4 35.1 29.0 13.3 70.1 124 148
Helligrenden S 71.4 11.0 4.0 48.8

M 62.0 82.4 93.6 99.8 25.9 11.1 9.2 5.8 4.0 29.9 45.9 66.9

S = Sampling day M = Month mean ups = upstream the Lake dns = downstream

The sampling locations are shown on the overview map in Figure 1.
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).

Figure 1 Map in scale 1/200,000 showing the sampling locations.
(Colour of circles: Fjord blue, streams and lake red, deposition black

Roskilde Bredning

Skuldelev

Maglemose Å

Bramsnæs

Tempelkrog

Helligrenden

GundsøHove Å

Roskilde Vig

Kulhuse

Lille Valby
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3.3 Samples of fjord sediment

Finally, sediment samples in the fjord was taken during 1996, most of
them in Roskilde Vig in a fan-shaped geometry near the outlet from Ro-
skilde WWTP (map Figure 2).

Figure 2 Local map of Roskilde Vig, 1:25000, showing locations of sediment
sampling sites and sources.
x Sampling sites ⊗ Sediment core
∆ WWTP outlet ∇ Sludge dumping site

The sampling design is based on investigations carried out 1994-95 for
Roskilde County Authority and Roskilde Municipality by Danish Hy-
draulic Institute and Water Consult. According to these reports the cur-
rent is circulating in the Vig mainly driven by the wind, the tide playing a
minor role. The wind is predominantly in the West direction, leading to
an South-East water current in the area having a velocity of 2-6 cm/sec.

The WWTP average outlet of waste water is 19000 m3/day.

Some samples were taken further North in Roskilde Vig and in Roskilde
Bredning, on the same locations as the monthly water samples. The
sediment also included samples from the neighbouring fjord Isefjord, be-
lieved to be lesser polluted, for comparison. These fjord sediment sam-
ples were taken by a diver. All sediment samples were taken in the upper
2-5 cm of the sediment, with the exception of the core, which reached a
depth of about 22 cm into the sediment. An overview of these samples is
shown in Table 4.

The sampling methods are described more detailed in the Analytical
Chapter.

WWTP outlet

Roskilde
harbour

Roskilde Vig

Sludge
amended

field

N

1 km

⊗

∆

Station 2

Roskilde City

∇
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Table 4 Overview of samples of fjord sediment taken 1996

Location Dir, km n
Roskilde Vig, near WWTP outlet E 1 * 13
Roskilde Vig, Station 2 N 2 1
Roskilde Vig, Station 2044 N 4 1
Roskilde Bredning, Station 60 N 6 1
Isefjord, Tempelkrog & Bramsnæs 2

Dir = direction and distance from Roskilde n = number of samples
* including the core, counted here as one sample.
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4 Analytical

The following substances were analysed:

NP, NPDE, DBP, DPP, BBP, DEHP, DnOP and DnNP.

The analytical methods used are improvement of the methods used in the
previous parts of the project for water and soil (Vikelsøe et. al. 1998 &
1999). A general problem encountered during analysis of phthalates is
laboratory contamination, especially with DBP and DEHP, leading to a
high analytical background (blank). The high background level impairs
the precision of the analysis and elevates the limits of determination,
which is a particularly severe problem for samples in very low concen-
trations, such as the fjord water. As shown in the previous studies, the
main cause for this is contaminated glassware. Hence, exclusively new
glassware, annealed at 450°C, was used for sampling and laboratory pro-
cedures. All solvents used were HPLC grade.

4.1 Sampling

The water was sampled in 2 l glass bottles, fastened in a special bottle
holder mounted on a 3 m long pole. During sampling, the bottle mouth
was kept upstream, and the bottle was rinsed twice in the water before
the final sampling. During boat sampling, the boat was sailing slowly
forward, and the sample taken near the prow. After the sampling, the
volume was adjusted to about 1.2 l. The sample was frozen in the bottle
in horizontal position, and stored in the bottles.

The sediment in the streams and the lake were sampled in new annealed
thick-walled 1 l glass beakers fastened in a specially made beaker holder
mounted on the pole. The bottom was scraped horizontally until the
beaker was filled. The samples were stored in the beakers, covered with
aluminium foil.

A diver sampled the fjord sediment, using stainless steel tubes 6.5 cm in
internal diameter, reaching about 5 cm into the fjord bottom, and disre-
garding sand. These samples were transferred to glass bottles with screw
caps for storage. The fjord sediment core 21 x 6.5 cm was sampled by
hammering the stainless steel tube into the fjord bottom. It was stored in
the steel tube.

All samples were frozen and stored at -20°C prior to analysis.

Before analysis, the fjord sediment core was carefully removed from the
steel tube in the frozen state, and sawed in sections by means of saw
blades cleaned by solvent rinsing. The operation was performed in the
freezing room. The sections were 0.5 cm high for the upper 10 cm, and 1
cm sections for the lower 10 cm. The sediment was very hard, and diffi-
cult to slice. The uppermost 2 cm, which had a loose sandy texture, could
not be sliced and was treated as an entity.
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4.2 Extraction of water samples.

The water samples and their sampling bottles was treated as entities,
since there may be a significant adsorption to the glass walls. Hence, it
was not allowed to divide the samples, or to take subsamples. After
thawing at room temperature, the volume of water present in the sam-
pling bottle was measured. A volume of 0.1 ml extraction spike solution
containing 0.1 µg of three deuterium labelled phthalates (Table 5) was
added, the bottle was shaken and left for 15 min to equilibrate the ex-
traction spikes with the water and the glass surfaces. The sample was ex-
tracted by shaking 5 min with 100 ml CH2Cl2 after addition of 2 ml 5M
HCl. When the phases were separated, a sub-extract of 50 ml was taken,
concentrated to near dryness by evaporation and the remanence dissolved
in 0.1 ml syringe spike solution (Table 6) containing 0.1 µg D4-DnOP.

4.3 Extraction of sediment samples

After thawing at laboratory temperature the samples were air-dried for 48
hours on filter paper. About 5 g of dried sample was weighed accurately
into a 250 ml wide-necked Pyrex bottle. A volume of 0.1 ml extraction
spike solution (Table 5) was added, distributed in the sample by shaking
and left for 15 min to equilibrate the extraction spikes with the sample
and the glass surfaces, and allow the ethanol in the spike solution to
evaporate. A volume of 100 ml dichloromethane was added, and the bot-
tle was closed by a screw-lid covered by aluminium-foil. The sample was
extracted at laboratory temperature by shaking for 4 hours in a shaking
apparatus (Heidolph Unimax 2010 at 200 shakes/min). When the phases
were separated, a sub-extract of 10 ml was concentrated by careful
evaporation under N2, and the remanence re-dissolved in a volume of 1
ml syringe spike solution, Table 6.

The extracts were analysed directly by high-resolution GC/MS without
further clean up. If necessary, the samples were diluted appropriately
with syringe spike solution.

All sediment samples were extracted and analysed in duplicates.

4.4 Blanks

Every day empty laboratory glassware was extracted for determination of
the blank values, i.e. one blank for about every 10 samples. Care was
taken to treat the blanks in any way as samples, using same batches of
solvents, glassware etc. The blanks were subtracted from the results on
an amount per sample basis for each analytical series.
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4.5 Standards and spikes

The labelled spikes are used for identification, quantification and for cal-
culation of the extraction recovery. Extraction spikes are added before
the extraction, syringe spikes before GC/MS analysis.

Table 5 Extraction spike solution

Substance Acronym Label Water
µg/ml

Sediment
µg/ml

Dibutylphthalate
Benzylbutylphthalate
Di-(2-ethylhexyl)phthalate

D4-DBP
D4-BBP
D4-DEHP

D4 1.0 10

n-Hexane Solvent

Table 6 Syringe spike solution

Substance Acronym Label Water
µg/ml

Sediment
µg/ml

Di(n-octyl)-phthalate D4- DnOP D4 1.0 0.1
n-Hexane Solvent

Standard solutions are used for quantification and identification (Table 7)
analysed by GC/MS for about every 5 samples.

Table 7 Phthalate standard solutions for GC/MS

Substance Acronym Type µg/ml
low

µg/ml
high

Nonylphenol
Nonylphenol diethoxylate
Di(n-butyl)phthalate
Dipentylphthalate
D4-Dibutylphthalate

NP
NPDE
DBP
DPP
D4-DBP

Standard
-
-
-

Extraction spike

0.01
0.05
0.01
0.01
0.1

0.1
0.5
0.1
0.1
0.1

Benzylbutylphthalate
D4-Benzylbutylphthalate

BBP
D4-BBP

Standard
Extraction spike

0.01
0.1

0.1
0.1

Di-(2ethylhexyl)-phthalate
Di-(n-octyl)-phthalate
Di-(n-nonyl)-phthalate
D4-Di-(2ethylhexyl)-phthalate

DEHP
DnOP
DnNP
D4-DEHP

Standard
-
-

Extraction spike

0.01
0.01
0.01
0.1

0.1
0.1
0.1
0.1

D4-Di-(n-octyl)-phthalate D4-DnOP Syringe spike 0.1 0.1
n-Hexane Solvent

The table sectioning indicate the spikes used for calculation of the re-
sults, thus NP, NPDE, DBP and DPP are calculated from D4-DBP etc.
Labelled NP and NPDE was not commercially available, hence, D4-DBP
was used as spike for these compounds in spite of the chemical differ-
ence. This is not quite as good as chemical identical spikes, as also
shown in the analytical performance test described in section 4.7 and 4.8
and Appendix A.
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4.6 Gaschromatography/mass spectrometry (GC/MS)

Gaschromatograph Hewlett-Packard 5890 series II

Injection: CTC autosampler. 2 µl split/splitless 270°C,
purge closed 40 sec.

Pre-column: Chrompack Retention Gap. Fused silica, 2.5 m x
0.32 mm i.Ø,

Column: J&W Scientific DB-5MS. Fused silica, 30 m x
0.252 mm i.Ø, crosslinked phenyl-methyl sili-
cone 0.25 µm film thickness

Carrier gas: He, 120 Kpa

Temperature program: 40 sec at 80°C, 10°C/min to 290°C, 15 min at
290°C

Mass spectrometer: Kratos Concept 1S high resolution

Resolution: 10,000 (10% valley definition)

Ionisation: Electron impact 45 - 55 EV depending on tun-
ing, ion source 270°C

Interface: 250°C direct to ion source

Calibration gas: Perfluorokerosene (PFK)

Scan: 0.6 sec per scan (about 0.1 sec per ion) in Se-
lected Ion Monitoring (SIM) mode (Table 8).

Table 8 Masses for high resolution mass spectrometry

Substance Acronym m/z
Nonylphenols NP 135.0809
Unlabelled phthalates PAE 149.0239
D4-labelled phthalates (spikes). D4-PAE 153.0490
Lock mass PFK 130.9920

4.7 Performance test of analytical method for water

The performance of the analytical method for water was evaluated by a
repeated standard addition experiment carried out on fjord water sampled
specifically for the test at the Risø pier at the East side of Roskilde Bred-
ning. Since low concentrations were anticipated, the test was designed to
study the range below 0.5 µg/l. A test standard solution in ethanol was
prepared, containing the unlabelled substances in Table 7. This was
added to 1 litre of the fjordwater in volumes of 0, 100 and 500 µl, re-
spectively. The analysis was carried out in triplicates, making in total
nine test samples and three laboratory blanks. The samples prepared in
this way were analysed as described above.
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In Table 9 the results of the test experiment are shown as the mean, stan-
dard deviation, and coefficient of variation. In the lower rows, the overall
standard deviation is given, calculated from the pooled variance exclud-
ing zero variances, and the detection limits (calculation mentioned in
Appendix A). In case of zero averages, the coefficient of variation is not
defined. The levels in the Table 9 refer to the added µl test solution,
which is approximately the concentration in ng/l. The blank has not been
subtracted.

Table 9 Statistics of performance experiment for fjordwater

Statistics  ng/l NP NPDE DBP DPP BBP DEHP DnOP DnNP
Blank

Blank mean 15 30 205 0 7 70 6 0
sd 13 9 42 0 3 26 6 0
CV% 85 31 20 u 41 38 100 u

Level 0
Added ng/l 0 0 0 0 0 0 0 0
Found mean 0 0 143 0 5 110 3 0

sd 0 0 25 0 2 28 1 0
CV% u u 17 u 34 26 21 u

Level 100
Added ng/l 123 929 80 82 95 37 87 49
Found mean 114 536 226 94 105 117 130 54

sd 7 40 2 3 2 4 12 4
CV% 6 7 1 3 2 3 10 7

Level 500
Added ng/l 613 4647 399 409 475 187 433 243
Found mean 345 2563 493 441 454 227 502 232

sd 79 855 28 25 36 38 23 17
CV% 23 33 6 6 8 17 5 7

Summary statistics
Pooled sd 46 494 28 18 18 27 13 12
Detection limits 10 40 30 3 3 25 9 4

u = undefined

It is noted from Table 9 that the coefficients of variation for the ”working
levels “ 100 and 500, are 6-23 % for nonylphenols, about 17-38 % for
DBP and DEHP and 2-7 % for the other phthalates. This difference occur
even if the chemical properties of, say, DEHP and DnOP are virtually
identical with respect to solubility in water, extraction efficiency, re-
sponse factor in the mass spectrometer etc. These substances are just the
ones which display a high blank (“high blank phthalates”). Hence, a sig-
nificant part of the variation for these substances must be ascribed to
random variations in the contamination background of the individual
samples, in contrast to the “low blank phthalates”. Furthermore, for most
substances the standard deviations increase with the concentration, ex-
cept for DBP and DEHP, where it is higher and more constant. This is
expected if the major part of the variation is due to the (concentration-
independent) blank for these substances. It is further observed that the
laboratory blanks in several cases are higher than the 0-level results. A
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chemical explanation for this may be that the phthalates contaminating
the bottle is extracted more efficient in an empty bottle, which brings the
solvent (dichloromethane) in closer contact with the glass surfaces than
in a water filled bottle. For this reason is has previously been attempted
to use distilled water or tap water in the blanks. However, it was not pos-
sible to obtain water with sufficiently low phthalate concentrations.
(Vikelsøe et al. 1998), hence the use of distilled-water blanks was aban-
doned.

No significant deviations from linearity were found as mentioned in Ap-
pendix A, which describes the performance experiment further.

4.8 Performance test of sediment method

The analytical method for sediment is essentially the same as the soil
method described by Vikelsøe et al. 1999. The performance of the sedi-
ment method was evaluated by a similar repeated standard addition ex-
periment as that for water, carried out on a sediment sample from the
middle of Roskilde Vig. A test standard solution in ethanol 10 times
stronger than that used for the water experiment was added to 5 g of wet
sediment (about 3.5 g of dm) in volumes of 0, 150 and 300 µl, respec-
tively.

Table 10 Statistics of performance experiment for fjordsediment

Statistics, ng/g NP NPDE DBP DPP BBP DEHP DnOP DnNP
Blank

Blank mean 29 123 68 0 0 126 0 0
sd 4 64 5 0 0 1 0 0
CV% 15 52 7 u u 1 u u

Level 0
Added ng/g 0 0 0 0 0 0 0 0
Found mean 608 689 287 19 6 923 3 7

sd 272 437 48 30 10 5 5 11
CV% 45 63 17 160 173 1 173 173

Level 500
Added ng/g 525 3983 342 351 407 160 371 208
Found mean 959 2581 531 385 334 865 389 297

sd 255 533 149 69 34 109 81 71
CV% 27 21 28 18 10 13 21 24

Level 1000
Added ng/g 1050 7966 685 702 814 320 742 417
Found mean 1074 4209 781 803 663 1221 700 437

sd 384 1242 188 298 114 234 47 61
CV% 36 30 24 37 17 19 7 14

Summary statistics
Pooled sd 309 820 141 178 69 151 54 54
Detection limits 272 439 48 30 10 43 5 11

u = undefined
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The analysis was carried out as described above in triplicates, making in
total nine test samples and three blanks.

The statistics of the sediment performance experiment is given in Table
10 calculated in the same way as the water experiment. As seen, more
substance is found than is added, certainly because of naturally occurring
substances in the sample. Unlike the water experiment, these dominate
over the blank. The coefficient of variation for the “working level” 500 is
10-28%, higher than for the water method. This may be due to differ-
ences in extraction efficiency, or to incomplete homogenisation of the
sample.

No significant deviations from linearity were found. The analytical per-
formance experiment is further described in Appendix A.
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5 Results and statistics

5.1 Fjord water

5.1.1 Abundance of substances
The average concentrations and standard deviations measured in the fjord
water for the total experiment is shown for each location in Table 11,
which also contains the total mean and standard deviation for all sam-
ples.

Table 11 Concentration in Fjord water, all samples. Mean and standard deviation, ng/l

Location n Stat NP NPDE DBP DPP BBP DEHP DnOP DnNP
Roskilde Vig 9 mean 5 0 4 0.38 2.2 74 2.6 9.2

sd 10 0 11 0.51 1.3 37 4.6 21
Roskilde Bredning 10 mean 9 0 2 0.16 2.5 71 1.0 1.5

sd 15 0 5 0.18 2.1 25 0.9 2.8
Skuldelev 3 mean 0 0 0 0.28 1.5 97 2.5 6.6

sd 0 0 0 0.30 2.1 75 1.7 7.5
Frederikssund 4 mean 8 0 31 0.11 7.1 191 4.0 15

sd 16 0 43 0.14 9.9 211 5.5 30
Kulhuse 4 mean 0 0 5 0.13 2.0 76 0.7 1.4

sd 0 0 9 0.11 1.6 62 0.9 0.9

Total 30 mean 6 0 6 0.23 2.9 91 2.0 6.1
30 sd 12 0 18 0.32 3.9 87 3.3 16

0 = not detected

As noted from Table 11, DEHP was by far the most abundant phthalate,
followed by considerably lower concentration of DBP, DnNP and DnOP,
and minute amounts of BBP and DPP. NP is found on the same concen-
tration level as DBP, but no NPDE was found. The total averages and
standard deviations, i.e. of all fjordwater samples, are shown as bar
graphs in Fig 3.



28

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

C
on

ce
nt

ra
tio

n 
ng

/l

NP NPDE DBP DPP BBP DEHP DnOP DnNP

Mean

SD

Figure 3 Mean and standard deviations for all samples of fjord water

It is evident from Figure 3 that only DEHP display a significant concen-
tration, which may be of environmental significance. All other sub-
stances display concentrations that are extremely low, and can be de-
tected only due to their considerable lower detection limits, which are
due to their low laboratory blank. Furthermore, it is seen that the stan-
dard deviation for NP, DBP, and DnNP is about the double of the mean,
whereas for DEHP, the standard deviation is of the same magnitude as
the mean. It must be stressed that these standard deviations reflect as well
the natural variation in the fjord water as the analytical error. The reason
for the larger relative standard deviations of these substances may be that
the concentrations are closer to the detection limits. Also, the natural
variation in the fjord water might be larger for those substances com-
pared to DEHP, but is difficult to see a rational reason why this should be
the case. The correlation between different substances is evaluated in a
correlation analysis described in section 5.1.6.

5.1.2 Temporal and spatial variation
In Figure 4, the spatial and seasonal variation of the DEHP concentration
in the fjord water is shown as bar graphs. From the monthly samples
taken in Roskilde Vig, those have been selected which are most close in
time to the seasonal fjord samples. Station 2 is the innermost position,
Frederikssund is located in a narrow passage, and Kulhuse is located at
the mouth of the fjord. There are two June samples, taken in
Frederikssund and Kulhuse the same day with 6 hours interval, corre-
sponding to different tide, and hence current direction. The average of
the locations is shown in the front right row and the average of seasons in
the back right row (black).
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Figure 4 Seasonal and spatial variations of DEHP in fjord water.

As noted from Figure 4, the two June results from Frederikssund and
Kulhuse sampled the same day during opposite current directions (North
in the left row) indicate a significant short-term variation. At Frederik-
sund the passage is narrow and the current velocity is high, which proba-
bly also is the reason for the more pronounced pattern of seasonal varia-
tion observed at this location compared to the others. This observation
may be caused by the suspension of sediments by turbulence. The sedi-
ment contains large amounts of substances, as mentioned in section
5.2.1. It is further noted that the two innermost locations at Station 2 in
Roskilde Vig near Roskilde and Station 60 in Roskilde Bredning (6 km
further North) seem to be more constant than the middle and mouth lo-
cations.

The means of all seasons for each location (front right row) are almost
identical, showing that on an annual average scale the geographical dif-
ferences are insignificant. On the other hand, in the means for each sea-
son (back right row) a maximum for June and a minimum for December
is seen. This indicates that a seasonal variation is discernible. These sea-
sonal and spatial variations are further tested statistically by an analysis
of variance described in section 5.1.4.

Similar diagrams for DBP, DPP, BBP and DnOP are shown in Figs. 5 - 8.
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Figure 5 Seasonal and spatial variations of DBP in fjord water.
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Figure 6 Seasonal and spatial variations of DPP in fjord water.
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Figure 7 Seasonal and spatial variations of BBP in fjord water.
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Figure 8 Seasonal and spatial variations of DnOP in fjord water.

As can be seen from Figs. 5 – 8, the seasonal and spatial variations dis-
played is considerably more erratic in comparison to DEHP in Figure 4,
with the exception of BBP, Figure 7, which shows an almost identical
pattern. This impression is confirmed by the statistical analysis men-
tioned below.
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5.1.3 Monthly samples in Roskilde Vig and Bredning
Monthly samples were taken at the two southernmost locations at station
2 and 60. Station 60 near the middle of Roskilde Bredning is used by the
Roskilde Amt Authority as a sampling station for monitoring other pa-
rameters, such as salinity, temperature, turbidity and many others. In
Figure 9 the averages for Station 2 and Station 60 for all substances are
shown.
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Figure 9 Temporal variation of all substances in fjordwater, mean concentrations
of Station 2 and 60.

As noted from Figure 9, BBP and DEHP display a continuos pattern,
whereas the patterns for the other substances are discontinuous and
seemingly random. This impression is statistically confirmed in the cor-
relation analysis mentioned below. Hence, the interest is concentrated on
DEHP in the mathematical modelling, BBP being of lesser importance as
a pollutant.

In Figs. 10 and 11 the individual results for Stations 2 & 60 are shown for
DBP and DEHP, respectively, as a function of time.
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Figure 10 Temporal variation of DEHP in fjordwater at Station 2 and 60.
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Figure 11 Temporal variation of BBP in fjordwater at Station 2 and 60.

As can be seen from Figs. 10 and 11, the concentrations at the two sta-
tions for a particular substance follow each other with few exceptions.
This is evaluated statistically by a correlation analysis in a later section.
Furthermore, the BBP curve has a pronounced minimum, whereas the
DEHP-curve seems more erratic. However, a weak summer maximum
can be seen.
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5.1.4 Analysis of variance
To evaluate whether the temporal and spatial variations were statistically
significant, an analysis of variance was performed. In Table 12, the re-
sults for the test of spatial variation is shown. In this case, all data for
fjord water were used.

Table 12 Analysis of variance for spatial variation

Statistics df NP NPDE DBP DPP BBP DEHP DnOP DnNP
Between locations variance 4 50 0 389 0.05 12 6605 5 99
Within locations variance 24 145 0 277 0.11 15 6913 11 254
F between/within 4/24 0.35 u 1.40 0.46 0.80 0.96 0.45 0.39
p 0.84 u 0.26 0.77 0.54 0.45 0.77 0.81

df = degree of freedom u = undefined

The between locations variance is the variance of the location-means,
weighted by number of measurements at each location, an expression of
the spatial variance for the fjord. The within location variance is calcu-
lated by pooling the seasonal variances for all locations. F is the ratio
between these variances, which are compared by means of the F-test. If F
is above a critical value it indicates significant (p < 0.05) spatial variation
(i.e. a spatial variation so large that it can be seen in the “blur” of sea-
sonal variation). p is the level of significance. Since all p > 0.05, no sig-
nificant spatial variations were found for any substance.
The seasonal variation was tested by an analysis of variance comparing
the variance of the season means (i.e. the between season variance) with
the pooled within season variance, Table 13. In this case a subset had to
be used for station 2 and 60, corresponding to the timing of the other lo-
cations, the same subset displayed in Figure 12 to Figure 16. Due to oc-
curring zero variances, the analysis could not be carried out for NP and
NPDE.

Table 13 Analysis of variance for seasonal variation

Statistics df NP NPDE DBP DPP BBP DEHP DnOP DnNP
Between seasons variance 2 369 0 169 0.05 10 9664 12 341
Within seasons variance 8 u 0 188 0.05 2 2185 15 256
F between/within u u 0.90 1.15 6.02 4.42 0.82 1.33
p u u 0.44 0.36 0.03 0.05 0.47 0.32

df = degrees of freedom u = undefined

As noted from the p-row, statistically significant seasonal variations were
found for BBP and DEHP. This may be seen in Figs. 4 and 7 in seasonal
mean row (black), which as already mentioned display a visible time
trend, summer maximum and winter minimum. This trend, of course,
cannot be tested by the analysis of variance, since variances do not de-
pend on sequence.

5.1.5 Discussion
The lack of spatial variation is surprising, since a priori a descending
gradient was expected to occur from the innermost part of the fjord to the
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mouth. In chapter 6 on mathematical data interpretation this finding is
taken ad notam.

The seasonal variations found for BBP and DEHP are characterised by
higher summer concentrations. This should be expected due to a higher
solubility at higher temperatures, and also a higher dissociation from the
sediment at the fjord bottom, which is addressed in section 6.1. However,
also the seasonal variation in the mass flow from the sources, and degra-
dation rate must be taken into account for a complete understanding of
the temporal variation. For these reasons, a mathematical model of the
temporal variation would be very complicated, and it would furthermore
be difficult to verify since many of the needed parameters would be un-
known or only known approximately. Hence, such a model has not been
attempted in the present investigation.

5.1.6 Analysis of correlation
An analysis of correlation was performed by calculating the coefficients
of correlation for all locations and between all substances (“substance
correlations”), Table 14. Correlation coefficients > 0.42 (r crit.) are sig-
nificantly (p < 0.01) different from 0.

Table 14 Substance correlations for all fjord water samples (n = 30, r crit = 0.42, p<0.01)

r NP NPDE DBP DPP BBP DEHP DnOP DnNP
NP 1
NPDE u 1
DBP -0.00 u 1
DPP -0.10 u 0.04 1
BBP -0.20 u 0.80 0.19 1
DEHP -0.17 u 0.80 0.09 0.86 1
DnOP 0.09 u 0.44 0.09 0.51 0.59 1
DnNP 0.07 u 0.52 0.17 0.57 0.58 0.97 1

u = undefined Significant correlations (p<0.01) in bold

As seen in Table 14, significant correlations were found between all
phthalates from BBP and up (BBP, DEHP, DnOP and DnNP). The cor-
relations found between DBP and the higher phthalates are somewhat
misleading due to un-detects in DBP. No significant correlations were
found between NP or NPDE and the other substances.

For the Station 60 in Roskilde Bredning monthly measurements of salin-
ity and temperature (“parameters”) existed. Hence, for this station it was
possible to study correlations between substance concentrations and pa-
rameters (“parametrical correlations”). Furthermore, assuming the same
temperature and salinity at Station 2 because of the short distance, it was
possible to include this station in the parametrical correlation analysis.
Finally, the parallel sampling at the two stations made possible to evalu-
ate the correlation for the same substance between the two stations
(“positional correlations”). The results of this analysis are shown in Ta-
ble 15. NP and NPDE have been omitted from the table due to many un-
detects.
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Table 15 Correlations at Stations 2 & 60 (n=10, r crit = 0.71, p<0.01)
r Temp Sal DBP DBP DPP DPP BBP BBP DEHP DEHP DnOP DnOP

St. 60 60 2 60 2 60 2 60 2 60 2 60
Temp °C 60 1
Salin °/y 60 0.09 1
DBP 2 0.34 0.20 1
DBP 60 0.35 0.19 u 1
DPP 2 0.45 0.27 0.09 0.09 1
DPP 60 -0.02 -0.59 -0.36 -0.36 0.20 1
BBP 2 0.29 -0.02 0.42 0.42 0.57 0.52 1
BBP 60 0.16 -0.05 -0.06 -0.06 0.78 0.71 0.80 1
DEHP 2 0.08 0.19 0.39 0.39 0.16 -0.34 0.16 -0.01 1
DEHP 60 0.04 0.23 0.27 0.27 0.01 -0.20 -0.07 -0.09 0.38 1
DnOP 2 -0.09 0.31 -0.19 -0.19 -0.09 -0.33 -0.30 -0.31 -0.01 0.48 1
DnOP 60 0.26 -0.10 -0.09 -0.09 -0.10 -0.39 -0.41 -0.47 0.09 0.27 0.78 1

Significant correlations (p<0.01) in bold, (p<0.05) in Italics

As noted from Table 15 only few significant correlations were found. No
significant correlations with temperature were seen. A weakly significant
negative correlation was found between DPP and the salinity. This result
could be caused by the presence of the substance in the wet deposition.
However, the most abundant phthalates in the deposition are DBP and
DEHP as described in section 5.4 which do not display negative correla-
tions with salinity.

Significant substance correlations were only found between BBP and
DPP.

Finally, significant positional correlations were found between Stations 2
and 60 for the substances BBP and DnOP.

Thus, only weak correlations were found in the southern part of the fjord,
and only between “outsider” substances. The reason for the weak corre-
lations is the limited concentration variation at this part of the fjord.

Selected examples of the correlations are illustrated in the following. In
Figs. 12 and 13 are shown two examples of not significant parametrical
correlations, plots of DEHP versus temperature and salinity, respectively.
Regression lines and correlation coefficients are shown for Station 2 and
Station 60, respectively, in the figures.
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Figure 12 DEHP versus temperature at station 2 & 60. No significant correlations
were found
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Figure 13 DEHP versus salinity at Station 2 & 60. No significant correlations were
found

It is noted that the DEHP concentrations are evenly scattered over the
temperature range. In contrast, they are clumped together in the higher
salinity range, with exception of two low points.

Significant substance correlations are shown in the following figures
between DEHP and BBP and DnOP, respectively.
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Figure 14 DEHP versus BBP for all locations. Highly significant correlation due to
one point.
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Figure 15 DEHP versus DnOP for all locations. Significant correlation.

As can be seen from Figure 14 and Figure 15, the data points clumps to-
gether in the lower left corner. The high correlation coefficient are in
these cases due to only one high point. Hence, in spite of the high signifi-
cance the correlation is uncertain, since one high point in a dataset may
be an outlyer.

In Figure 16 is shown a positional correlation between Station 2 and Sta-
tion 60 for BBP.
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Figure 16 Station 60 versus Station 2 for BBP. Significant correlation.

As can be seen from Figure 16, a good linear relationship exists for BBP
between the two locations. It is somewhat surprising that this is found for
BBP, and not for the much more abundant substances DBP and DEHP.
There is no obvious environmental explanation for this observation.

5.2 Fjord sediment

5.2.1 Abundance of substances
In the sediment much higher concentrations were found than in the wa-
ter. In Table 16, the results for the sediment are shown as mean and stan-
dard deviation for the Roskilde Vig near the WWTP outlet, and average
for the positions further away Station 2, Station 2044 and Station 60.
Furthermore, the results for the two stations in the Isefjord are shown for
comparison. “d” is the mean distance from the WWTP outlet in meters.
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Table 16  Concentrations in fjord sediment, ng/g dm, mean and standard deviation

Location Station d, m n Stat NP NPDE DBP DPP BBP DEHP DnOP DnNP
Vig WWTP 210 26 mean 147 180 143 0.4 7.0 724 8.9 17

sd 150 133 178 0.5 4.7 375 10.2 11
Vig St 2 1883 2 mean 347 276 78 0.6 5.4 161 9.9 25

sd 22 68 18 0.6 4.0 37 4.6 19
Bredning St 2044 3981 2 mean 176 118 59 0 3.6 133 5.7 8.1

sd 23 30 21 0 3.0 53 1.8 2.3
Bredning St 60 6374 2 mean 149 23 46 0.8 4.4 52 1.8 1.7

sd 45 32 6 0.5 0.3 5 0.7 2.4
Isefjord Bramsnæs 2 mean 214 0 44 0 2.7 80 1.1 0.6

sd 9 0 5 0 0.3 28 0.1 0.9
Isefjord Tempelkrog 2 mean 49 0 43 2.0 4.6 21 2.4 2.4

sd 9 0 4 0.5 2.0 12 0.2 0.2
Total 36 mean 158 153 118 0.5 6 548 8 15

sd 139 134 156 0.6 4 429 9 12

d = distance from WWTP outlet

As seen from Table 16, DEHP and DBP were the most abundant phtha-
lates in the fjord sediment. The mean of DEHP in Roskilde Vig was 724
ng/g dm, but the individual concentrations ranged up to nearly 2000 ng/g
dm. NP was found in higher concentrations than DBP, and in contrast to
the fjordwater, also NPDE was found, in concentrations almost identical
to those of NP.

5.2.2 Horizontal distribution
The mean concentrations for all phthalates - with the exception of DPP -
displayed a general decreasing tendency from the locations nearest to the
WWTP outlet through station 2 and 2044 average 3 km away to the far-
thest location Station 60 6 km to the North. The concentrations at Station
60 are comparable with the concentrations found in Isefjord, where the
lowest concentrations are found in the inner part, Tempelkrog.

The individual results for DEHP in sediments of Roskilde Fjord are
shown in Figure 17 and for NP and NPDE in Figure 18 versus the dis-
tance to the WWTP outlet. The point labels e, m and w refer to the East,
middle and West positions, respectively, of the fan-shaped sampling lay-
out (shown on map in Figure 2).
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Figure 17 DEHP in sediments of Roskilde Fjord versus distance to WWTP outlet.
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Figure 18 NP and NPDE in sediments of Roskilde Fjord versus distance to WWTP outlet.

In Figure 17 an almost monotonous descending gradient is observed for
DEHP. Thus, for the sediments a significant spatial variation can be seen,
unlike the fjordwater, where no such gradient was found. An important
process going on is thus sedimentation of substances bound to particles
and binding of dissolved substances to sediment in the fjord bottom. It is
seen that essentially all DEHP has been carried to the bottom within the
shallow depths of the first few kilometres. Further away the concentra-
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tion levels off, ultimately approaching a level comparable with the refer-
ence sediment samples in the less polluted Isefjord. This concept is to be
evaluated in further detail in the mathematical model described in section
6.1.3.

The horizontal transport of particle bound DEHP is thus short-ranged and
seems to be insignificant on a geographical scale larger than some kilo-
metres. This observation is consistent with the very hard texture of the
sediments: As soon as the substances are incorporated into the sediments,
they are essentially fixed in position. Neither does DEHP dissolved in the
water significantly contribute to the horizontal transportation, since this
would have resulted in a levelling of the concentrations at different loca-
tions. This is consistent with the low concentrations occurring in the wa-
ter.

NP and NPDE shown in Figure 18 display a more complicated pattern,
since a concentration maximum is found a distance of about 1 km from
the outlet, followed by a monotone decline at larger distances. Also in
this case, the concentrations at large distances approach those in Isefjord.
In the lake sediment mentioned in section 3.5.2, an analogous pattern for
NP and NPDE is seen. It seems that the NP/NPDE is carried to the bot-
tom sediments more slowly than DEHP, perhaps because these sub-
stances are detergents which exist in micelle form, keeping them sus-
pended in the water. The micelles are eventually broken by dilution in
the water, but this is a slow process.

In the sediments very close to the WWTP outlet (the “near-field”), a
complicated pattern is observed in Figs. 17 and 18. To illustrate the con-
centrations found at the individual sample positions in that region, Figure
19 shows a column-map plot of the DEHP concentrations, seen from
South. The WWTP outlet is located on the East-axis near the 100 m po-
sition.
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Figure 19 South view of DEHP concentrations in fjord sediment in Roskilde Vig near WWTP outlet located at the
100 m position on the East axis.

As observed in Figure 19, a subset of points forms a monotonous de-
scending gradient, interspersed with points of lower concentrations. This
pattern is probably generated by the action of currents and waves near the
shore, which lead fresh water with low concentration into the area, and
probably suppress sedimentation by the action of turbulence in some
point. This can also be the reason for the large fluctuations near the shore
in Figs. 17 and 18. The current in the area is primarily from west to east,
driven by the predominantly western wind (Roskilde County & Munici-
pality 1994).

5.2.3 Vertical distribution in sediment core
The results for the most abundant substances in the fjord sediment core,
DEHP, BBP and NP are shown in Figs. 20 to 22. Tentative time scales
are shown below the x-axis, based on the 0.25 cm/y sedimentation rate
found by 210Pb dating (Madsen & Larsen 1979). This scale probably un-
derestimates the age of the oldest sediments, since a compression takes
place in the deeper layers.
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Figure 20 DEHP in the core of fjord sediment near the WWTP outlet.

In Figure 20 a general decreasing tendency of DEHP concentration with
depth can be observed. There is a large scatter of the points, and there
seem to be weak local maxima occurring at depths of 11 and 17 cm. It is
evident that old sediment layers contain lesser xenobiotic substance than
newer ones, reflecting a history of increasing pollution.
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Figure 21 BBP in sediment core

As observed in Figure 21, BBP display the same general pattern as
DEHP, but with more random variation. More pronounced maxima are
seen, occurring roughly at the same depths as for DEHP.
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Figure 22 NP and NPDE in sediment core

For NP and NPDE, a very different and interesting pattern is observed in
Figure 22, which display two pronounced maxima occurring at depths of
7 and 18 cm, respectively. These maxima coincides approximately – but
not precisely - with those observed for DEHP and BBP. A probable ex-
planation for this observation may be a long-term variation in the con-
sumption of NPE, since these by an agreement between the detergent in-
dustry and the environmental authorities has been phased out in 1989.

For the variation with depth, another factor of significance is the new and
more efficient WWTP, taken into operation in 1995. The current effi-
ciency is described by Fauser et al. (2000).

For a more complete understanding of the variation with depth, a model
taking care of the transport, adsorption and desorption as well as degra-
dation will be described in section 6.1.4. The model treats only the fate
of DEHP, being the most abundant substance.

5.3 Streams and lake

5.3.1 Water
In Table 17 the abundances of the substances in the stream and the lake
water are shown as mean and standard deviation of all samples
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Table 17 Abundance of substances in stream and lake water. Mean and standard deviation all samples,
ng/l

Water, ng/l n Stat NP NPDE DBP DPP BBP DEHP DnOP DnNP
Hove Å upstream lake G. 4 mean 17 201 0 0.4 2.3 313 4.1 0.5

sd 33 402 0 0.8 2.7 218 3.7 1.0
Lake Gundsømagle Sø 5 mean 19 230 11 1.6 13 408 20 8

sd 43 514 21 2.2 19 428 39 16
Hove Å downstream lake G. 4 mean 0 0 0 1.3 4.5 405 108 699

sd 0 0 0 1.0 5.4 510 216 1399
Maglemose Å near mouth 2 mean 0 0 0 0.2 2.3 158 0.7 0

sd 0 0 0 0.1 1.5 139 1.0 0
Helligrenden near mouth 4 mean 13 0 0 0.1 1.9 107 1.3 0

sd 26 0 0 0.1 1.3 140 2.7 0

Total 19 mean 11 103 3 0.8 5.1 298 29 149
sd 28 313 11 1.3 9.7 336 100 641

0 = not detected.

The total means and standard deviations from Table 17 of all stream and
lake water samples are shown as bar graphs in Figure 23.
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Figure 23 Total mean and standard deviations of water in streams and lake.

In the water of the streams and the lake, the most abundant phthalates
was DEHP, DnNP and DnOP followed by very low amounts of BBP and
DBP as seen from Table 17 and Figure 23. DEHP occurred overall in
about the triple concentrations of those occurring in the fjord. NP oc-
curred in significant concentration, and in contrast to the fjord water, also
NPDE was found.

NPDE was found in Lake Gundsømagle and in Hove Å upstream the
lake. These substances thus seem to be removed by sedimentation in the
lake, a view supported by the sediment measurements mentioned below.
DBP occurred only in the lake and only at low concentrations. Contrary
to expectations, an increasing concentration gradient for most phthalates
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was observed in the flow direction in the Hove Å system through the
lake. Remarkably, DnOP and DnNP were found at very high concentra-
tions in Hove Å downstream the lake (near the mouth), indicating a local
pollution.

The water of the nearby stream Maglemose Å displayed significantly
lower concentrations of all substances measured (about the half for
DEHP). The water in Helligrenden on the other side of the fjord located
in a more rural area displayed still lower abundances, approaching the
level in the fjord water. The spatial and temporal variation of DEHP is
shown in Figure 24 and for BBP in Figure 25.

The spatial and temporal variations of DEHP and BBP in the water of the
streams as seen from Figs. 24 and 25 were more pronounced and seemed
more random in comparison to the fjord water. This must be expected
since the streams – unlike the fjord – are hydraulic separate entities lo-
cated in different geographical areas, fed by different sources and having
different flows, which display large variations due to the deposition.
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Figure 24 Spatial and temporal variation of DEHP in water of streams and lake
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Figure 25 Spatial and temporal variation of BBP in water of streams and lake

5.3.2  Sediment
In Table 18 the abundances of the substances in the stream and the lake
sediments are shown as mean and standard deviation of all samples. Only
sediment from the Hove Å system was sampled. Within the lake there are
three sampling positions at different distances from the inlet of Hove Å
(in the East end of the lake) and near the South bank, respectively.

Table 18 Abundance of substances in stream and lake sediment. Mean and standard deviation, all
samples, ng/g dm

Sediment, ng/g dm n Stat NP NPDE DBP DPP BBP DEHP DnOP DnNP
Hove Å upstream lake G. 2 mean 32 9 17 0.9 3.8 75 3.6 7.0

sd 5 13 23 1.3 0.01 20 0.02 2.3
Gundsømagle Sø 100 m W 2 mean 416 341 38 0.4 5.5 93 2.7 5.8

sd 19 113 14 0.6 0.5 11 2.1 4.3
Gundsømagle Sø 200 m W 2 mean 2362 2278 67 0 2.2 124 1.0 4.2

sd 335 425 42 0 0.3 3.7 1.4 1.7
Gundsømagle Sø S bank 2 mean 223 0 3 0 1.4 14 1.5 0

sd 57 0 2 0 2.0 6.6 2.2 0
Hove Å downstream lake G. 6 mean 110 240 3 0.8 1.7 180 2.6 9.2

sd 47 251 5 1.5 3.1 115 1.6 6.2
Total 14 mean 480 479 19 0.5 2.6 121 2.4 6.4

sd 812 797 28 1.1 2.5 94 1.6 5.2

0 = none detected

The total means and standard deviations from Table 18 of all sediment
samples from the streams and the lake are shown as bar graphs in Figure
26.
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Figure 26 Mean and standard deviations of all sediment samples in streams and lake.

A prominent feature in Figure 26 is the very high almost equal abun-
dance of NP and NPDE in the stream and lake sediment, followed by
DEHP and much lower concentrations of DBP, DnNP and DnOP.

The spatial and temporal variations of DEHP, NP and NPDE in the
stream and lake sediment are shown in Figs. 27 to 29, respectively.
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Figure 27 Seasonal and spatial variations of DEHP in stream and lake sediment
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Figure 28 Seasonal and spatial variations of NP in stream and lake sediment
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Figure 29 Seasonal and spatial variations of NPDE in stream and lake sediment

Temporal variation As seen from Figs. 27 - 29, there is a significant temporal variation of the
concentrations in Hove Å downstream the lake Gundsømagle Sø, which
is the only complete seasonal series. Such a variation was also observed
for the water. The variation of the concentration in the sediment at that
position must be due to a large exchange of substances between water
and sediment due to the high flow velocity, causing suspension of the
sediment by turbulence.

Stream gradient The mean, shown in the front right row of Figs 27-29, is an expression of
the spatial variation. This spatial variation in sediment is further illus-
trated in Figure 30, showing the mean and standard deviation of NP,



51

NPDE and DEHP in the Hove Å system as bar graphs for the sampling
positions in the flow direction (East to West).
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Figure 30 Mean and standard deviation of most abundant substances in sediment
along the flow direction of Hove Å system.

As noted from Figure 30, DEHP follows a monotonously increasing ten-
dency in the flow direction, with the exception of the South bank, in
which very low amounts of all substances occur. This is probably due to
the sandy character of the bottom at that position, in contrast to the or-
ganic character at the two other lake positions. The difference may be
due to the action of waves near the bank. Furthermore, assuming the
main input to the lake is through Hove Å, the main sedimentation should
occur in the line connecting the inlet and outlet in the lake, which is a
distance to the North of the South bank. Remarkably, the tendency for
NP and NPDE is strongly increasing until the 200 m position in the lake,
followed by much lower amounts downstream. The same tendency is
seen for DBP and BBP in Table 18.

The same trend for these substances was found in the water. An inter-
pretation of these observations would be that the main sedimentation
process of all substances occurs at the 200m position in the lake, where
the lake is broad and deepest and the water velocity low. Hence, the sub-
stances are depleted downstream the lake, occurring in considerably
lower concentrations in water as well as sediment. DEHP, however, de-
viates from this pattern, since larger amounts are found downstream.
Probably new sources downstream the lake are present.

5.3.3 Correlation analysis of streams and lake
In Table 19 the significant correlations between substances in all lake
and stream water samples are shown (N=19, r crit. = 0.53, p < 0.01). It
appears that the higher phthalates from BBP and up are correlated with
DEHP. The same correlations are found in the fjord water, but for that
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matrix, some more correlations were found. This is hardly surprising,
given the more diverse character of the different streams, which - unlike
the fjord – are hydraulic separate entities.

Table 19 Significant substance correlations in water of streams and
lake

r BBP DnOP DnNP
DEHP 0.65 0.71 0.61

p<0.01

In Table 20 the significant correlations between substances in all lake
and stream sediment samples are shown (N=14, r crit. = 0.61, p < 0.01).
A pattern deviating from that of water is found, since NP, NPDE and
DBP are significantly intercorrelated, and DnOP is correlated with
DnNP.

Table 20 Significant substance correlations in sediment of streams and
lake

r NP NPDE DnOP
NPDE 0.97 1
DBP 0.71 0.65
DnNP 0.64

p<0.01

Since there is no reason to expect positional correlations between the
different streams, no such correlation analysis has been done.

5.4 Deposition

The deposition was measured one year at Lille Valby meteorological sta-
tion during 1996-1997. The annual deposition is given in Table 21 in
µg/m2/y (= g/km2/y). The station is believed to be representative for the
fjord (Vikelsøe et al. 1998 & 1999).

Table 21 Deposition at Lille Valby 1996-1997

µg/m²/y NP NPDE DBP DPP BBP DEHP DnNP DnOP DiNP
mean 61 0.3 206 0.1 17 228 2.6 13 17
sd 105 2.2 313 0.3 15 207 6.9 20 26
min 0 0 1.3 0 0 25 0 0 0
max 438 9.2 945 1.0 49 789 26 66 109

As seen, DEHP and DBP are the most abundant substances in the depo-
sition, the mean annual deposition of DBP and DEHP being 206 and 228
g/km2/y, respectively. This corresponds to a total annual deposition over
Roskilde Vig and Bredning, which has an area of about 16 km2 of 3.3 kg
DBP and 3.6 kg DEHP.

In Figure 31 the deposition is shown for the most abundant substances
versus sampling date.



53

0

200

400

600

800

000

13-Nov
27-Nov

12-Dec
08-Jan

05-Feb
05-Mar

02-Apr
30-Apr

28-May
25-Jun

09-Jul 20-Aug
10-Oct

24-Oct
07-Nov

BBP
DnOP

DEHP
DBP

µg/m²/y

1996 1997

Figure 31 Deposition of most abundant substances at Lille Valby meteorological
station.

As observed from Figure 31, for DEHP a minimum occurred in February
and a maximum in July. For DBP the minimum and maximum seem to
occur later. This variation reflects the air concentration, which probably
primarily is driven by the evaporation depending on the temperature.
However, also the use of the substances may be of importance.

As discussed by Vikelsøe et al. (1999), wind speed and direction seemed
to be of lesser significance for the phthalate deposition. This indicated
that point sources and other local differences played a minor role, long
range transport being more important. Hence, the deposition is approxi-
mately distributed evenly over the fjord. Further, the specific deposition
of the phthalate per area unit g/km2/y seemed to be rather independent of
the wet deposition (rainfall).

The mean wind speed and direction is shown for the 1 year sampling pe-
riod in the rosette diagram Figure 32.
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Figure 32 Wind rosette diagram for period of deposition sampling.

The wind is primarily blowing from the West across Roskilde Bredning.
The single sampling station is therefore believed to represent the deposi-
tion of nonylphenols and phthalates in the Bredning with good approxi-
mation.
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6 Mathematical data interpretation

In this section the experimental data is interpreted through model simu-
lations. The experimental results show that only DEHP occur in a con-
centration that is of environmental significance. Therefore the physico-
chemical processes determining the fate of xenobiotics in the water-
sediment system are identified only for DEHP.

Numerical models are set up to assess the fate of DEHP in the sediment
and water compartment of the fjord, respectively. The experimental
sediment core measurements are used to calibrate the sediment model
and a theoretical validation is performed with analytical solutions. A
steady-state mass balance for the water compartment, comprising the
DEHP fluxes in the fjord system, is validated with the experimental fjord
water concentrations.

6.1 Physico-chemical processes

The considered physico-chemical processes that involve the fate of
DEHP in the water and sediment systems respectively are (cf. Figure 33)

Figure 33 Physico-chemical processes in Roskilde Fjord.

1. Microbial degradation.
2. Adsorption of molecular xenobiotics to suspended particulate matter.
3. Sedimentation of particulate matter.
4. Vertical transport of molecular substances and particulate matter in

sediment.
5. Mixing of water volume and transport of molecular substances and

particulate matter in water.
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6.1.1 Microbial degradation
The substance can occur in different phases: As free dissolved molecules,
as micelles or microdroplets, as adsorbed to dissolved organic matter
(DOM) or adsorbed to fixed organic matter. Only the free dissolved
compound is accessible for microbial degradation. The phthalates pri-
marily occur as micelles due to low solubility and high hydrophobicity
and hence only a small fraction of the total substance is biodegradable.

The bio-degradation rate is based on the Monod-expression (e.g.
Schnoor, 1996) and can be expressed through 1st order reaction kinetics
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where

k1 is the pseudo 1st order degradation rate [sec-1].

C is the dissolved free molecular concentration of the substance [mg ⋅ li-
tre-1].

The 1st order kinetic holds under the following conditions

• The concentration of the dissolved degradable substance is much
smaller than the half saturation constant.

• The biomass specific to the actual substance is assumed to be active at
all times and the concentration is constantly low in time and homoge-
neous in the different compartments.

• The yield coefficient of the micro-organisms is constant regardless of
the biomass and substance concentrations. This approximation is very
rough and is only true within narrow concentration limits (Mikkelsen,
1994).

Different reaction rates can be employed for the degradation of DEHP in
the Fjord water and sediment respectively. In the water phase the con-
centration of active biomass is very small and as a rough estimate a reac-
tion rate equal to a factor of 1000 (Furtmann, 1996) lower than the aero-
bic rate found in the WWTP, -1-5

1N sec 10  =  k  (Fauser et al. 2000) is ex-
pected.

In the aerobic sediment surface layer about the same degradation rate as
in the WWTP is expected. This layer originates from oxygen diffusion
from the water to the sediment and/or from mixing through bioturbation
of benthic macro-fauna under favourable conditions. 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 sulphate reducing) conditions prevail
and a degradation rate of 10% of the aerobic rate is anticipated.
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6.1.2 Sorption and solvation
In the model set-up it is assumed that the adsorption-desorption proc-
esses are instantaneous, reversible and linear in concentrations. Com-
pared to other processes in the system the sorption reactions reach
chemical equilibrium quickly and the kinetic relationships related to ad-
sorption can therefore be assumed to be steady-state. The reversibility is
true in some cases, but for the phthalates the adsorption is very strong
and it is questionable whether the desorption is of any importance. 1st or-
der irreversible adsorption has been shown to describe soil adsorption
more satisfactorily (Sørensen, 1999).

Different regimes for simulating adsorption capacities can be employed.
The Langmuir adsorption model is defined by a maximum adsorption ca-
pacity that is related to a monolayer coverage of surface sites, which is
representative of a wide range of equilibrium sorption isotherms for or-
ganic adsorbates in natural waters (Schnoor, 1996).

When the number of available sites is large compared to the number of
occupied sites there is usually a linear relationship between the concen-
tration of dissolved substance, C (mg ⋅ litre-1), and the concentration of
adsorbed substance, CX (mg ⋅ litre-1). For a specific adsorbate the con-
centration of available sites can be expressed through the particulate dry
matter concentration, CXB (kg DM litre-1). The adsorption constant spe-
cific for this adsorbate, is expressed through the constant Kd.
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Kd [litre ⋅ (kg DM)-1] is a measure of the actual partition in natural waters
that can be empirically derived from the fraction of organic carbon pres-
ent in the particulate matter, foc, and the organic carbon/water partition
coefficient for the compound, Koc. This is valid when the organic carbon
content is larger than 0.05 - 0.1 % in environmental matrices. When the
organic content is lower there is an increasing tendency for adsorption to
the inorganic parts of the matrix. This phenomenon is more pronounced
for polar organic substances.

The Kd value is characteristic for specific adsorbates. It is assumed that
there exist different “species” of particulate matter in the system, i.e. 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. This implies a lower Kd value in the sediment. How-
ever, Kd is defined under steady-state conditions and since it is question-
able whether the retention time in the water is long enough for steady-
state to occur, a reduction of Kd is appropriate here. On the other hand,
the substance entering the Fjord through discharge and deposition will al-
ready be adsorbed to DOM and therefore it is more a problem of desorp-
tion 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 pres-
sure build-up. The former will result in a decreasing retention factor and
the latter in an increasing retention factor for increasing depths.
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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 Kd value and the latter an in-
creasing Kd value.

As a consequence of these complex interactions only one Kd value is as-
signed to the total system. In the WWTP a Kd value for DEHP was found
to be approximately 13000 litre ⋅ kgDM-1 (Fauser et al., 2000). In this
work Kd is set to 10000 due to the lower organic fraction in the particu-
late matter.

For substances that are only sparingly soluble, such as the phthalates, it is
necessary to consider the solubility properties in relation to micelle for-
mation that removes the compound from its molecular unimeric dis-
solved state to a state of non-degradability. Due to the hydrophobicity of
the phthalates the dissolved state generally comprises micelles (or micro-
droplets) even at very low concentrations (Thomsen et al., 2000). The
presence of detergents will, however, increase the apparent solubility by
micelle formation. With densities close to that of water these micelles
will not form a bulk phase but rather form a colloidal suspension in the
aqueous phase.

Based on the definition of the dissolved fraction, the regimes in Table 22
can be set up.

Table 22 Influence of definition of dissolved fraction on the degrada-
tion and diffusion processes.

“Dissolved” fraction Degradation Diffusion
Free molecules
Micelles
Adsorbed to DOM

Overestimated Overestimated

Free molecules
Micelles

Overestimated Realistic

Free molecules Realistic Underestimated

The experimentally found concentrations in the water and sediment are
total concentrations. A differentiation in dissolved and adsorbed fractions
in the model is based on the Kd value found in Fauser et al. (2000) where
the samples are centrifuged yielding a settled fraction comprising sub-
stance adsorbed to large and small particles (DOM) and a dissolved frac-
tion comprising free molecules and micelles. In the model calculations
this will result in an overestimation of the degradation and a realistic es-
timation of the diffusion in the sediment, cf. Table 22.

6.1.3 Sedimentation
Sedimentation is a transport mechanism where particles are brought to
the sediment surface by gravitational settling. Due to turbulence resus-
pension 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 sedimentation.
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Different standard methods can be used to define the vertical transport of
matter through the water phase. The sedimentary fraction can be found
from standing in e.g. 2 hours (DS/R 233 1973) and the suspended frac-
tion from filtering (DS/R 233 1973). The remaining amount is either dis-
solved (molecular) or colloid. No standardised methods exist that can
identify the transition between these last two groups.

The total sedimentary fraction is obtained through centrifugation where
the sedimentary fraction, suspended fraction and some of the colloidal
matter is comprised. If the particulate matter is defined as particles with
diameters larger than 1 µm the following materials are the predominant
contributors in the sedimentation process.

Table 23 Properties for suspended particulate matter (Harremoës et
al., 1990).

Diameter
[µm]

Density
[g ⋅ cm-3]

Inorganic: Clay particles 1 - 2 2.5 - 2.7
Silt, fine 2 - 6 2.5 - 2.7
Silt, medium 6 - 20 2.5 - 2.7
Silt, coarse 20 - 60 2.5 - 2.7

Organic: Algae 1 - approx. 50 1.01 - 1.03

The sedimentation process can be described by a pseudo 1st order re-
moval of particulate matter from the water phase. Thus, the removal of
adsorbed xenobiotics is
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1sed ≈

is the sedimentation constant and vsed is the sedimentation velocity sug-
gested by Harremoës et al., (1990), h is the water depth. Xw is the con-
centration of particulate matter in the water. In the following a sedimen-
tation constant fitted for the present data is found.

Extraction is a process whereby the non-sedimentary organic matter can
be transported to the sediment. It comprises adsorption of colloids to the
sediment and absorption of molecular substances in micro-organisms
present in the sediment. The resulting concentration gradient across the
boundary layer is followed by a vertical diffusive transport from the to-
tally mixed water to the sediment.
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The extraction process can be described by a pseudo 1st order removal of
dissolved and colloid matter from the water phase
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is the extraction constant and vext is the extraction velocity (Harremoës et
al., 1990).

The overall vertical transport can be expressed as
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The retention factor Rw will be close to unity, i.e. low particulate con-
centrations prevail in the water, and therefore k1vert is approximately
equal to k1ext.

The extraction process is defined for organic matter that is present in
abundant concentrations in the water compartment such as proteins, sug-
ars and other easily degradable and hydrophilic compounds. For these
compounds the predominant removal mechanism in the sediment is 1st

order microbial degradation and accordingly this can be related to a 1st

order transfer from the water to the sediment (cf. Equation 4).

In this work xenobiotics that appear in very low concentrations and that
are practically insoluble are investigated. The degradation rates are low
and the governing removal/transport mechanism in the sediment is diffu-
sion, which in turn is related to a similar removal rate from the water
phase. The approach is therefore to define the vertical transport of non-
sedimentary substance in terms of a “suction” caused by molecular con-
centration-gradient conditioned diffusion in the sediment (cf. Equation
19).

The transport of sedimentary adsorbed substance can be derived from
Equation 3, where the sedimentation of particles is
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Introducing the concentration of sedimentary particulate matter Xw = 10 ⋅
10-6 kg dm ⋅ litre-1 (Larsen, 1999) and an adjusted sedimentation con-
stant, k1sed = 0.36 days-1, the sedimentation rate becomes

dX

dt
 =w

year  litre

dm kg
 10  13.2 - = 

litre

dm. kg
 10  10  

year

1
 365  0.36 - 4-6-

The 23 cm sediment core taken at a position 130 meters from the shore
and WWTP outlet is divided into 0.5 cm sections. It shows a mean water
content of θ = 0.55 ± 0.13 litre water ⋅ (litre total)-1 and a mean dry mat-
ter content of Xs = 1.06 ± 0.26 kg dm ⋅ (litre total)-1 yielding a solids den-
sity of 1.06 / 0.45 = 2.35 kg dm ⋅ (litre dm)-1.

The sedimentation interacts with resuspension and assuming a net sedi-
mentation rate of 13.2 ⋅ 10-4 kg dm ⋅ (litre ⋅ year)-1 the annual net accu-
mulation rate, S, at the sediment surface amounts to

year

mm
 2.5 = 

litre

dm kg
 1.58

dm 30  
year  litre

dm kg
 10  13.2

 = S

4-

(6)

Where the water depth is 3 m and the dry matter content at the surface is
1.58 kg org. dm ⋅ litre-1. Madsen et al. (1979) found linear accumulation
rates in the inner Fjord in the interval 1.2 - 5.8 mm ⋅ year-1. The historical
substance load and hence the substance accumulation rate can be derived
from the particle accumulation rate and the substance concentration in
the sediment. However, this is beyond the scope of this report.

The total downward transport of substance is thus found from a combi-
nation of diffusive concentration gradient conditioned transport and
sedimentation of adsorbed particulate substance.

6.1.4 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 sedi-
ment is governed by molecular diffusion. Advection and convection are
negligible processes that are primarily relevant in connection with hy-
draulic gradients in groundwater studies. Diffusion is not only relevant
for dissolved substances but it has been suggested that also substance ad-
sorbed to dissolved organic matter (DOM) is susceptible to macro mo-
lecular diffusion. This will probably have diffusion coefficients that are
considerably smaller than the free molecules. According to the previous
definition only the free molecules and micelles are comprised in the dis-
solved fraction in the experimental measurements and adsorption to
DOM will therefore not be dealt with here.
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The diffusivity of a molecule depends on the random movements
(Brownian motion) which again is dependant on the kinetic (or internal)
energy. The kinetic energy is defined as ½ ⋅ m ⋅ v2 stating that larger
molecules have lower mean velocities than smaller molecules, given
equal energy levels. Furthermore the increased cross sectional areas re-
duce the mean free path in the carrier medium resulting in a lower mo-
bility of larger molecules compared to smaller molecules.

This relationship between molecular size and diffusivity can be used to
predict diffusivities of compounds from known diffusivities of other
compounds based alone on the molecular masses, cf. Equation 7
(Schwarzenbach et al., 1993)

unknown

known

known

unknown

mass

mass
    

D

D
≈ (7)

This requires that the carrier media are the same and that the chemical
structures are related. Benzene can 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.
(1993) have found a diffusion coefficient in water for benzene (Mw = 78
g ⋅ mol-1) of approximately 10-9 m2 ⋅ sec-1.
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Fick’s 1st law can describe the vertical substance flux in the sediment
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where θ is the porosity of the sediment and Ddisp,sz is the dispersion coef-
ficient, defined as
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where α is the longitudinal dispersivity, vp is the advective pore water
velocity (≈ 0) and Dsz is the molecular diffusion coefficient.

Schwarzenbach (1993) suggests the following empirical relationship
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Additionally, under favourable conditions, the redistribution of sediment
particles by benthic macro fauna can occur by a variety of processes.
This bioturbation can influence the transport and fate of hydrophobic xe-
nobiotics in the surface layer. The particle reworking and the pumping of
pore water can create a mixed layer where the adsorbed and dissolved
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substances migrate more rapidly than can be accounted for by molecular
diffusion.

The extension of the mixing layer is dependent on the macro organism.
For lugworm Arenicola marina, which is the predominant benthic or-
ganism in the inner Fjord, a 5 to 10 cm bioturbation zone in depths of ap-
proximately 15 cm can be expected. However, the sediment core was
extremely hard and therefore it is expected that the influence from bio-
turbation is negligible. This is confirmed by the DEHP concentration
profile in the sediment core.

Thus neglecting the influence from bioturbation, the horizontal concen-
tration 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.

6.1.5 Horizontal transport in the water
The hydraulic effect from the sea will cause a high flow through the nar-
row parts in the middle of the Fjord. This combination of saline intru-
sions and fresh water discharges causes a salinity gradient ranging from
20 ‰ in the northern entrance to 14.5 ‰ in the inner parts of the Fjord
(Harremoës et al., 1990).

In the preceding section it is assumed that the convective flow in the
sediment is zero. This excludes the influence of percolation of ground-
water through the sediment into the Fjord. This is an assumption that will
not hold at local spots where freshwater intrusions will enter the saline
Fjord and lower the salinity on a local scale. The approach in this work is
to consider net deposition, streams and anthropogenic outlets as the only
freshwater sources to the fjord.

Due to an effective large scale mixing of the water volumes, which en-
hances the vertical transport of dissolved and particulate matter, the ver-
tical concentration gradient is negligible, resulting in a mean depth inte-
grated concentration in the water column. The large scale mixing, which
is caused by a combination of turbulence and convection, is also the pre-
dominant process in the horizontal transport of water and substances in
the shallow Fjord.

The salinity mixing data can be used to calculate an effective longitudi-
nal 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 ⋅ sec)-1, a mean cross sectional area of 2610 m2, a length of 28 km 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 (Harremoës et al., 1990)
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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 the salinity is approximately constant and
the horizontal transport is based on other criteria, such as turbulence and
convective mixing.

In the inner Fjord, i.e. Roskilde Vig and Bredning, where the discharge
from Bjergmarken WWTP is situated, the horizontal velocity will be mi-
nor due to the larger surface areas. Hydraulic effects from wind and
freshwater sources will govern the mixing. Strong western winds 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.

Therefore, 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.

6.2 Sources

Different sources contribute to the DEHP concentrations in the Fjord (cf.
Figure 2).

• The wastewater treatment plant (WWTP) effluent is discharged as a
point source to the surface water at the shore in the inner part of Ro-
skilde Fjord (Vig). The flow is 492 ± 356 m3 ⋅ day-1 with a mean con-
centration of 0.7 µg DEHP ⋅ m-3 (Fauser et al., 2000).

• The point sources to the Bredning and narrow passage of the Fjord,
i.e. WWTP discharges from four smaller cities, are estimated to ac-
count 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 24 and Figure 34).

• For Roskilde Bredning and the narrow passage contributions from
freshwater sources from streams and lakes must be included. The
freshwater runoff 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 (cf. Table 21).

• For a period of 25 years, ending in 1991, all of the sludge produced in
earlier WWTP’s in Roskilde was used for amendment on an agricul-
tural field adjacent to the WWTP discharge in the shore. Since 1991
the produced sludge has been stored in an intermediary deposit close
to the sludge amended area and shore. Leaching from the sludge
amended soil as well as wash out from the sludge deposit, in case of
heavy rainfall, will contribute to the load in to the Fjord (Vikelsøe et
al., 1999).
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• In 1969 in connection with work on the Roskilde harbour, the sedi-
ment was dumped on the site marked ∇ on the map in Figure 2. 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 com-
pared to the WWTP discharge.

• The flux of saline water from the sea to the Fjord is 3 to 4 times larger
than the freshwater flux to the Fjord (Hedal et al, 1999). In Table 24
the three water exchange rates are stated.

6.3 Model parameters

The following model parameters are required in the models.

Calculated and measured state variables
Cw: Concentration of dissolved substance in water phase [mg ⋅ litre-1].
Cs: Concentration of dissolved substance in sediment phase [ng ⋅ g-1].

Measured model inputs
Xw: Concentration of suspended particulate matter in water phase

= 10 ⋅ 10-6 kg DM ⋅ (litre total)-1

Xs: Concentration of dry matter in sediment
= 1.06 kg DM ⋅ (litre total)-1

θs: Water fraction in sediment
= 0.55 litre water ⋅ (litre total)-1

QWWTP:Discharge flow from WWTP
= 492 ± 356 m3 ⋅ hour-1

CWWTP: Concentration of dissolved DEHP in WWTP discharge
= 0.7 µg DEHP ⋅ litre-1

RWWTP: Retention factor for WWTP discharge
= 1.05

Ctot,dep: Atmospheric bulk deposition
= 7.29 ⋅ 10-15 kg DEHP ⋅ (m2 ⋅ sec)-1

Ctot,f: Concentration of mean total substance in freshwater from streams
= 0.2 µg DEHP ⋅ litre-1

Calibration parameters
Kd: Distribution coefficient between water and organic matter in wa-

ter or sediment [litre water ⋅ (kg DM)-1].
k1N: Aerobic pseudo 1st order removal rate [sec-1].
k1D: Anaerobic pseudo 1st order removal rate [sec-1].
S: Annual sediment accumulation rate [mm ⋅ year-1].

Estimated model inputs
Parameters in Table 24.
Dwx: Horizontal dispersion coefficient in narrow part of Fjord

= 54 m2 ⋅ sec-1

Dsz: Molecular diffusion coefficient in sediment
= 2 ⋅ 10-10 m2 ⋅ sec-1

The hydraulic and geographical key data for Roskilde Fjord are shown in
Table 24.
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Table 24. 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 fresh-
water flow

Qf,vig =
0

Qf,bred =
3.60

m3 ⋅ sec-1

qf,narr =

1.16 ⋅ 10-4

m3 ⋅ (m ⋅ sec)-1

Point source
flow

Qp,vig =

136.7 ⋅ 10-3

m3 ⋅ sec-1

Qp,bred =

36.0 ⋅ 10-3

m3 ⋅ sec-1

qp,narr =

3.60 ⋅ 10-6

m3 ⋅ (m ⋅ sec)-1

Water ex-
change

Qbred-vig =

(0.5⋅Qf-sea)3.4

m3 ⋅ sec-1

Qnarr-bred =

(2⋅Qf,sea)13.7

m3 ⋅ sec-1

Qsea-narr =

(3⋅Qf,sea)20.5

m3 ⋅ sec-1

The mean residence time for the entire Fjord is approximately 3 months.

6.4 Model set-up

Roskilde Vig and Bredning are considered to be totally mixed whereas
the transport in the narrow part of the Fjord is more appropriately de-
scribed with dispersion.
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Figure 34 Schematic view of Roskilde Fjord. Symbols and notations are explained
in Table 24.

Two model scenarios are set-up that in combination will describe the dy-
namic and steady-state concentrations based on the processes in the wa-
ter and sediment of Roskilde Fjord.

Water model: Steady-state box-models of Roskilde Vig and Bred-
ning combined with a dynamic numerical model of the
narrow passage of the Fjord. Experimental results are
used to validate the model. The models are designed to
account for the overall mass balances in the different
regions of the Fjord.

Sediment model: Numerical model including diffusion, sedimentation
and degradation. Analytical expressions and experi-
mental results are used to validate the model.

The models are set up based on the following assumptions

• Constant discharge flow (QWWTP), freshwater flow (Qf) and deposi-
tion (Qdep).

• Constant discharge concentration (CWWTP), freshwater concentration
(Cf) and deposition concentration (Cdep).

• Constant water depth (h).

qf,narr , Cf,narr

+
qp,narr , Cp,narr

Qf,bred , Cf,bred

Qp,bred , Cp,bred

Qf,vig = 0

Qp,vig , Cp,vig

Dispersion model

Box-models

General processes
(µg ⋅ (m2 ⋅ sec)-1):

Atm. dep.: Cdep

Sedim.: S ⋅ Rs ⋅ Cw

Degr.: k1 ⋅ h ⋅ Cw

Anarr

hnarr

Avig

hvig

Abred

hbred

Qsea-narr

Q1 = Qsea-narr+(qf,narr+qp,narr)⋅Lnarr+Qf,bred+Qp,bred+Qp,vig

Q2 = Qnarr-bred+Qf,bred+Qp,bred+Qp,vig

Q3 = Qbred-vig+Qp,vig

Qnarr-bred

Qbred-vig

Q1

Q2

Q3

Bredning

Vig

Sea

Lnarr

Isefjord
5 km
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• Constant concentrations of suspended matter in water and sediment
(Xw, Xs).

• Equilibrium between dissolved and adsorbed substance (Kd).
• Water volume is totally mixed along the vertical axis.
• Only vertical diffusive flows in sediment (Dsz).
• Dissolved concentration in sediment surface layer is equal to the dis-

solved water concentration.
• 1st order degradation of dissolved substance in water and sediment

(k1).
• Increasing sediment depth in time due to sedimentation (S).

6.4.1 Steady-state box-model
The values in Table 24 and the model parameters are inserted in the gen-
eral steady-state Equation 12.

0 = Point sources + Freshwater sources +
Water exchange +
Atmospheric deposition + Sedimentation + Degradation      ⇒ (12)

For Roskilde Vig the mass balance becomes

-  Q    C    Q    R    C  =  0 vigf,ftot,WWTPWWTPWWTP ⋅+⋅⋅

( ) +  Q    Q  +  Q    R    C vigf,vigp,vig-bredwvigw, +⋅⋅

vigvigvigw,1svigvigw,vigdeptot, h    A    C    k  -  R    A    S    C  -  A    C ⋅⋅⋅⋅⋅⋅⋅ (13)

The equations for Roskilde Bredning and narrow passage are described
analogously. In the Vig equation Cw,bred is unknown. In the Bredning
equation Cw,vig and Cw,narr(boundary) are unknown and in the equation for
the narrow passage Cw,bred is unknown. Through iteration in the water
model the unknowns are determined.

The calculated contributions and mean water concentrations are summa-
rised in Table 25.

6.4.2 Numerical models (water and sediment model)
The mass balance for the water compartment of the Vig and Bredning are
as shown in Equation 13. The water balance in the narrow passage is de-
scribed with the expressions below. Transport in the sediment is de-
scribed below irrespective of the model for the water.

In Figure 35 a vertical section of the water-sediment system is shown.
The considered horizontal and vertical mass fluxes are stated for each
compartment.



69

Figure 35 Vertical sectional view of the water-sediment system in the narrow pas-
sage of Roskilde Fjord.

The time incremental mass balance for a water volume dx ⋅ b ⋅ h and a
sediment volume dx ⋅ b ⋅ dz is
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where Nx and Nz are the mass fluxes [g ⋅ (m2 ⋅ sec)-1] along the x and z
axis respectively of substance A with dissolved concentration CA. k1 is a
pseudo 1st order process constant. Equation 15 is the result of two-
dimensional modelling assumptions and can be formulated for the water
and sediment compartment respectively.

Water (narrow passage):
The horizontal flux is a result of advection and dispersion
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where (cf. Figure 34)
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The vertical flux is a combination of sedimentation of particles, ex-
traction of molecular substance through sediment suction, atmospheric
deposition and freshwater sources.

N  =  -  D   
 C

 z
 -  S  R   C  +  Cwz sz

s

z=0
s w,narr tot,dep⋅ ⋅ ⋅∂

∂

+ ⋅ ⋅ 
q

b
  C  +  

q

b
  Cf,narr

tot,f
p,narr

tot,p (17)

The first term in Equation 17 is the boundary condition at the sediment
surface caused by sediment “suction” of substance. The total mass bal-
ance for the water compartment furthermore includes 1st order degrada-
tion and thus becomes
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Boundary conditions:
Cw,narr = Cw,bred for x = 0
Cw,narr = Cw,sea = 0 for x = Lnarr + 5 km

Sediment:
The horizontal flux is negligible. The vertical flux arises from molecular
diffusion and advection from sediment build-up
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The total mass balance for the sediment compartment is
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In the upper 5 cm the aerobic degradation rate, k1N, is used and further
down the anoxic degradation rate, k1D, is used.

The two coupled 2nd order differential Equations 18 and 20 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 con-
sisting of discrete nodes for the (x,t) and the (z,t) system respectively,
and by employing a forward time central space scheme (cf. Figure 36).
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Figure 36 Time-space grids for the water and sediment models respectively.

The numerical interpretation of the sedimentation term S ⋅ Rs ⋅ Cw is ac-
counted for by increasing the sediment thickness with an extra layer, dz,
each time

t  =  
dz

Ssed (21)

is fulfilled. With a step size of dz = 0.01 m and an accumulation rate of S
= 2.5 mm ⋅ year-1, cf. Equation 6, 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 equation
below does therefore not comprise a sedimentation term.
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Water (narrow passage):
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Sediment:
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For j = 0 the second space derivative in Equation 23 is
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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.

The models are validated with analytical solutions. The experimental and
analytical concentration profiles will be aggregated and discussed in sec-
tions 6.5 and 6.6 for the sediment and the water compartments respec-
tively.
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6.4.3 Dynamic solution to the diffusion and sedimentation prob-
lem in the sediment

The combined dynamic diffusion, sedimentation and degradation prob-
lem is complex to solve analytically. The determination of the concen-
tration 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 con-
stant 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

Initial condition

Cs(x,z) = 0 for t = 0

The solution of the one-dimensional diffusion and sedimentation equa-
tion, i.e.
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with the initial and boundary conditions stated above, is (Sørensen et al.,
2000)
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where erfc ( ) is the complementary error function.

6.4.4 Steady-state solution to the diffusion, sedimentation and
degradation problem in the sediment

Under steady-state conditions the following linear homogeneous second
order equation is valid in the sediment compartment
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It can be solved according to Spiegel (1968) with the boundary condi-
tions

Cs → 0 for z → ∞

Cs = Cw(steady-state)    for    z = 0

And the solution becomes
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6.5 Discussion of experimental and analytical results in
the sediment

In Figure 37 the numerical model is validated with the analytical solution
to the diffusion and sedimentation problem, cf. Equation 26. The degra-
dation is set to zero in the numerical model. The input values are char-
acteristic for DEHP and are as stated in the discussion of Figure 38.

The simulated time is 50 years and the optimum time step, with respect
to run time and precision, is dt = 105 sec. The vertical step size is dz = 1
cm.
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Figure 37 Validation of numerical sediment model (Equation 23) with analytical
solution (Equation 26).

Two cases are considered; diffusion combined with sedimentation and
diffusion alone. For diffusion combined with sedimentation the analytical
curve is only calculated to a depth of 20 cm due to mathematical insta-
bilities at larger depths. 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, that will extend to a depth of S ⋅ 50 years ≈ 12 cm.
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The two diffusion curves and the two diffusion + sedimentation curves
are coincident, which implies that the numerical sediment model is con-
sidered to be properly validated.

In Figure 38 the validated numerical model is calibrated with the ex-
perimental sediment concentration profile sampled 130 m from the
WWTP discharge, cf. section 5.2.3.

The model simulations uses the following parameters
S = 2.5 mm ⋅ year-1

k1N = 2 ⋅ 10-5 sec-1

k1D = 8 ⋅ 10-6 sec-1 (below a depth of 5cm)
Kd = 10000 litre water ⋅ (kg dm)-1
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Figure 38 Experimental sediment core concentrations at distance 130 from dis-
charge, numerical sediment model (Equation 23) and steady-state solution
(Equation 28).

The curve in the upper 5 cm decreases according to the typical transport-
degradation situation with a constant degradation rate. The high degra-
dation rate indicates aerobic conditions. This rate 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 sec-1 points to either anoxic or anaerobic con-
ditions.

The periodic fluctuations from 12 to 20 cm are probably experimental
noise but bioturbation by lugworm (Arenicola marina) could produce a
zone in depths around 10 to 20 cm corresponding to the experimentally
found. As mentioned previously circumstances that disconfirm this sug-
gestion are the hardness of the sediment core.

The interpretation of the experimental data leads to two cases; The fluc-
tuations below approximately 12 cm are noise and the concentrations are
zero. This gives a sedimentation rate of 2.5 mm ⋅ year-1. Alternatively the
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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 can not transport this
amount of substance down to these depths.

In the model set-up the sedimentation is described as a discontinuous
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 differences in sediment application rate have
been investigated in the numerical model and the results are identical.

The organic concentrations in the sediment and in the particulate mate-
rial in the outlet from the WWTP and from atmospheric deposition are
lower compared to the biomass in the bio-reactors in the WWTP. The ad-
sorption coefficient, Kd, is therefore lower than the adsorption coeffi-
cients in the WWTP.

The last curve in Figure 38 is the steady-state profile, cf. Equation 28.
From observing the profile development for increasing time and from
flux considerations by Sørensen et al. (2000), it can be seen that the time
needed to achieve steady-state is governed by the accumulation rate.
With S = 2.5 mm ⋅ year-1 steady-state is reached in the upper 2.5 cm after
10 years. It is only in the immediate theoretical upstart of the process, t =
0, that the concentration gradient at the sediment surface will be infi-
nitely high and that diffusion will dominate the flux (Sørensen et al.,
2000).

This fact can be further substantiated by calculating the flux at the sedi-
ment surface during steady-state, from differentiating Equation 28 for z =
0 and inserting it in Equation 19.

( )R  S

D  k
 + 0.25 + 0.5  R  S  )state(steadyC = N 2

s

sz1

swsz
(29)

In Figure 39 the ratio fluxsedimentation ⋅ (fluxtotal)
-1 is plotted for realistic

values of the products k1 ⋅ Dsz and S ⋅ Rs.
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Figure 39 The importance of sedimentation with respect to the flux of substance to
the sediment.

Higher degradation rates yield increasing concentration gradients and
thus higher diffusion rates through the sediment. Higher adsorption coef-
ficients, Kd, and therefore higher retention factors, Rs, result in higher ad-
sorption to particulate matter, SOM and DOM, and accordingly in higher
sedimentation rates of adsorbed substance.

Therefore hydrophobic substances are transported to the sediment at
higher rates than hydrophilic substances.

For DEHP the ratios k1N ⋅ Dsz = 2.0 ⋅ 10-15 m2 ⋅ sec-2 and S ⋅ Rs = 26.5 m ⋅
year-1 result in a sedimentation flux comprising about 95 % of the total
flux to the sediment.

The sediment concentration profiles of NP and NPDE in Figure 22 differ
from the DEHP profile. The concentrations are approximately zero in the
upper 5 cm after which a maximum occurs at a depth of 8 cm. The
qualitative profile can not be simulated analogously to DEHP, where a
constant input concentration in the water is assumed. It is necessary to
introduce a water concentration that varies in time, either as a conse-
quence of changing emissions or because a new and more efficient
WWTP were taken into operation in 1995. The exact emission pattern of
NP and NPDE is not known and therefore it is not relevant, with respect
to model calibration, to try to simulate this, in order to achieve the con-
centration profiles in Figure 22.

6.6 Discussion of experimental and analytical results in
the water compartment

Experimental measurements in the water compartment at the marked
sampling sites, cf. Figure 1 yield a mean DEHP concentration of 91 ± 81
ng DEHP ⋅ litre-1 that is approximately constant throughout the fjord.
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To obtain an estimate of the DEHP mass flows in the Fjord system an
integrated mass balance, cf. Equation 12, comprising the two box models
and the dispersion model is performed in an iterate process. The calcula-
tions assume constant flows and concentrations for the DEHP sources.
Steady-state will occur already after a few months in the water compart-
ment and it is therefore appropriate to consider the steady-state situation
alone.

For simplicity reasons the diffusive suction by the sediment is omitted,
which is in accordance in steady-state considerations. The biomass con-
centration in the water is a factor of 100 lower than in the WWTP and
furthermore it is not adapted to optimum DEHP degradation, therefore
the degradation rate per litre is set to be a factor of 1000 lower than in the
WWTP, k1 = 2 ⋅ 10-8 sec-1. This is probably still too high but it is com-
pensated by the removal by volatilisation.

Apart from the degradation rate, there are no adjustments of the model
parameters in order to fit the modelled results to the experimental find-
ings.

In Table 25 and Figure 40, the steady-state DEHP contributions (+) and
removals (-) to the fjord water compartment, are shown in µg DEHP ⋅
sec-1.

Table 25 Mass contributions in µg DEHP ⋅ sec-1 for the Vig, Bredning
and narrow passage calculated from the water model.

Vig Bredning Narrow passage
Point sources + 100

(37 %)
+ 30
(1 %)

+ 70
(3 %)

Freshwater
sources

0
(0 %)

+ 720
(33 %)

+ 650
(26 %)

Net water ex-
change

- 30
(11 %)

- 80
(4 %)

- 250
(10 %)

Atmospheric
deposition

+ 30
(11 %)

+350
(16 %)

+ 530
(21 %)

Sedimentation - 100
(37 %)

- 950
(43 %)

- 940
(38 %)

Degradation - 10
(4 %)

- 70
(3 %)

- 70
(3 %)



79

Figure 40 Mass contributions in µg DEHP ⋅ sec-1 for the Vig, Bredning and narrow
passage calculated from the water model.

The calculated total mean steady-state concentrations for the three re-
gions of the Fjord are

Vig: 32 ng DEHP ⋅ litre-1

Bredning: 26 ng DEHP ⋅ litre-1

Narrow passage: 19 ng DEHP ⋅ litre-1 (mean, cf. figure 41)

It can be seen that the freshwater sources from streams are the main con-
tributors 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
balances the contributions.

The experimental sediment surface concentrations increase towards the
inner parts of the Fjord. In the Vig the DEHP concentration is a factor of
2 higher than in the Bredning and a factor of 10 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 Figure 41 is obtained.
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Figure 41 Total DEHP concentrations in the water in the narrow passage. Numerical
model (Equation 22) and experimental measurements divided by a factor
of 5, cf. Table 9.

The experimental concentrations in the water compartment are approxi-
mately constant in all sections of the Fjord (5 sampling sites), cf. Figure 4
and do therefore not display the characteristic decrease caused by disper-
sion as seen in Figure 41. The experimental concentration peak around
11 km (Frederiksund), arise from an area with very high current and re-
suspension of settled material with adsorbed DEHP is a possible expla-
nation to the high water concentration. 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.

With a mean experimental water concentration of 91 ng DEHP ⋅ litre-1,
there is a discrepancy by a factor of 3 – 5 compared to the modelled wa-
ter concentrations. This is considered to be acceptable as a model result,
but in order to use the model as a risk assessment tool the deviation must
be taken into account in calculating the predicted environmental concen-
tration (PEC).
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7 Conclusions

DEHP was the most abundant substance found in the fjord water,
followed by a much lower concentration of DBP, and minute amounts of
BBP, DPP and NP. NPDE was not detected. The concentrations were
very low, about a third of deposition and half of the small streams.

No significant spatial variation of the concentration for any substance
was found in the fjord water on a large geographical scale. A significant
seasonal variation was found for DEHP and BBP having maximum in
June and minimum in December. The variation was lesser at the inner
part compared to the middle and the outer part of the fjord. At the narrow
middle part the seasonal variation was highest, and a significant short-
term variation was observed having a time-scale of hours.

For the streams, the concentrations in the water were about the triple of
the fjord, the spatial and temporal variations being more pronounced and
random.

In the fjord sediment DEHP and DBP were most abundant, occurring in
much higher concentrations than in the water. The concentrations de-
creased about 20 times depending on distance from the WWTP outlet. In
a 22 cm deep core of fjord sediment, the DEHP concentrations decreased
about 10 times from top to bottom.

The concentrations found in the fjord water seem too low to adversely
affect the environment, whereas the substances found in the sediments
may influence the bottom living organism, and through them enter the
food chain.

The experimental results were used to calibrate numerical models that
were set up for the water and sediment system respectively. Additionally,
analytical solutions were used to perform a theoretical validation. The
generic compartment model, SimpleBox, comprised in the European
Union System for the Evaluation of Substances, EUSES, was evaluated
with respect to sediment uptake of the hydrophobic compound DEHP.

In the water compartment, a mass balance for the annual mean DEHP
concentrations, comprising contributions from wastewater treatment
plants, atmospheric deposition and freshwater contributions and remov-
als from microbial degradation and sedimentation, was performed. It re-
vealed that the main removal process in the fjord is sedimentation of
particle bound substances, or binding of dissolved substances to sedi-
ments, whereas horizontal transport through the water seems to be of
lesser significance. The main contributors are freshwater sources from
streams followed by atmospheric deposition and discharges from waste-
water treatment plants.

The fate of xenobiotics, exemplified with DEHP, in the sediment com-
partment has been described with sedimentation, diffusion and 1st order
degradation. However, diffusion will only be significant in the upstart
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phase and can therefore be omitted in model calculations when steady-
state conditions are concerned. Such situations typically occur in the
surface layer after about 10 years. As concluded by Sørensen et al.
(2000) 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 set-up used in the mathemati-
cally more simple SimpleBox.

The used modelling approach, where the water and sediment compart-
ments are treated separately only connected through substance exchange
through sedimentation, seems appropriate in describing the fate of DEHP
in the complex multi media fjord system.
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9 Abbreviations

Analyte Substance analysed

BBP Butylbenzylphthalate

D Deuterium (2H, heavy isotope of hydrogen)

D4-BBP BBP deuterium-labelled in ring

D4-DBP DBP deuterium-labelled in ring

D4-DEHP DEHP deuterium-labelled in ring

D4-DnOP DnOP deuterium-labelled in ring

DBP Di(n-butyl)phthalate

DEHP Di(2-ethylhexyl)phthalate

DnNP Di(n-nonyl)phthalate

DnOP Di(n-octyl)phthalate

DPP Dipentylphthalate

dm % Content of dry matter in weight percent of total

dm Dry matter

GC Gaschromatography

GC/MS GC combined with MS

HRMS High resolution MS (high ability of MS to discriminate
between masses)

LD Limit of determination, concentration below which the re-
sult is uncertain

mg/kg dw Milligram per kg dry weight (Parts Per Million, PPM)

µg/kg dw Microgram per kg dry weight (Parts Per Billion, PPB)

MS Mass spectrometry

nd Not detected, non-detect

non-detect Result < 0 after subtraction of the blank

DEPA Danish Environmental Protection Agency

NERI National Environmental Research Institute
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NP Nonylphenol

NPDE Nonylphenol-diethoxylate

NPE Nonylphenol-ethoxylates

PAE Phthalate ester

PFK Perfluoro kerosene (calibration gas for HRMS)

Phthalate Di ester of phthalic acid (1,2-benzene dicarboxylic acid)

sd Standard deviation

SIM Selected ion monitoring (MS operating mode)

Spike Labelled substance added during the analytical procedure
for quality control

Steady-state Situation with constant conditions

WWTP Wastewater treatment plant

ww Wet weight
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10 Variables

Abred Surface area of Roskilde bredning (km2)

Anarr Surface area of narrow passage (km2)

Avig Surface area of Roskilde Vig (km2)

b width of fjord compartment (m)

C Dissolved concentration (ng pr. litre)

CA Dissolved concentration of substance A (ng A pr. litre)

Cs Dissolved DEHP concentration in sediment pore water
(ng pr. g dm)

Cs(x or i,z or j) Dissolved DEHP concentration in sediment at position (x
or i, z or j) (ng pr. g dm)

Ctot,dep Atmospheric bulk deposition (kg pr. (m2 ⋅ sec))

Ctot,f Dissolved and adsorbed DEHP concentration in freshwa-
ter sources (µg pr. litre)

Cw Dissolved DEHP concentration in water (ng pr. litre)

Cw(x or i) Dissolved DEHP concentration in water at position x or i
(ng pr. litre)

Cw,bred Dissolved DEHP concentration in water in bredning (ng
pr. litre)

Cw,narr Dissolved DEHP concentration in water in narrow pas-
sage (ng pr. litre)

Cw,sea Dissolved DEHP concentration in water in sea (ng pr. li-
tre)

Cw,vig Dissolved DEHP concentration in water in vig (ng pr. li-
tre)

CWWTP Dissolved DEHP concentration in WWTP discharge (µg
pr. litre)

CX Concentration of adsorbed substance (ng pr. litre)

CXB “Concentration” of available sites on dry matter (µg pr.
litre)

dx Horizontal step in water (m)

dt Time step (sec)
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dz Vertical step in sediment (m)

Dbenzene Diffusion coefficient of benzene (m2 pr. sec)

DDEHP Diffusion coefficient of DEHP (m2 pr. sec)

Ddisp,sz Vertical dispersion coefficient in the sediment (m2 pr.
sec)

Dknown Diffusion coefficient of known substance (m2 pr. sec)

Dsz Vertical diffusion coefficient in sediment (m2 pr. sec)

Dunknown Diffusion coefficient of unknown substance (m2 pr. sec)

Dwx Horizontal dispersion coefficient in water (m2 pr. sec)

DOM Dissolved organic matter

h(x) Water depth at distance x (m)

i Number of horizontal steps

j Number of vertical steps

k1 Pseudo 1st order degradation rate (sec-1)

k1D Pseudo 1st order anoxic degradation rate (sec-1)

k1ext Extraction constant (days-1)

k1N Pseudo 1st order aerobic degradation rate (sec-1)

k1sed Sedimentation constant (days-1)

k1vert Vertical sedimentation constant (days-1)

Kd Partition coefficient between water and particulate matter
(litre pr. kg dm)

Kdw Partition coefficient between water and particulate matter
in water (litre pr. kg dm)

massbenzene Mass of benzene (g pr. mol)

massDEHP Mass of DEHP (g pr. mol)

massknown Mass of known substance (g pr. mol)

massunknown Mass of unknown substance (g pr. mol)

n Number of time steps

Nsz Vertical flux of DEHP in sediment (g pr. (m2 ⋅ sec))

Nwx Horizontal flux of DEHP in water (g pr. (m2 ⋅ sec))
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Nx Horizontal flux (g pr. (m2 ⋅ sec))

Nz Vertical flux (g pr. (m2 ⋅ sec))

qf,narr Freshwater flow to narrow passage (m3 pr. (m ⋅ sec))

qp,narr Point source flow to narrow passage (m3 pr. (m ⋅ sec))

Q1 Water exchange from narrow passage to sea (m3 pr. sec)

Q2 Water exchange from bredning to narrow passage (m3 pr.
sec)

Q3 Water exchange from vig to bredning (m3 pr. sec)

Qbred-vig Water exchange from bredning to vig (m3 pr. sec)

Qf,bred Freshwater flow to Roskilde Bredning (m3 pr. sec)

Qf,vig Freshwater flow to Roskilde vig (m3 pr. sec)

Qnarr Water flow in narrow passage (m3 pr. sec)

Qnarr-bred Water exchange from narrow passage to bredning (m3 pr.
sec)

Qp,bred Point source flow to bredning (m3 pr. sec)

Qp,vig Point source flow to vig (m3 pr. sec)

Qsea-narr Water exchange from sea to narrow passage (m3 pr. sec)

QWWTP Water flow from WWTP discharge (m3 pr. hour)

R Retention factor

Rs Retention factor for sediment

Rw Retention factor for water

RWWTP Retention factor for WWTP discharge

S Sediment accumulation rate (mm pr. year)

vext Extraction velocity (m pr. day)

vsed Sedimentation velocity (m pr. day)

vp Advective pore water velocity (m pr. sec)

x Distance from WWTP discharge (m)

Xs Concentration of dry matter in sediment (kg pr. litre)

Xw Concentration of dry matter in water (kg pr. litre)
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P Product from bio-degradation

t Time (sec, years)

tsed Time for increasing the sediment with depth dz with a
sedimentation rate S (years)

z Depth in sediment (m)

α Longitudinal dispersivity (m)

θs Water content in sediment (litre water pr. litre total)
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12 Appendix A.
Analytical performance test

12.1 Detection limits

The detection limits are derived from the performance experiment, de-
scribed in the analytical chapter. They are essentially the standard devia-
tion at the low concentration level, given in Table 9. However, since the
blank is subtracted, the detection limit depends on the standard deviation
of the difference between measurement and blank. The corresponding
variance is equal to the sum of variances of the sample and blank. Hence,
the detection limit is calculated according to the formula

n

VarB
VarSLD += (30)

where:

LD = Limit of determination (single determination, 1 σ level)

VarS = Variance of sample (pooled level 0 and 100, disregarding
0-variances)

VarB = Variance of the blank

n = multiplicity of blank determination (3 in case of test ex-
periment)

As can be seen from Table 9, the experimentally found detection limits
ranged from 2 for the low-blank phthalates through about 30 ng/l for the
high blank phthalates (DEHP and DBP) to about 40 ng/l for NPDE. The
high LD for NPDE is due to a low MS-signal.

It is reported (van der Velde et al. 1999, Remberg 1999) that a limit of
determination of about 20 ng/l for analysis of DEHP in sea water can be
obtained routinely by means of a solid phase extraction (SPE) method. In
principle lower DL can be reached by SPE than by a solvent extraction
method, because larger samples may be drawn. Nevertheless, the detec-
tion limits of the solvent extraction method used in the present study
come close to the reported detection limit.

During the actual measurements of the project, somewhat higher blank
were encountered, especially for DEHP, leading to higher detection lim-
its for this substance. Hence, the low concentrations found in the fjord
water were in many cases close to the detection limit.
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12.2 Figures, method for water

The results of the analytical test are shown in Figure 42 to Figure 49. The
amount of substance added to the water in ng/l is shown on the x-axis,
and the amount found on the y-axis. The mean and standard deviation for
each level is shown as well as a regression line. The blank has not been
subtracted. Hence, the y-intercepts in the figures can be interpreted as the
sum of blank and the naturally occurring substance in the fjord water.
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Figure 42 Linearity & precision test, NP in water.
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Figure 43 Linearity & precision test, NPDE in water.
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Figure 44 Linearity & precision test, DBP in water.
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Figure 45 Linearity & precision test, DPP in water.
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Figure 46 Linearity & precision test, BBP in water.
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Figure 47 Linearity & precision test, DEHP in water.
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Figure 48 Linearity & precision test, DnOP in water.
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Figure 49 Linearity & precision test, DnNP in water.

As seen from the figures, the regression line is close to the mean and av-
erage indicating a good linearity within the range investigated, as tested
statistically below. It is further seen that the standard deviation (shown as
vertical bars) is considerably larger for BBP and DEHP, Figure42, than
for the other phthalates, as noted above. It is also seen that the y-intercept
is larger for DBP and DEHP.

12.2.1 Linearity of method for water
The linearity of the analytical method for water is tested by linear regres-
sion analysis, Table 26.

Table 26 Linear regression analysis of performance experiment for water method

Regression NP NPDE DBP DPP BBP DEHP DnOP DnNP
Slope 0.537 0.550 0.863 1.074 0.936 0.659 1.129 0.945
Intercept 21.3 10.9 149.5 2.5 10.1 101.8 15.9 3.6
Correlation coefficient 0.959 0.939 0.992 0.999 0.999 0.914 0.997 0.996
Residual sd 47.9 457.5 21.0 10.7 20.1 26.9 19.3 10.0
Within group sd 46.3 494.0 27.9 17.6 18.2 27.3 13.3 12.2
F residual/within 1.07 0.86 0.56 0.36 1.21 0.97 2.10 0.67
p 0.47 0.58 0.77 0.87 0.39 0.51 0.16 0.70

The slope of the regression line should theoretically be 1 in case of a
perfect analysis. As can be seen from Table 26, the slopes are all rea-
sonably close to 1, with the exception of NP and NPDE. The reason for
this is without question that, unlike the phthalates, a “foreign” spike (D4-
DBP) is used for quantification for these substances, with other chemical
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and mass-spectrometrical characeristics. The intercept corresponds to the
measured value without added substance, i.e. theoretically the sum of
blank and naturally occurring substance. The residual standard deviation
of is the deviation from the measurements to the regression line, and the
within group standard deviation is the pooled group standard deviation
from Table 9. As seen, these two standard deviations are of about the
same magnitude for all phthalates. The linearity is tested by the F-test,
which compares the corresponding variances, F > 1 indicating deviations
from linearity. The level of significance p show no significant deviations
from linearity (p<0.05).

12.3 Figures, method for sediment

The results of the analytical test are shown for the most abundant sub-
stances in fjordsediment in Figure 50 to Figure 55. The same remarks
apply as for the figures of the water method experiment.
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Figure 50 Linearity & precision test, NP in sediment.
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Figure 51 Linearity & precision test, NPDE in sediment.
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Figure 52 Linearity & precision test, DBP in sediment.
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Figure 53 Linearity & precision test, BBP in sediment.
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Figure 55 Linearity & precision test, DnOP in sediment.

12.3.1 Linearity of method for sediment
The linearity of the analytical method is tested by linear regression analy-
sis, Table 27.

Table 27 Linear regression analysis of performance experiment for sediment method
Regression NP NPDE DBP DPP BBP DEHP DnOP DnNP
Slope 0.44 0.44 0.72 1.12 0.81 1.01 0.94 1.03
Intercept 647 733 286 10.1 5.78 834 15.1 31.7
Correlation coefficient 0.59 0.91 0.87 0.91 0.98 0.65 0.99 0.95
Residual sd 293 762 131 165 64 174 54 64
Within group sd 309 820 141 178 69 151 54 54
F residual/within 0.90 0.86 0.86 0.86 0.86 1.34 0.99 1.41
p 0.56 0.58 0.58 0.58 0.58 0.37 0.51 0.35

The slopes of the regression lines as seen from Table 27, are also for
sediment all reasonably close to 1, with the exception of NP and NPDE,
as was the case for the water, and no doubt for the same reason (spike
used not chemical identical with substance measured). The intercept is
theoretically the sum of blank and naturally occurring substance, but in
case of sediment, the latter dominate. For the test of linearity, the same
remarks as those for the water method apply. No significant deviations
from linearity (p<0.05) were found.
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The aim of the study has been to investigate the occurrence, sources,
transport and fate of nonylphenols and phthalates in the aquatic
environment of Roskilde Fjord. It was further intended to find the
temporal as well as the spatial variation of these xenobiotics in the
fjord and stream water. Further, to investigate nonylphenols and
phthalates in sediment in the fjord including a sediment core in the
southern part, expected to yield clues regarding the historical
variation of the concentration of xenobiotics, as well as some streams
and lakes. Finally, an important aim was to make a mass balance for
the fjord system, including sources, transport and the mechanisms of
elimination, and to make a mathematical model describing the fate of
the substances in the fjord system.
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