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In the last few years, the interest in pollution problems of the 
Scheldt estuary has increased. A great variety of pollutants is pre
sent in this watersystem. The heavy metal load is high. Despite sani
tation programs in Belgium, the oxygen-balance improves only slightly 
and the upper estuary is still temporarily anoxic. Numerous organic 
micropollutants are present, some of them in very high concentrations, 
compared to other Dutch watersystems.
In 1985 the DDMI-DGW project "Chemistry of the eastern part of the 
Western Scheldt" was started. The purpose of the project was to sum
marize all the existing data firstly and to describe all geochemical 
processes that affect the occurence and behaviour of thé pollutants in 
the estuary, and secondly, to record the lack in necessary knowledge 
to achieve this.

In chapter one of this report, general characteristics of estuarine 
water and sediment circulation patterns, as well as aspects of estua
rine chemistry are presented. Some general data of the Scheldt estuary
are given in the second section of chapter one.
Organic micropollutants are dealt with in chapter two. Before studying 
estuarine behaviour, some attention is paid to nomenclature and phy
sio-chemical characteristics. A field study has been taken place in 
winter-spring 1986. During four cruises, the behaviour of PCBs was 
studied in the Scheldt estuary. The results are to be published else
where (van Zoest & van Eck, Behaviour of PCBs in the Scheldt estuary, 
in prep.).

The chapter concerning nutrients in the Scheldt estuary is presented 
separately (Zwolsman, 1986; Nutrient biogeochemistry in estuaries, 
with an emphasis on the Scheldt estuary). The chapter on heavy metal 
behaviour is in preparation•

The results of this report will be used in the DGW project SAWES (Sys
tem Analysis Western Scheldt). The purpose of SAWES is to formulate a
mathematical model that describes the nutrient and micropollutant be
haviour in the Scheldt estuary, which facilitates management deci
sions .

This report has been composed under the supervision of dr. G.Th.M. van 
Eck, while the author carried out his duty in substitution of the mi- 

. lipary service at the DGW of Rijkswaterstaat from April 1985 - October 
1986. The gathering of literature for this report has been finished in 
the summer of 1986.
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1. ESTUARIUS; TOE SCHELDT ESTOART

1.1. Characteristics of estuaries, irith emphasis on cbantcaX processes

1 .1 .1 . introduction
The term estuary comes from the Latin adjective aestuarium, which 
means tidal. An estuary (Fairbridge, 1980) is: "an inlet to the sea 
reaching into a river valley as far as the upper limit of the tidal 
rise".
An estuary can be divided into three sectors* Firstly the lower or 
marine estuary, in free connection with the open tiea, secondly the 
middle estuary subject to strong salt and freshwater mixing, and 
thirdly the upper or fluvial estuary, characterized by freshwater, but 
subject to dally tidal action.

The importance of estuaries is manifold. They provide navigational ac
cess to a broad hinterland, have sheltered anchorages and most times 
fertile waters. Han has changed the natural balance within a lot of 
estuaries by altering the topography and by large-scale pollution. 
Deforestation of the land leads to increased runoff and, consequently 
an increased sediment load, while building and paving of large areas 
produces a quick response of runoff to rainfall.

Estuaries are studied for several reasons. Some are pvirely scientific, 
whereas others are related to specific engineering or pollution pro
blems. When considering the chemical and biological aspects of water 
quality, and related to this, sediment transport and distribution, 
knowledge of the estuarine water circulation and mixing is essential.

1.1.2. Water and sediment circulation patterns
Bowden (1980) described the main phenomena of water circulation and 
mixing in estuaries. He distinguished two basic features involving the 
distribution of the salinity and the dynamics of the flow within an 
estuary:
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1. There is a horizontal density gradient, from the point(s) of river 
water inflow to the sea, and 

2* The presence of tidal currents.
The density gradient acting alone would cause the river water to flow 
out as a surface layer over an intruding saltwater wedge. The action 
of tidal currents introduces a considerable amount of kinetic energy, 
some of which is used to mix the river and seawater and so modify the 
circulation. This interaction, in addition to the topography of the 
estuary, gives rise to a range of circulation types.

Three main types of estuarine circulation can be distinguished:
1. Highly stratified estuaries, in salt wedge estuaries and in many 

fjords;
2 . partially mixed estuaries, with a significant vertical density gra

dient which inhibits vertical mixing to some extent:
3. Well mixed estuaries, with a very small vertical salinity gradient.

A rough indication of the characteristics of an estuary is given by 
the ratio of the freshwater discharge during a tidal cycle and the ^  {
tidal prism, the volume of water entering the estuary from the sea ,
during flood tide. If this ratio is about 1, salt wedge conditions 
normally exists* Partially and trail mixed conditions are most likely 
when the ratio in about 0.1, respectively 0.01. It is doubtful, how
ever, whether a single parameter can indicate adequately the overall 
characteristics of the flow.

9I
I

In Figure 1, three types (salt wedge and partially mixed estuaries and 
a transition form) are diagrammatically presented, in a salt wedge 
estuary (Figure 1a), the river flow dominates the circulation com
pletely. The salt water extends as a wedge into the river and, in the 
absence of friction, the interface would remain horizontal and extend 
up the river to where the bed approaches sea level. In practice, due 
to the small amount of friction between the layers, the interface 
slopes slightly downwards in the upstream direction. If the velocity
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of the seaward moving layer of river water exceeds a certain value, 
internal waves, formed at the interface, tend to break and cause en-

e
trainment of saltwater into the freshwater*
As a result, the salinity of the water in the upper layer increases, 
as well as its volume. This usually results in a higher velocity of 
flow rather than an increase in depth of the layer* A alow movement of 
water in an upsteaa direction compensates for the loss by entrainment*

Disturbances at the interface may cause a broad mixing eone, the halo- 
cline, in which turbulent processes allow a transfer of the fresher 
water downwards, as well as saltwater upwards* The halocline is thus 
an intermediate Stage between the salt wedge and partially mixed types 
(Figure 1b)*

In the partially mixed estuary, vertical mixing caused by tidal cur
rents extends over the entire depth and the halocline becomes replaced 
by a gradual increase in salinity from surface to bottom (Figure 1c).
There is still a two layer flow, .with a surface of no motion, usually 
occuring a little above mid-depth* îhe volume of flow in each layer is 
typically an order of magnitude greater (10R) than the river discharge 
(R), but an order of magnitude lower than the oscillatory tidal cur
rents ( 100R) *

When the influence of tidal mixing relative to that of river flow is
very strong, the estuary becomes well-mixed, with very little varia
tion in salinity or mean current with depth, lfce mean velocity is sea
ward at all depths. The upstream transport of salt by the mean flow is
caused by diffuse processes rather than by advection.

The circulation pattern governs an important parameter* the residence 
time. The residence time has influence on the equilibration of certain 
processes in an estuary. For highly stratified estuaries, residence 
times may be typically of the order of several days. Residence times
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increase with rising vertical mixing owing to the dilution of freshwa
ter in a large body of seawater (Wollast & Duinker, 1982)*

In this classification, it is assumed that circulation occurs entirely 
in the longitudinal direction and that there are no differences in ve
locity or density across the estuary. However, the flows involved in 
these patterns will not be homogeneously distributed (Dyer, 1977}* The 
transverse and vertical component of the spiral flow create secondary 
flows in the plane of the cross-section. In addition, temperature and 
wind stress may alter the circulation pattern considerably, with dif
ferent intensity in time and place (e.g. sheltering).

Dyer (1977) reports the results of a year-long study of the Pontoniae 
estuary, where fluctuations in the circulation pattern were attribute- 
able to the wind. The expected pattern of seaward flow and landward 
bottom flow occured for only 43% of the time. The reverse was present 
for 21%, total inflow (storage) occured for 22% of the time. The re
mainder was accounted fox by total outflow and three layer circula
tions •

The water movements in the three types of estuaries result in a dif
ferent behaviour of the sediment load (Dyer, 1979) Figure 2). In a 
salt wedge estuary the river discharge is large and fluctuates often 
seasonally. Both suspended and bed load are important. The bed load 
will be deposited at the tip of the salt wedge, which position is 
dependend on the river discharge. The sediments may thus be spread 
over a long distance. The fine grained particles are transported to 
the sea as a plume.
In a partially mixed estuary, the landward bottom flow is sufficiently 
strong to move sediment up the estuary as far as the head of the salt 
intrusion. Around the head of the salt intrusion concentrations become 
much higher then either in the river or seawater endmembers. Thus, 
this net non-tidal water movement acts as a sediment trap and forms a
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turbidity maximum« The magnitude and location of the turbidity maximum ■
depends on partiele size, the amount of suspended matter available and 
the strength of the estuarine circulation* In a well mixed estuary a ft.
similar situation may prevail, although, the large tidal range may •
cause more active exchange of the sediment with the offshore waters* I
In addition two other sediment transport mechanisms act in estuaries:

ft
1 ) the net onshore movement of especially sand size material caused by ■
wave action and 2 ) an unidirectional transport of sediment resulting
from the tidal movement; there is a time lag between the tidal current ■
rythm and the changes in suspended matter concentration* An increasing
current needs time to stir up sediment from the bottom and carry it Mj
upwards, whereas in a decreasing current the suspended sediment needs A
time to settle * , ̂

In some estuaries fluid mud is associated with the turbidity maximum.
Mud concentrations exceed 20 g.L- 1  (Postma, 1980) and are generally 9

around 100 g.L“1 or more (McCave, 1979). The fluid mud is mainly built
ISup by settling of material from the overlying turbidity maximum at U

slack tide.

1.1.3. Quantitative treatment of solute dynamics A
One way to describe quantitatively the mixing of sea and freshwater is ^
to treat the solute dispersal according to a one-dimensional advec- A
tion-diffusion model (Karris et al., 1984; Daamen & Lefôvre, 1983). In 
such a model secondary flows are ruled out for simplicity, while inho- V
mogenities are assumed to be absent in cross-sections. The formulation 
of the basis equation used by Daamen and LefAvre (1983) is: 'Jj,

de d de rft
A —  = - —  (Qc - AD — ) + local sources (1.1) A

dt dx dt ®

«
I 
I 
I
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A = the cross-sectional area at mean sea level, at a certain point in 
the estuary (m2)

c ■ the mean tidal, cross-section averaged concentration, {g.L“'’) at x 
(m) and time t (s)

53 » the discharge at A (m3 .s-1) ^
D « the dispersion coefficient (m2 *s“1)

An estuary is subdivided into sections of some kilometers. The disper
sion coefficients are calibrated for each section using salinity and 
discharge observations, commonly measured during periods of several 
years. The coefficients do not only represéntate molecular and turbu
lent diffusion, but also the large scale mixing due to tidal action.

When calibrating the model, a conservative parameter is used, i.e. the 
salinity. Conservative behaviour means that the aqueous concentration 
of a solute is fully dependent on the psysical mixing of two (or more) 
water bodies and not susceptible to chemical or biological reactions 
(removal or enrichment processes).. Although not all, especially minor 
constituents, that form part of the salinity, behave conservatively, 
the salinity is treated as a conservative parameter within the preci
sion of the measurement.

For convenience, salinity is commonly used as an indicator for the 
freshwater - seawater ratio. However, because of the high correla
tions, also the conductivity, the density or the chlorinity may be 
used. Millero (1964) determined these relationships in estuarine wa
ters. The true salinity (Strue) can coupled to the chlorinity (Cl, 
as g halide per kg of solution) by:

Strue * 0.092 + 1.80271 Cl (1.2)

The relations between the salinity and the conductivity and density 
yielded respectively SCOnd anâ Saens* which were expressed as a func
tion of Cl. It appeared that Saens showed good agreement with Strue*
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while the discrepancy of Sc o n < 3 with Strue increases with smaller chlo
ride concentration. This is due to the different specific conductivi
ties of major components in seawater and riverwater. Millero (1964) 
concluded that if errors of * 0*04 °/oo in salinity can be tolerated, 
no knowledge of the detailed ionic composition is necessary in 
estuarine waters*

Officer (1979) discussed non-conservative behaviour in estuaries* Mis 
relations are valuable at steady state conditions. In determining the 
behaviour of a dissolved constituent, S-c diagrams are constructed. 
The concentrations of the solute under consideration is plotted as a 
function of the salinity. The observed S-c relation is compared to the 
theoretical (conservative) dilution line. In Figure 3 the various pos
sibilities are considered: the concentration of the solute may be 
lower in the river endmember relative to the seawater or may be higher 
(the most prevaling situation). In both cases, addition and removal 
processes may occur.
For one-dimensional, tidally averaged conditions, the net flux F of a 
solute, as measured in a downstream direction , x, will be:

At steady state, the one-dimensional continuity equation may be for
mulated for the conservative salinity distribution:

deF * Qc - D A ( 1 * 3 )
d x

t
ds

Qs -  DA * 0 (1*4)

Combining 1.3 and 1.4, it gives:
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The removal or loss, L, during estuarine mixing is simply the differ
ence in the flux at the river and ocean end. Thus {see Pig. 4)t

(( c - B   J-Q c - S  -----1
\ d^ 0  V «•>!

(1.6 )

Tor So *= 0» fractional loss, G, within the estuary, refqrred to F, 
is:

Crt'Cf
Q.c0

(1.7)

where c0* is the regression line intercept at S * 0 for the tangent to 
the c-S curve in the vicinity of si* Curve B in Figure 4a obeys equa
tion 1.7, where the fractional loss can be determined. For curve C, no 
net flux out of the estuary is present.

Equation 1.5 defines a linear relation between c and S for conserva
tive behaviour, anywhere in the estuary. In Figure 5 the diagram is 
redrawn in a way, that the lose is entirely associated with a transi
tion region between two lineair regions.

I
IIa
i

The applicability of the model is wholly dependent on the assumption 
that steady state is a reasonable approximation. Steady state may not 
be achieved within the relevant time constant within an estuary, the 
residence time, due to river runoff and/or source variations.

1.1.4. The water phase
The major constituents in water behave conservatively. No evidence is 

' present in literature for non-conservative behaviour of Na+, K+, Ca2+, 
Cl”, S042" during the mixing of freshwater and seawater (Liss, 1976). 
Mg2+ may have a conservative distribution, but may also be removed as 
a result of ion exchange on clay mineral sites.

lii
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The pH distribution in estuaries was studied by Mook S Koene (1975)* 
They found that the pH as a function of the salinity shows a minimum 
value, going in seaward direction from 7.0-7.5 in the river to pH 8*3 
in the seawater. This is the result of the rapid increase of the ap
parent dissociation constants of carbonic acid with salinity. The pH 
distribution is therefore simply a consequence of the physical mixing 
process. Besides, there will be a variation in pH due to biological 
processes with a marked seasonal dependence. During an algal bloom 
(which in itself is salinity dependent), nutrients and CO2 will be as
similated. Thus, small temporal and spatial variations in the pH dis
tribution may be expected.
In general, oxygen concentrations decrease with increasing temperature 
and salinity. McKay & Gilligan (1972) investigated the factors influ
encing the dissolved oxygen level in the Clyde estuary. The most im-

/

portant factor appeared to be the Biochemical Oxygen Demand (BOD)• 
Dependencies on tidal range (negatively) and river discharges (posi
tively correlated) were also established.

Morris et al. (1982) found a dissolved oxygen minimum in the Tamar es
tuary, related to the turbidity maximum. It was suggested that more or 
less permanently suspended trapped particles are the predominant oxy
gen consumers. In a prior publication, Morris et al. (1976) investiga
ted the very low salinity region (0.1-1.0 °/oo) in the Tamar estuary. 
According to this study, oxygen was also consumed in the water column. 
The decomposition of riverine plankton was probably responsible for 
this observation.

Some conflicting evidence is presented in literature concerning the 
behaviour of dissolved organic matter (DOM). It seems that the distri
bution of DOM (often also denoted as dissolved organic carbon, DOC) 
may be different in various estuaries. Sholkovitz (1976) mixed filter
ed river water with seawater and observed flocculation (his appella
tion for coagulation, flocculation and precipitation, i.e. transforms-
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tion from the dissolved to the solid phase) of dissolved organic m a t

ter. Removal of DOM and humic material (which accounts for 4-20% of 
DOM in 4 Scottish rivers) increases as the salinity increases from 
zero to 15-20 °/oo/ above which no additonal removal occured. In all 
cases removal was rapid. The percentage of DOM which was removed upon 
mixing varies between 3 and 11%. Non-conservative behaviour was also 
found by Höpner and Orliczek (1976), who performed mixing experiments 
with filtered bog water.

Hunter & Liss (19B2), Laane (1982) and Mantoura « Woodward (1983) 
found conservative behaviour of DOC in respectively four English estu
aries, the fins-Dollard estuary and the Severn estuary. In the Severn, 
where the water remains 1 0 0 - 2 0 0  days, neither microbial degradation, 
nor flocculation or adsorption processes affected the DOC distribu
tion. Half lives of DOM exceeded five years. The DOM of this estuary 
consisted approximately for B0% of fulvic/humic acids. In general, 
fulvic acids (M < 1000) do not flocculate. These substances are hydro
philic polyanions and are stabilized in a saltwater regime. It is sug
gested by these authors that DOM consisted mainly of fulvic acid and 
that estuarine flocculation was restricted to higher molecular weight 
constituents.

Carlson et al. (1985) concluded from ultrafiltration experiments that 
their data do not clearly indicate lose of high molecular weight DOM 
during estuarine mixing. In the Beaulieu estuary, Moore et al, (1979) 
found that the DOC behaved essentially conservatively. The dissolved 
organic material existed mainly in the molecular weight range of 1 0 3-

So far, the distribution of DOM due to inorganic processes (floccula
tion) has been discussed. Some organic processes, often seasonally de
pendent, are present when primary productivity is not strongly inhi
bited (e.g. by high turbidities). Dissolved organic material may be 
the carbon source for bacteria (Head, 1976 and references therein). 
Further, DOC may be (partly) released from the pore water after decom
position processes and DOC is produced by algae.

1 0 5
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Owens (1985) and Sholkovitz & Price (1980) showed in respectively the 
. Tamar and Amazon estuaries that biological tranformations can signifi
cantly alter the chemical composition of the suspended material. From 

(Owens, 1985), and element/Al ratios (Sholkovitz & Price, 1980) 
it is concluded that estuarine material of biological origin (phyto
plankton) is mixed with material of riverine and marine sources.
Sigleo & Helz (1981) determined seasonal variations in the composition 
of the colloidal material in the Patuxent estuary. In summer, the col
loidal fraction (in the study under consideration: <0.40 pm) is com
posed of mineral particles and planktonic organisms, m  winter, both 
fractions are mainly composed of mineral components. Thus, especially 
for summer samples, the operationally defined distinction between par
ticulate and dissolved-colloidal has also a more fundamental charac
ter .

The aggregation of colloids in estuarine systems is dependent on hy
drodynamic factors that determine the rate of collisions and by inter
facial effects that (de)stabilize aggregates (Hunter & Lies, 1982). 
Concerning the second point, it is generally stated, that colloidal 
stability is decreased at increasing electrolyte concentration due to 
the decreasing extent of the electric double layer. In the estuarine 
mixing zone, during initial mixing, ion adsorption undergoes large 
changes which results in flocculation of riverine colloids. This may 
lead to differential settling of different clay minerals (e.g. Edzwald 
et al., 1974) .

However, surface charge measurements do not confirm this (Hunter & 
biss, 19B2; Hunter, 1983: Loder & Liss, 19B5). The results of these 
studies indicate that the surface charge distribution of estuarine 
colloids is highly uniform and always negative, in spite of the mixed 
nature of colloids and particulates in estuaries. It is therefore pro
bable that surface charge is controlled by organic coatings (treatment 
of particulates with UV radiation resulted in positive surface charges
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(Loder 6 Liss, 1985))« It is concluded from these studies that floccu- 
, lation occurs independently on the colloidal particulate matrix and 
that colloid destabilisation probably results from compression of the 
electrical double layer.

1.2* the Scheldt estuary

1 .2 *1 . Introduction
The Scheldt is a small river on a world scale. This can be evaluated 
in terms of some important parameters: drainage area, length of the 
major stream and freshwater discharge. TO visualise the above state
ment, one can compare these figures for the Scheldt with the world 
largest river, the Amason, and some other rivers (Table 1).

Table 1. Some important parameters for the Scheldt, compared with 
other fluvial systems. Data from Fairbridge (1980)

length
km

discharge area
kn>2 * 1 0 0 0

mean discharge 
m3.6 “ 1

Scheldt 280* 2 2 ** 1 0 0 **
Thames 340 16 80
Seine 780 79 500
Rhine 1360 224 2500
Brahmaputra-Ganges 2980 935 17700
Yangtte-Kiang 5000 1770 30000
Niger 4070 1500 14300
Mississippi-Missouri 6400 3250 18000
Amazon 6300 7050 2 0 0 0 0 0

* v.d. Kooy (1982) 
** Hendriksma (1981)

• The Scheldt will thus not be of major importance in flux calculations
of riverine dissolved constituents and solid material to the oceans. 
The importance of an investigation of the estuarine chemistry of the 
Scheldt lies within its regional functions and its acute pollution 
problems. Besides temporarily anoxic conditions in the brackish water 
region of the estuary, there is a considerable load of heavy metals 
and organochlorines.
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1.2.2. De script ion__of the Scheldt estuary
. The drainage area is shown in Figure 6 . The Scheldt which is exclu
sively provided with rainwater, drains a small region in northern 
France, western Belgium and a small part of southwestern Netherlands. 
The largest freshwater mass is contributed by the Rupel, with an aver
age fraction of 58% (Baeyens 6 Jacques, 1979).
The estuary may be devided into three sections «
1. Genthbrugge-Rupelmouth, where only freshwater is present. At Genth- 

brugge there is still a tidal rise of approximately 2 meters. This
is at the same time the tidal limit, because of the presence of a
dam;

2. A single channel and transitional sector from Rupel to Walsoorden;
3. A multiple channel section, with typical ebb and flood channels.

The average discharge of the Scheldt as determined at Schelle, is ap
proximately 100 m3.s"1. In Figure 7 the river discharge is shown in 
the period 1959-1978« There is a strong seasonal dependency. The tidal 
volume, entering the estuary at vlissingen during flood is one billion 
cubic meters. Combining these data, one would expect a well mixed cir
culation pattern (see section 1 .1 .2 .).

The Scheldt estuary belongs indeed to the category of well mixed estu
aries. Vertical salinity gradients are generally lower than 1°/oo, al
though differences of 2°/°o have been observed between surface and 
bottom water at the Belglan-Dutch border. Sane differences in the es
tuarine mixing pattern exist between summer and winter. In the wet 
period, the winter, the estuary has a partially mixed circulation pat
tern (Hendriksma, 1981).

Besides longitudinal and vertical salinity gradients, lateral gra
dients are present. Van der Kooij (1985) studied lateral and vertical 
gradients in the Western Scheldt. At the Belgian-Dutch border the 
water at the left bank has a somewhat higher chlorinity than the water
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at the right bank, during the entire tidal cycle. Thia situation is 
. consistent with the local circulation pattern; during flood, inflow 

takes place along the left bank, while the ebb moves along the right 
bank.

Theoretically, a three-dimensional advection and diffusion model, des
cribing the circulation pattern, may be drawn. Solution of these equa
tions requires a huge amount of field data and cannot be solved with
out drastic simplifications. For the Scheldt estuary, one- (Daamen « 
Leffevre, 1983) and two- (Dekker, 1983) dimensional models have been 
constructed.
A limited number of parameters is required in these models;
- freshwater discharges (often represented as monthly or 1 0-days aver
ages) r

- tidal characteristics (range and propagation);
- morphological characteristics (especially cross-sections).

The one-dimensional model is calibrated with salinity measurements. 
For each estuary section of 5 km, a dispersion coefficient can be com
puted (Figure 8 ). These valueB need to be re-evaluated continuously 
due to changes in the morphology of the estuary (e.g. dredging, sedi- 
mentation-erosion processes).

The output of the one-dimensional model may be the tidally averaged or 
low-tide concentrations of a conservative constituent. Besides, it is 
possible to study the effects of changes in freshwater discharge on 
the circulation. In Figure 9 longitudinal profiles of the chlorinity 
are compared at high and low tide conditions and at the lowest and 
highest discharges. The evaluations of the salinity at a given point, 
at low tide, as a function of the discharge, is shown in Figure 10. At 
one discharge-value, large differences in salinity can be observed, 
indicating a strong memory effect of the estuary. Ibis memory effect 
is proportional to the residence time (Wollest & Duinker, 1982). If
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the establishment of a steady state is very fast, the phenomenon of 
Figure 10 would not be observed, in the simplified one-dimensional 
model for the salinity, the departure from the steady-state is in
cluded in the dispersion coefficients.
It is expected that wind influences are of minor importance in estuar
ies with long residence times like the Scheldt estuary. The duration 
of wind events is at most a few days, which is short compared to the 
time needed for an estuary to reach a new steady state (Hollast & 
Duinker, 1982).

As seen in section 1.1.2. in partially and well mixed estuaries a net 
nontidal bottomflow may move upstream. This also occurs in the Scheldt 
estuary at the downstream zone of the salt intrusion, whereas upstream 
the net nontidal flow is downstream in the entire water column. At the 
intermediate zone, where no net residual currents are present near the 
bottom, a turbidity maximum has formed (Figure 11). The location of 
this zone of mud entrapment is dependent on the river discharge. It 
varies between the Rupel at low discharges (approximately 25 m^.s“1) 
to the Belgian-Dutch border (at Q >  200 m3.s**1). This specific circu
lation pattern gives also rise to a considerable longer residence time 
for particles, compared to the water.
Besides, the mechanisms of mud entrapment by the circulation pattern, 
flocculation contributes to the particle enrichment in the turbidity 
maximum. This flocculation process starts at 1°/oo salinity and has 
its upper limit at 2.5°/oo (Wollast, 1982) or 5°/oo (Peters & Wollest, 
1978). A further increase of salinity produces larger floes with gene
rally lower densities. The zone of sediment accumulation and floccula
tion is associated with intense shoaling in a restricted area (Figure
11). A net erosion of such areas may occur during spring tides, while 
a net sedimentation predominates at neap tides. The zone underlying 
the turbidity maximum, consisting mainly of mud and fine silt, is bor
dered by areas, upstream as well as downstream, with coarser deposits, 
e.g. sand.
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ín the Scheldt estuary, a net sedimentation probably takes place. A 
small amount of the sediment load of the river can escape to the sea* 
In addition, a residual transport into the estuary of marine sediments 
occurs. These particulates may enter the estuary as far as the Rupel.

Figure 12a shows the ratio fluvial/marine suspended particles in the 
Scheldt estuary. It appears that the ratio is not a simple function of 
salinity. From Figure 1 2b, it is concluded that the ratio fluvial/ma
rine suspended particles is not conform to this ratio in the sediment 
of the Scheldt estuary. Whereas the isotopic composition of the sus
pended matter indicates a continuous change in a seaward direction, 
the sediment exhibits an erratic behaviour. The exceptional high 
values at two locations, indicating anomalous high marine mud levels 
may reflect old marine particles, deposited during low runoff or 
storms (Salomons & Fdrstner, 1984).

Besides marine and riverine sources for sedimentary material a third 
component can be distinguished. Mariotti et al* (1984) used the isoto
pic composition of nitrogen in studying the origin of the suspended 
particulate organic matter in the Scheldt estuary* In winter, terrest
rial organic matter is mixed with a marine component (which possesses 
marked differences in ¿^H)* In summer phytoplankton growth is another 
¿15^ source, in chapter 3 (Zwolsman, 1986), attention will be paid to 
the nutrient cycling in more detail. Here, it will be referred to NH4+ 
uptake by organisms throughout the estuary. The autochtonous phyto
plankton reflects the of ammonia, which is the result of a con
tinuous fractionation during the nitrification (transformation of 
to NO3 " by bacteria, resulting in an enrichment of of the resi
dual ammonia).
In Figure 13, April and October conditions are diagramtically com
pared. in the first case (Figure 13a) the distribution reflects a
simple mixing of two end members, while in October a phytoplankton 
growth influences the distribution. From the diagram it appears
that the isotopic composition of the end members is seasonally depen- 

. dent.
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Van der Kooij (1985) determined also the distribution of suspended 
particles along cross-sections in the estuary. The variability of the 
suspended particles (and associated components) appeared to be much 
larger than for the salinity (see above). In the watercolumn, suspen
ded matter concentrations varied over 100 mg.L-1. These maximum dif
ferences occured short after low-water slack, probably as a result of 
dredging activities.

1.2*3. Behaviour of major components and organic carbon
No evidence has been found in literature for the non-conservative be
haviour of the major elements (Cl-, SO4 2“, Na+, K+, Ca2+, Mg2+) in the 
Scheldt estuary. Although it is expected, that Ca2+ and Mg2+/Na+ will 
join in exchange reactions, these quantities will hardly be measurable 
in the aqueous phase.
The distribution of the pH along the axis is well-established. The pH 
can be predicted with good accuracy and is solely the result of the 
mixing of two water masses (see above, result of Hook & Koene (1975); 
Figure 14)). Obviously changes due to biological processes (e.g. pro
duction of CO2 ) are of minor importance.
The dissolved oxygen concentration does reflect biological processes. 
The Scheldt river contains an enormous load of organic substances
(Biochemical Oxygen Demand, BOD) as a consequence of the insufficient
sewage purification in Belgium. O2 uptake by the water cannot compen
sate for the loss by degradation reactions. Temporarily, the Scheldt 
is anoxic or has oxygen levels for below standard values (freshwater 
standard in The Netherlands is 5.0 mg 0 2 «Ii-"'). In the winter season, 
oxygen levels are generally higher than in summer; the organic matter 
is diluted more effectively during the "wet” season, while bacteriolo
gical degradation is slowed down due to the lower temperature. On the
other hand, during algal blooms in summer, O2 is produced. During
mixing of the freshwater with the oxygen-rich seawater, the dissolved 
oxygen level increases rapidly (Figure 14).
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The study of van der Kooij (1985) proved 0 2 -inhomogeneties in the 
. cross-section. These variations were just as for chlorinity: concen

trations were highest near the bottom and at the left bank.
The DOC and POC (particulate organic carbon) concentrations in the 
Scheldt are high, respectively 7 and 15 mg.L-1 (Wollast, 1982), while 
the average in unpolluted rivers in temperate climats amounts respec
tively 3 and 2 rng.L" 1 (Meybeck, 1980). Two important processes affec
ting the organic matter transport through the estuary are registered 
by Wollast (1982). The deposition of the particulate matter in the low 
salinity range (1 - 1 0  °/oo) leads to an almost complete mineralisation 
of the POC by heterotrophic bacteria. Secondly, the decrease in turbi
dity with increasing salinity leads to plankton blooms during spring 
and early autumn* Host óf this organic matter is transported to the 
coastal zone. Mo conclusions were drawn concerning the DOC.

The Scheldt estuary is a highly polluted system. In the seventies, 
dissolved oxygen levels in the Belgian part of the Scheldt were ex
tremely low. Only recently, an improvement has started, due to a con
tinuously decreasing load of waste water. According to Wollast (1982), 
approximately an 80« reduction of the maximum organic load of 1974  

would be required to eliminate anoxic conditions all over the year.
Van der Kooy (1982) estimated the BOD, nutrient and heavy metal load, 
introduced into the Dutch part of the estuary in 1981. He distin
guished several sources of these, in majority, pollutants (Table 2). 
The river Scheldt appears to be the main source, whereas the canal 
Genth-Terneuzen, which is partly fed by Scheldt water, is also highly 
polluted.
Considering the BOD, the Scheldt is improving slowly, although in 1981 
still anoxic conditions were present near the Belgian-Dutch border. 
Other quality improvements have been established with Hg, Cr, fenol 
and 3h< On the contrary, Mi, dr ins and PAH concentrations were in
creasing. Decreasing concentrations will not always coincide with de
creasing load of pollutants, dependently on the river discharge (which
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2. Estimation of the pollution load in the Western Scheldt in 1961 (tone per spar). Cata fra» v.d. 
(1962).

I
1
*1

N P BCD CU Ni 2h Or 09 Hg
-----

tt> 1

Scheldt 40000 4500 15000 6 6 166 450 100 13 12 105 1
Direct discharges 3350 1185-1260 15555 56-18 20-40 249-413 20-31 051-056 002-004 22-79 1
Deeping (e.g. 675 112 19 -23 7 14 -18 52-64 j
dredging sludge,
gypsun vaste)
Ona! s 7800 1300 1700 2 10 70 2 03 0 0 2 4 1
Bolder discharges 4250 25 4250
Bain water 580 35 32 04 13 01 0 2 42
Total 55980 8320-8395 36505 8 8 - 1 0 0 176-182 565-582 1 1 1 -1 1 2 154-159 124-126 120128. 

----- A

showed an increasing trend in the seventies). lower concentrations, 
but approximately equal loads were observed for Kj-N, NH^+ and 2n.

1.2.4. Future changes

Three major man-made changes are actual in the Scheldt estuary:
1. A decreasing load of organic substances due to increasing purifica

tion of French and especially Belgian waste waters.
2. The deepening of the main channel by dredging for shipping reasons. 

The purpose is to improve the accessibility of the Antwerp harbour.
3. The discharge of water excess of the Zoommeer from 1987 via a canal 

at Bath.

Another plan, the construction of a canal at Baalhoek, is still in its 
initial stage. Because of the uncertainty of the realisation, no at
tention will be paid to eventual consequences.
Some aspects dealing with 1 have already been discussed in the precee- 
ding section. The deepening of the main channel has been studied 
(Technische Scheldecommissie, 1984) and will have minor consequences
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in the vertical tide, e.g. at Bath approximately 15 cm« Due to the 
. smoothening of the channel (changing dispersion coefficients), the 

salt water will intrude somewhat further, resulting in higher average 
salinities (at most 400 mg.L“ 1 at the Belgian-Dutch border). Hie tur
bidity is expected to increase permanently with 15-30% due to continu
ous dredging activities with a consequent decrease in the primary pro
ductivity.
The increase of BOD (and decrease of O2 ) can be neglected relative to 
the Scheldt load.
The discharge of the Bath sluice will partly counteract the above men
tioned effects of the deepening. The water from the Zoommeer is a mix
ture of Rhine-Meuse water and will be discharged with a maximum of 100 
m3.s*'1. Besides, a continuous freshwater loss by way of the Zandvliet 
sluices amounts 20 m3 .8 -1. This water is well-oxygenated (10 mg 
0 2 *L”1), has a considerable BOD load (5-7 mg.L-1) and a low salinity 
(the Rhine chlorinity is 100-150 mg.L*1). The expected effects are 
calculated with the one-dimensional advection-diffusion model (Daamen 
S Lefôvre, 1983).
The results (Bitter & Lefôvre, 1983) indicate a slight decrease in the 
dissolved oxygen concentration (0.4 mg.L* 1 at most at the section 
Hansweert-Terneuzen) • The 0 2 a-level near Bath will be higher due to the 
discharge (at most 0.7 mg.L“1).

Abbreviations

A Cross-sectional area (m2) L Loss (g.s*1)
c Concentration (g.L*1) Q Discharge (m3 .s*1)
Cl Chlorinity (g halide.kg- 1  solution) s Salinity (°/oo)
D Dispersion coefficient (m2 .s~1) t Time (s)
F Flux (g.s*1) X Longitudinal distance (m)
G Fractional loss
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The use of synthetic organic chemicals has increased enormously the 
last two decades. Fertilisers and herbicides were introduced into the 
argriculture and the chemical industry developed new products. Be
sides, the large scale use of fossile fuels has increased enormously 
after World War II.
Awareness of the risks and dangers of the presence of these, in majo
rity, xenobiotics in the environment came only later. After some more 
or less hazardous incidents in several parts of the world, man began 
to realize the problems of the growing pollution. This was enhanced by 
the fact that some man-made chemicals were shown to be extremely per
sistent in the environment and accumulated in the fatty tissues of 
animals.
Once discharged in the environment, a pollutant is subject to a great 
variety of psysical, chemical and biological processes. As a result, a 
distribution between the various compartments of the ecosystem occurs. 
The distribution of a micropollutant is determined by its chemical 
nature as well as by environmental factors. Both determine ultimately 
the accumulation in the fatty tissues of animals and therefore the in
trinsic danger of a micropollutant in the food chain.
A pollutant becomes an environmental problem, when it meets the three 
following requirements:
1 . presence of a source
2. A pathway
3. A target
In the system under consideration, the Scheldt estuary, the three con
ditions are funfilled. The target, the food chain, with human life on 
top, is quite sensitive at every level for pollutants. Sources are 
present in an overwhelming quantity: the river Scheldt, polder dis
charges, dry and wet deposition, harbour discharges and, from 1987 the
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sluice st Bath« which will supply s mixture Rhine end Heuse water to 
. the Western Scheldt.

The objective of this chapter is to evaluate« from e geochemist point 
of view« the processes that determine the pathways end fetes of organ
ic micropollutants in estuaries in general end particularly in the 
Scheldt Estuary. The knowledge of concentrations Ín« end distributions 
between the various abiotic compartments is necessary for biologists 
to determine its bioaccumulation, processes discussed in this chapter 
are e.g. sorption« volatilisation« biological degradation« and photo
chemical degradation. Knowledge of these processes is necessary in 
order to predict the effects of future changes in the Scheldt Estuary« 
such as the extra discharge of freshwater at the Bath sluice« the 
recovery of oxygen in the lower Scheldt as a result of the reduction 
of the BOD load and the permanent and Incidental dredging activities 
which takes place for shipping reasons.

Only recently the investigation of organic micropollutants was accel
erated. One factor responsible for this development is the improvement 
of analytical techniques. Especially the transition from packed column 
chromatography, which has been used almost exclusively until 1980« to 
capillary column (plus electron capture detector) has increased both 
quality and accuracy of analytical results (Duinker et al.« 1984). 
in the following, firstly some general characteristics of the micro
pollutants under consideration will be discussed. A subdivision into 
groups, dependant on use and molecule structure will be made. Further
more, aspects of the chemical behaviour and properties (such as water 
solubility, sorption, microbial degradation) will be dealt with. 
Secondly, the knowledge of the behaviour of the organic micropollut
ants in estuaries is evaluated. A considerable amount of papers is 
present in literature on this subject, but the majority is of a moni
toring or descriptive nature, rather than that they unravel the pro
cesses. Finally, the situation of the Scheldt estuary will be des
cribed.
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2.2. Psysico-Hirwtcal characteristics of organic aicropollqtant«

2.2.1. Nomenclature
The namegiving of organic micropollutants can be based on several cri
teria . One criterium is to subdivide them to their use. So insecti
cides, herbicides and fungicides can be distinguished. The chemicals 
belonging to these groups are all chlorinated hydrocarbons. Some sub
divisions are based on their biological effects (e.g. carcinogenic 
substances) or on their physico-chemical properties (e.g. surfactants 
or chelate forming substances).
Another subdivision is based on the structure (and thus behaviour). So, 
polycyclia aromatic hydrocarbons (PAHs), polychloribiphenyls (PCBs), 
phenol and its dérivâtes, drins, etc. can be distinguished.
The nomenclature is according to standard rules in organic chemistry, 
although many of them are known under their trivial names (e.g. 
y-hexachlorocyclohexane is lindane).
Without going into detail (for systematic treatment of the nomencla
ture, see any organic chemistry handbook) some remarks concerning the 
»olucule structure will be made. The basic constituent of an aromatic 
compound is the benzene ring, which contains three double bonds. The 
PAHs contain two or more fused rings, while no chlorine atoms are

O
j£  ̂bound (Figure la). The PCBs are compounds with linked rings (biphenyl) 

’̂with one to ten chlorine atoms (Figure lb). The production of techni
cal mixtures of PCB leads to about 80 congeners among the 209 theore
tically possible components (Abarnou et al, 1986).
Some PAHs are naturally occuring compounds. They are identified in oil 
and smoke, while PCBs are merely industrially produced.
DDT (trichloro,2,2-bis(4-chlorophenyl)ethane (Figure 1c), and its 
dérivâtes are among the first insecticides used in the environment. 
The benzene rings are connected via a carbon atom.
Substances containing satuarated hydrocarbon rings are the drins (cy- 
clodienes! endrin, dieldrin, aldrin) and hexachlorocyclohexane (HCH).

T> t>T

Cl -Co <2>~ d
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The three-dimensional structure of the molecules gives rise to the 
. existance of stereo isomers, in contrast with the aromates (the 

benzene ring acts as a plate).

2.2.2. Solubility and octanol-water partition coefficient
Many pollutants have hydrophobic properties in common• Hydrophobicity 
is the driving force for in general low aqueous solubilities and lipo- 
philicity. Due to strong attraction between water molecules, the hy
drophobic molecules are pulled out of the molecular water structure. 
Benzene rings and unsatuarated bonds do not affect the polarity to a 
great extent. Hence, their water solubility is not very different from 
parafins.

Solubility

In general, a relationship exists between molecule structure and solu
bility. Within a homologous series the solubility decreases with in
creasing molecular weight (e.g. Figure 2, for PAHs).
Eganhouse and Calder (1976) for example, determined the solubilities 
of some aromatic hydrocarbons. The solubility proved to be dependent 
on molar volume. The alkyl naphtalenes exhibited solubilities which 
were a function of substituent Bize and position of the alkyl group. 
Due to solute-solute interactions and/or solid solutions, solubilities 
decreased in a multicomponent system, e.g. the addition of phenan- 
threne reduced the water solubility of anthracene. More relevant to 
estuarine studies is the role of ionic strength (I). As a function of 
the salinity, solubilities decreased considerably. This relationship 
between salt concentration and solubility, the Setchenow-equation, 
generally holds for solution up to 1 or 2 M.
In a symplified form the expression is given as

log (S0 i/Si) - KgCs (2 .1)
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in which S°i and Si are respectively the solubilities of compound i in 
distilled water and saltwater; Ks le the empirical salting parameter 
(the Setchenow constant) and Cs is the molar salt concentration. Thus, 
when the constant, Ks, is known, the "salting out" effect of increa
sing ionic strength in an estuary can be predicted.
Whitehouse (1985b) investigated this relation for six PAHs. Four com
pounds (anthracene, phenanthrene, 2-methylanthracene and 2 -ethylan- 
thracene) yielded a constant slope Kg and a sero intercept at differ
ent temperatures, when plotting log (S°¿/S¿) against Cs>
Ben*o(a)anthracene and benzo(a)pyrene on the other hand did not obey 
the Setchenow equation. The first compound lacked to response signifi
cantly to increasing salt concentrations (at salinities > 8 °/oo), This 
phenomenon is called "salting-in". Benzo(a)pyrene appeared to be in
sensitive to changes in salinity* No satisfactory explanation was
given for these observations.
Whereas it has previously been thought that Ks was dependent on molar 
volumes (e.g. McDevit & Long, 1952 and Rossi & Thomas, 1981), White-
house (1985b) relates the surface area A (Ä2) of the solute to the ob
served Ks *

in which ^ obs is a constant (1.41 10**3) derived from the plots. With 
this result, it is possible to predict the salting-out from pure com
ponent parameters.

Octanol-Water Partition Coefficient

Closely related to the aqueous solubility is the octanol-water parti
tion coefficient, Kow. its definition is: the ratio of the equilibrium 
concentration C of a dissolved substance in a two-phase system consis
ting of two immiscible solvents, n-octanol and water

Ksobs - A°bs a (2.2)
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Coctanol (2.3.)Kow =
Cwater

Kow is pressure and temperature dependent and is usually given as a 
logarithm.
Similar to solubilities, the partition coefficients change linearly as 
a function of molecule structure within a homologous series. The addi
tive effect on log Kow of functional groups is most times also known 
(Figure 3) and may be formulated as:

where Kx is the partition coefficient of the derative of the parent 
molecule with partition coefficient Kh * and Tlx is the logarithm of 
the partition coefficient of the functional group X; equation 2.4 is 
only valid when no spherical effects are present.

Relation S-Kow

In literature numerous attempts can be found to link the aqueous solu
bility and the octanol-water partition coefficient.
One would expect a correlation between the two properties: a higer 
solubility will coincide with a lower octanol-water partition coeffi
cient. Based on experimentally values of Kow and S, for various types 
of substances, a regression can be obtained. This line (Figure 4) 
spans the majority of chemicals, with different polarities and molecu
lar states (liquid vs solid). If S is expressed in mg.L“1, the regres
sion line becomes (Verschueren, 1983):

There are, however, some important deviations. An example is penta- 
chlorophenol. The predicted log Kow differs from the true value almost 
two orders of magnitude.

TÍ x « log Kx - log Kh (2.4)

log Kow » 4.5 - 0.75 log S (2.5)

§
S3
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Chiou et al. (1982) also derived a relation between the aqueous solu- 
. bility and octanol-water partition coefficient. The regression line 

obtained by these authors for selected aromatics is somewhat different 
from 2.5.

The correlation extends over six orders of magnitude (of S) and the 
slope is significantly different from -1. The authors concluded that, 
especially for liquids, a good predictability exists for the partition 
coefficient from solubility data.

Ideally, calculated with the assumption that Raoult's law is obeyed, 
the slope of the relationship must be -1. Two phenomena explain the 
deviation. Firstly, the effect of dissolved octanol (in water) on 
aqueous solubility of the chemicals and secondly, liquid BOlute incom
patibility in the (water-saturated) octanol phase.
Besides, a correction must be. made for solids. The effect of melting 
on solubility will always cause a downward deviation from the ideal 
line: it reduces water solubility, but not the partition coefficient, 
since it affects both solvents equally (Chiou et al., 1982). This cor
rection includes heat of fusion for the solids.
More recently, Millar et al. (1985) discussed the relationship from a
thermodynamical point of view. They found that the activity coeffi
cients of hydrophobic chemicals in aqueous solution and in octanol 
solution both increase with increasing molar volume, V.
This implicates good correlations between Kow and S with v (Figure 5). 
Their thermodynamical considerations provide a basis for the experi
mental lines as found by Chiou et al. (1982). The slope will tend to
have values in the range 0.79 - 0.86.

2.2.3. Interactions with Dissolved Organic Matter (DOM)
Before the influence of DOM on aqueous solubilities of micropollutants 
is discussed , DOM must be defined. Whitehouse (1985a) defines DOM as

log Kow « 0.710 - 0.862 log S (2.6)

§
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organic matter which passes through a Whatman GF/C glass fibre filter.
. Because this is rather unsatisfying, be distinguishes "quality" and 

"quantity" in describing the DOM in the environment. Quality refers to 
its origin: terrestrial or marine organic matter, whereas quantity 
stands for the concentration of dissolved organic carbon (DOC).
Zt appears that the partitioning of PAHs in the dissolved phase is 
significantly influenced by the presence of naturally occuring DOM. 
This is in agreement with the investigations of Hassett & Anderson 
(1979) for cholesterol. The dissolved concentration of an organic 
micropollutant is considerably smaller after pretreatment of the water 
with UV-radiation. This indicates that the binding to DOM causes the 
"thermodynamical" solubility to be exceeded. Especially the interac
tion of PAHs with terrestrial humic material has great consequences 
for their solubilities. From ultrafiltration data it can be concluded 
that PAH-DOM association mainly occurs with high molecular weight ma
terial (Molecular weight, M > 500). Hassett & Anderson (1982) found 
that adsorption of cholesterol and a tetrachlorobiphenyl onto parti
cles was less efficient in the presence of high DOM concentrations. 
Whether this was due to formation of associations between DON and the 
two hydrophobic compounds or to competition between DOM and the two 
compounds for adsorption sites was not clear.
These authors do not specify what they mean by "association" : it may 
be adsorption to or dissolution in the colloidal humic phase* Carter & 
Suffet (1982), who determined DDT-binding to DOM, and McCarthy & 
Jimenez (1985) who studied PAH sorption on dissolved humic material 
found the same as Hasset & Anderson (1982).
Carter & Suffet (19B2) also concluded that this binding greatly af
fects the fate of organic pollutant in natural systems. The differen
ces between bound and unbound pollutant are marked by a higher hydro
lysis rate, a lower volatilization rate and changes (in what direction 
is not indicated) in rate of photolysis and extent of bioaccumulation. 
They constructed "association curves" which may be interpreted as ad
sorption isotherms. They found that a substantial part of total dis
solved DDT is bound to DOM. These curves appeared to be linear over
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great concentration ranges of DDT. The slope of the curve is humic 
. acid dependent. All curves went through the origin.

Dependencies of the association with DOM on pH, ionic strength 1 and 
Ca?+ have also been observed. Both the presence of Ca2+ and the in
crease of I cause an increase of the association constant. The same 
applies for a decreasing pH. These effects are, according to the 
authors, consistent with the known effects of solution parameters on 
the aqueous behaviour of humic materials. As hydrogen and metalion 
concentrations are enhanced, or as ionic strength is increased some 
changes in the physico-chemical characteristics occur: the humic poly
mers may enlarge molecular sise and may coil, while their charge will 
decrease. The result is that the humic material is more prone to sorp
tion because the polymers become less hydrophilic and may bound hydro- 
phobic chemicals more effectively.
The specific ionic strength effect is probably due to salting-out of 
the hydrophobic organic compound, because the chemical potential of a 
dissolved nonionic compound in water increases with enhanced I.
A rather puzzling phenomenon is the negative correlation between the 
association constant and humic acid concentration. No mechanism for 
this observation is suggested by the authors, except that it could 
have been caused by an experimental problem (leakage through dialysis 
bags). McCarthy 6 Jimenez (1985) also observed a slightly negative but 
significant correlation between the association constant and dissolved 
humic material (DHM). The association constant did not change by more 
than a factor of 2 over a range of 0-40 mg C-DHM.L'^. Hassett & Mili- 
cic (1985), however, found no significant dependence of the binding 
constants on the DOC concentration. By utilizing a gas purging tech
nique, they found a binding constant of 7.4 IO4 for 2,2',5,5'-tetra- 
chlorobiphenyl•
In another publication, Carter & Suffet (1983) reported the different 
binding properties of several humic and fulvic acids. In all cases the 
binding constants are greater for humic acids, relative to fulvic 
acids* They found no correlation between binding constants and humic- 
fulvic characteristics (e.g. %C, %Fe, molecular size estimates). They
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concluded that, at this moment, no predictions can be made how strong- 
. ly a pollutant will be bound to DOM in a particular sample, without 

actually measuring the binding constant.
The dependence of the binding constant on the temperature is consis
tent: the binding constant increases with decreasing temperature.

2.2.4« Sorption on to sediments
Karickhoff et al. {1979} and Karickhoff (1961) stated that sorption 
isotherms for hydrophobic compounds are linear over a broad range of 
pollutant concentrations. The partition coefficients are relatively 
independent on sediment characteristics but directly related to its 
organic carbon content.
The adsorption data fitted well to linear isotherms:

where Cg is the concentration of sórbate in the sediment (pg.g-1),
CL is the equilibrium sórbate concentration in the aqueous phase 
(pg.L-1) and Kp is the partition coefficient (L.g“ )̂* This is in fact 
the equation of the Freundlich isotherm:

with n=1 (Figure 6 ). Because Kp correlates strongly with organic car
bon content and is more or less independent of other substrate proper
ties such as cation exchange capacity and elemental composition (Means 
et al., 1980), it is convenient to normalize partition coefficients to 
organic carbon:

Cg *  Kp (2.7)

Cs *= K CLVn (2.8)

Koe = Kp/foc (2.9)

where foe denotes the fractional mass of organic carbon in the sedi
ment .
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I Furthermore, the authors showed that sorption behaviour was dependent 
. on the grain site distribution. Greatest affinity occurred for medium- 

fine silt fractions, whereas affinity was lower at larger and smaller 
grain sizes. Especially coarse silt and sand acted as diluting agents. 
Karickhoff et al. (1979) plotted normalized partition coefficients 
against other sórbate properties. They found a perfect correlation 
(r2"=i.o) between Koe and Kow:

log Koe * 1.00 log Kow - 0.21 (2.10)

for some PAHs, benzene and a hexachlorobiphenyl. (Karickhoff (1981), 
however, found a slightly different equation, based on 4 PAHs and ben
zene:

log Koe ■ 0.989 log Kow - 0.346 (2.11)

The aqueous solubility - Koe correlation was only slightly smaller 
(r2-0.94)

log Koe - - 0.54 log 5 + 0.44 (2.12)

The author suggested that Kow provides a much better estimator for 
sediment-water partitioning than solubility, because crystal energy 
contributions affect solubilities (and no other properties, such as 
Kow and Koe).
It is concluded from both studies that, although sorption is most 
times described using Langmuir or Freundlich isotherms, at low concen
trations the behaviour can adequately be characterized by simple 
linear adsorption coefficients, normalized to organic carbon (this is 
confirmed by O'Connors & Connolly, 1980).

Sorption-kinetics

The sorption behaviour of individual organic chemicals appears to be
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more complicated than the generalized model above indicates. Two ob- 
. servations illustrate this. Firstly, besides reversible adsorption be

haviour, it is thought that some compounds adsorp non-reversibly (i.e. 
a certain fraction is resistant to desorption). In that case the ad
sorption isotherm does not match the desorption isotherm (hysteretic 
isotherms) under equilibrium conditions (e.g. Di 'Poro & Horzempa, 
1982; Horzempa & Di Toro, 1983).
Di Toro & Horzempa (1982) demonstrated resistant desorption behaviour 
for a PCB congener (a hexachlorobiphenyl) and for various natural ad
sorbents at environmental significant conditions (i.e. low concentra
tion levels) • They performed desorption, after adsorption, by subse
quent multiple desorptions (Figure 7). From diagrams of this kind, 
they concluded that a considerable amount of the hydrophobic chemicals 
adsorbed irreversibly. It appeared that this resistant amount was 
dependent on the aqueous concentration. The ultimate shape of the con
secutive desorption isotherm has not yet been determined. This is 
important since it is related to the question of desorbability when 
aqueous concentration approaches zero.

Secondly, a dependence of Kp on particle concentration has been ob
served (e.g. O'Connor & Connolly, 1980). This effect is clearly demon
strated in Figure 8 . For compounds with relative high Kp the influence 
is highest. Recently, two reports have dealt with hydrophobic adsorp
tion on particles.
Gschwend & Wu (1985) proposed that the role of non-settling (non-fil
ter able) microparticles or organic macromolecules (- NSP) has been 
overlooked in sorption tests. These microparticles or macromolecules 
have sorption capacities. During experiments, they remain in the 
aqueous phase and disappear with the supernatant. This leads to the 
higher observed partition coefficients during desorption experiments. 
When percautions are taken to eliminate or account for this effect, 
the observed partition coefficients for hydrophobic chemicals are con
stant over a wide range of solid/solution ratios.
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Xt appeared that this "third phase" had equal affinities for hydropho- 
. bic compounds as those exhibited by the larger mass of solids (i.e. 

XNSP = Kp' Gschwend & Wu, 1985). It can, however, not be excluded 
that this colloidal matter has greater affinities because of its 
larger surface area.
The importance of non-settling particles is twofold* To evaluate this, 
one can compare true and observed partition coefficients. By defini
tion, the true partition coefficient is given by:

Because of the sorption of molecules to non-settling particles one 
measures another K^, the observed partition coefficient

where P is the mass of compound sorbed to settleable particles, D is 
the mass of compound dissolved and N is the mass of compound sorbed to 
NSP.
According to Gschwend & Wu (1985), the amount of NSP increases propor
tionally with suspended matter concentration (for two sediments about 
5%). This is not surprising, considering that particle distributions 
are continuous and abundancias do not coincide with arbitrarily chosen 
phase separation values. At sufficient low suspended solid loadings D 
greatly exceeds N and Kp0 *98 approaches Kptrue. At higher particle 
loadings, D no longer greatly exceeds N and the observed partition 
coefficient is substantially lower than the true partition coeffi-

true P/mass of settleable particles
(2.13)

D/volume of water

P/mass of settleable particles
(D+N)/volume of water

(2.14)

cient.
After combining 2.13 and 2.14, and defining

V true B
D/volume of water
N/mass of NSP

(2.15)
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, . mass of NSPs \ ~ 1
then Kp° * Kptrue (1 + Knsptrue -------------- ) (2.16)r r volume of water/

Since Kp *= foc Koe «nd correspondingly 1^^= foc,NSP.Koe,NSP> then

Kocobs = Koctrue ít + Koc,NSPtrue foc,NSP_(°»ss of NSPgft 1

volume of water /

Thus, since foc,NSP "¿y ^  expressed as DOC

KoCobsmKoCtrue (1 + Koc,NSPt r u e * D O C r 1 (2.18)

Using this equation, one can predict the change of Kp as a function of 
suspended particle concentration. Gschwend & Hu (1985) successfully 
predicted this dependence with the assumption that X¿C(nsp = Koe- 
The authors concluded that in predicting the behaviour of hydrophobic 
contituents in the environment (transport processes, chemical activi
ty), a third compartment, the non-settling particles must be included. 
It is likely that NSP partly consists of humic and fulvic acids with 
colloidal properties. Since much of the DOC in natural waters is poly
meric humic substance, measurements of DOC may be suitable to quantify 
non-settling microparticles and/or organic macromolecules.
Voice & Weber (1985) presented an alternative model attempting to 
explain the particulate matter concentration effect in the liquid/ 
solid partitioning. Partitioning can be regarded as the thermodynamic
ally favoured distribution of a chemical between two readily separable 
homogeneous phases, in their "solute complexation model", Figure 9, it 
is proposed that the liquid phase is comprised of at least two, non- 
separatable fractions. Whereas the subphases cannot be distinguished 
by common analytical procedures, the solute molecules are present in 
two states: free (Cqt) and bound solute (Cqj). Both free and bound 
solute can be adsorbed onto organic matter of the solid phase. These 
independent reactions are described by linear partition coefficients.
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It leads too far to evaluate the mathematical framework of the model 
(for this, we refer to the original literature). Here, the result of 
the model, an expression for the overall distribution coefficient is 
presented.

1/(S+1/K-i) + KxASb/(S+1/K2)
Kr> m  ...  " — - 1 " —   (2*19)^  1/(KiS+1 ) + KxASB/(K2S+1)

See for parameterdefinition Figure 9. A and B are experimentally de
fined coefficients. One of the assumptions is that a significant part 
of the organic matter in solution originates from the solid phase, but 
cannot be separated by the usual techniques.
The model predicts well the observed dependence of the partition coef
ficient on the solid matter concentration (Figure 10). From uncertain
ty analyses, it is concluded that the influence of the coefficients A 
and B (which are determined inaccurately, due to scatter in the data) 
is not very large.
From their experiments and model calibration, Voice & Weber (1985) 
concluded that their results have far-reaching consequences. Because 
of the non-linearity of 1 ,̂, partitioning of a contaminant in the water 
column is very different from the one in the sediments. Another impli
cation is that the variability of DOC, caused by factors as trophic 
state, temperature, season and watershed characteristics, will influ
ence the partitioning of a pollutant.

2.2.5. Volatilization
The complexity of the volatilization processes is enormous. The pre
diction of volatilization rates under any meteorolgical or hydrologi
cal condition is probably impossible. Besides, other processes, such 
as sorption, influence these rates. The occurance of surface films, 
usually believed to consist of surface active materials, impede trans
fer processes at the air-seawater interface (MacKay, 1980). It may 
diminish turbulence and, more actively, bind compounds.



ministerie van verkeer en waterstaat rijkswaterstaat

behoort bü: N0TA G W A O -86 .111

datum: 31 o k t o b e r

bladnr. 44

Some modelling efforts have been made. Three parameters are included 
for each compound: Henry's law constant and two empirical parameters: 
the gas phase mass transfer coefficient and the liquid phase mass 
transfer coefficient. These coefficients can be regarded as resistan
ces against the transfer across the interface. Practically no measure
ments are available for quantifying volatilization of the organic sub
stances under consideration.

2.2.6. Microbial degradation
The majority of studies has been conducted in the context of waste 
water treatment; whereas more recently more attention has been paid to 
microbial kinetics at low, environmental relevant, concentration 
levels. Little is known about relative contributions of different 
genera. Besides, results from laboratory investigations are often 
poorly correlated with field measurements (Baughman & Burns, 1980). 
Carlberg (1980) gives some general trends in microbial degradation 
rates. Rates increase in the sequence n-alkanes, iso-alkanes, eyclo- 
alkanes, aromates. Degradation is generally slower in sediments com
pared with the water phase, whereas in anaerobic sediments no degra
dation may occur at all.
Verschueren (1983) summarizes the environmental factores, which can 
affeet biodegradability:
1 * temperature,
2. pH
3. salinity
4. dissolved oxygen
5. compound concentration
6 . concentration of micro-organisms
7. availability of nutrients
8 . time, and
9. microbial species
In general, it is stated that microbial activity (as well as chemical 
oxidation) yield more polar compounds (with higher solubilities).



ministerie van verkeer en waterstaat rijkswaterstaat

behoort bij: B0TA GWA0-e6.11,
deto« 3 1 oktober 1986
btadnr.

2.2*7. Photolysis
, Sunlight may transform chemicals. The rate of reaction is influenced 

by the wavelength, the turbidity and sometimes the dissolved oxygen 
concentration (Baughman & Burns, I960). Photolysis may be affected by 
sorption processes. It may be concluded from Mill (1980) that the rate 
of photo-oxidation of organic pollutants in aquatic systems is gener
ally small compared to the water residence time in an estuary. So, 
photochemical conversions may be relatively unimportant in determining 
the fate of pollutants in natural waters.
Some examples, however, indicate, opposite to Hill (1980), that photo
oxidation can have great consequences (Carlberg, 1980). With photo
oxidation of e.g. naphtalene, the solubility of the metabolite in
creases from 32 to 740 mg.L~1 (as Ot-naphthol).
Baxter & Sutherland (1984) showed degradation of 2/4'-dichlorobiphenyl 
by a pseudomonad and subsequent conversions as a result of photochemi
cal processes. Transformations occured rapidly, translation to the 
natural environment is hard because of two laboretorial artefacts: the 
PCB concentration used in the experiment was unrealistic high and the 
PCB acted as the only carbon source in the medium.
In a review article Payne e Philips (1985) showed that near surface 
half lives for direct photochemical transformations were in the range 
of minutes to several days for some PAHs. These half lives were nega
tively correlated with molecular weight, and were determined at 40°N 
latitude in the summer season. These rates are probably decreased by 
the presence of suspended material.

2.2*8. Sedimentation
Santschi et al. (1984) concluded from the studies in the MERL mesocosm 
tanks that any chemical species which has a partition coefficient in 
the order of 5-1 0 .1 0  ̂ (e.g. Th, Pb, Pu, isotopes, stable Pb and Cu, 
and many hydrocarbons) has a 2-14 days residence time in the water 
column with respect to transfer to the sediment. This residence time
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is seasonally dependent. These investigations were carried out in the 
. Narragansett Bay, where the water residence time is approximately 3 0  

days. It was estimated that 23-58% of total hydrocarbon input in the 
estuary accumulated in the sediment (total input: 400-1000 tons.yr“1). 
Complicating factors in this kind of analysis are the quantitative 
contribution on the process of dredging activities and bioturbation 
(resuspension, transfer of particles from anoxic to oxic layers), 
jagtman (1984) correlated the micropollutant concentrations with sedi- 
mentological parameters in the Wadden Sea and Dollard estuary. Both 
organic carbon and the fraction smaller than 16 pm correlated well 
with the micropollutants under consideration. It is realistic to nor
malize pollutant content with respect to organic carbon, because of 
the physico-chemical binding characteristics (see 2.2.4). A great deal 
of the concentration scatter in sediments may be explained by organic 
carbon variations. Besides, processes such as bioturbation, resuspen
sion and point discharges play important roles In determining the dis
tribution of these hydrophobic substances.

Mesocosm experiments

Quite suitable for comparing the extend of these various processes 
influencing the fate of organic chemicals, is the use of mesocosms 
(MERL). santschi (1982) stated that mesocosms lie between the complex 
and highly variable natural world and the tightly controlled but less 
natural laboratory experiment. Some difficulties arose in the HERL 
studies: wall effects, leaks, nonrepresentative sampling and lack of 
turbulence.
Wakeman et al. (1982) suggest that volatilization rates of compounds 
may be lower in HERL tanks compared to the natural system. Due to hy
drodynamics of the water body within the tank, a stagnant boundary 
layer (400-600 pm) will form, which inhibits evaporation. Another phe
nomenon is the retardation of microbial acitivity (lag-phase) after 
introduction of pollutants in the HERL tank. This will most certainly 
lengthen the residence time.
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Lee et al. (1982) studied the fate of three radiolabeled chemicals 
. benzot a)anthracene, 7,1 2-dimethylbenzo(a)anthracene » pentachlorophenol 

(Figure 11). Large differences appear in the behaviour of the two, 
strongly related PAH. Whereas 7,12-diraethylbenzo(a)anthracene is lar
gely removed by photochemical processes, the most important removal 
mechanism for benzo(a)anthracene is sedimentation. After a rapid ad
sorption the compound is taken up by the sediment, where a slow CO2  

production indicates degradation processes. As a result of the rapid 
photo-oxidation, 7,12-dimethylbenzo(a)anthracene does not accumulate 
to a great extend in the sediment. Besides, it appears that the meta
bolites of the latter do not adsorp as well as those of benzo( a) anth
racene. The fate of pentachlorophenol shows resemblance with 7,12- 
dimethylbenzo{a)anthracene, although the time scale is very different. 
This indicates that adsorption of PCP is less important compared to 
7,1 2 -dimethylbenzo(a)anthracene.

2.3. Behaviour in estuaries
Duinker & Hillebrand (1979) were among the first, who studied the be
haviour of organic pollutants in estuaries. From not very convincing 
evidence, they concluded that the behaviour of some organochlorines 
(HCH, PCB, HCB) in the Rhine estuary was conservative, whereas diel- 
drin and endrin showed marked maxima in the low salinity range. Local 
pollution could not be excluded.
Duinker & coworkers (1980, 1982a, 1982b, 1985} attempted to obtain an 
estimate of the levels of metals and organochlorines in water and ses- 
ton in the Wadden Sea and of the relative influence of rivers entering 
this area directly. Physical mixing and physiochemical processes were 
studied in four rivers: Varde A, Elbe, Weser and fins. From the studies 
the authors concluded that no conclusions concerning physiochemical 
processes affecting organochlorines could be drawn because, firstly, 
the concentrations were near detection limits and secondly, concentra
tion gradients between the investigated rivers and Wadden Sea are 
small (opposite to the Rhine-Meuse estuary).
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To gather maximum information, they extracted water and aeston of 120 
, (or 180)L freshwater samples. It appeared that in the four estuaries 

the same organic pollutants were present (although a considerable 
amount of peaks in the chromatograms have not yet been identified).
For the Elbe, Bats and Weser estuaries, the partition coefficients are 
computed and can be compared (Table I)* Especially for PCB congeners, 
good agreement is found. In general it is established that particle 
affinity increases with increasing number of chlorine atoms. Other or
ganochlorines, especially HCHs are more present in the waterphase. No 
dependence on O2 saturation could be detected: whereas the Weserend- 
member contained more O2 than the Elbe, no differences in the parti
tion coefficients could be detected.
Recently, Duinker et al. (1984) presented the results of an investiga
tion in the Dutch Wadden Sea. For comparison reasons, and because of 
the very similar composition of PCBs in solution they determined PCB, 
besides pentachlorobenzene and hexachlorobenzene. According to the 
authors there is no evidence for non-conservative behaviour for these 
organochlorines in the 0.5-23>3°/oo salinity range.
The amount of particulate organochlorines is strongly dependent on the 
grain size distribution of the aeston. Two fractions are distin
guished: firstly a permanently suspended fraction with high contents 
of organochlorines (and heavy metals) and secondly, a temporarily 
resuspended fraction (acting as a diluting factor). This distinction 
is consistent with variations in size and/or density of the particles. 
Because of the large Beston content in the Wadden Sea during the samp
ling, the effects of permanently suspended particles on the PCB con
tent of the total suspended matter was not observed. The influence can 
only be observed at low particulate matter concentrations (e.g. <c5

pavlou & Dexter (1979) studied the distribution of tri- and penta- 
chlorbiphenyls in Puget Sound (U.S.A.). They found conservative beha
viour in a very narrow salinity range (27-29°/oo). No extrapolation

§a
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may be made for initial mixing of fresh- and seawater. Ernst £ Weber 
(1978) studied the behaviour of pentachlorophenol in the Weser estu
ary. They found a seasonal variation, with highest concentration in
spring. From tidal measurements it appeared that PCP levels were

?- ¡

highest at low tide.
Weber 6 Ernst (1983) investigated a number of organic chemicals in 
three German estuaries. Concentrations were negatively correlated with 
salinity. The same relation between salinity and concentration levels 
were found within a tidal cycle.
A clear example of non-conservâtive behaviour is given by Helz £ Hsu 
(1978). In the Back River, the C^ and C¿ halocarbons are removed by a 
number of processes. Volatilization is probably the most effective, 
although winter ice cover minimized it. In this case chemical and bio
logical degradation are responsible for the removal process. Half- 
lives are in the order of a few days in coastal waters.
Wakeham et al. (1982) studied the behaviour of volatile compounds in 
the Narragansett Bay and divided them into three groups depending on 
their origin: substances supplied by river input, substances of natur
al origin (e.g. alkylsulfides) and from dispersed sources with pro
bably a significant atmospheric contribution.
Wakeham et al. (1982) concluded that the amount of total volatiles is 
not simply diluted in this estuarine environment. Where salinity pre
dicts a certain organic compound concentration, it appeared that the 
volatiles concentration was one-tenth of that value. Degradation, vo
latilization, adsorption/sedimentation were proposed as the removal 
mechanisms but were not individually specified.
Some important papers have been dedicated to the Tamar estuary. Head
man et al. (1982) divided PAHs, based on their environmental beha
viour, into two groups. The first group consisted of low molecular 
PAHs (e.g. naphtalene, phenanthrene, anthracene) and showed no signi
ficant correlation with either salinity or suspended particles. The 
second group, with larger molecular weight homologues (e.g. fluoran- 
thene, pyrene), was strongly correlated with suspended particles.
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Microbial degradation was slow and occured in association with par- 
. tides.

A considerable difference in residence times between group I and II is 
acknowledged. Whereas members of group I have short residence times in 
the estuary dits to relatively high volatilisation and degradation 
rates, the high particulate affinity causes sedimentation as the prin
cipal fate for members of group II.
In another study, Readman et al. (1984) determined the distribution of 
PAHs in the Tamar sediments* In the catchment area individual PAH 
levels were low (1-50 ng(g dry sediment)’*'1. In the low salinity range, 
however, levels increased rapidly to 30-1500 ng.g“ .̂ This enormous 
elevation is due to the settlement and flocculation of particles, that 
are rich in pollutants and susceptible to an estuarine circulation 
pattern which leads to the occurrence of a turbidity maximum and a 
fluid mud layer*
In seaward direction these levels progressively decreased as a result 
of the physical mixing with marine sediments with possible degradation 
processes. Besides the decrease of tbtal PAHs in seaward direction, 
the relative abundance of the PAHs changed systematically too* Com
pounds with a low molecular weight decreased at a greater rate than 
the higher molecular Might homologues. The authors described this to 
a preferential degradation and/or solubilization*
Readman et al* (1984) found that the PAH sorption on particulates was 
not in equilibrium. The in-situ determined partition coefficients were 
about two orders of magnitude higher than the empirically derived ones 
and as determined by a sorption experiment* The PAHs were enriched in 
the suspended particle phase, probably because, as suggested by the 
authors, occlusion of PAH in particulates originating from combustion 
processes or erosion of asphalt surfaces.
Harris et al. (1984) developed a one-dimensional model, which des
cribed the dispersion of toxins in the Tamar estuary. Solute dynamics 
were treated as an advection-diffusion process. Concerning particle 
dynamics, sedimentation, resuspension as well as effects of run-off 
and the tides on suspended load were included. For the hydrocarbon be-

.



ooooz 
ezs

ministerie van verkeer en waterstaat rijkswaterstaat

behoort bij; 

datum:

NOTA GWAO-B6.111
31 oktober 1986

bladnr: 51

haviour, several mechanisms were included: volatilization, photo-oxi- 
. dation and microbial degradation. It was assumed that sorption proces

ses were reversible and in-equilibrium. Hydrocarbons with rather con
trasting properties were used in the model: benzene with a rather high 
solubility, and benzo(a)pyrene with a relatively low solubility. Long
itudinal dispersion coefficients were determined from salt budgets. 
For particle dynamics tentative results obtained by field measurements 
were needed.
Harris (1983) reported in an earlier publication an empirical relation 
for the salinity-dependence of Row:

where s is the salinity (°/oo). For example, the Row of benzo(a)pyrene 
at s=35% is 1.5 times the value of the freshwater endmember.
Summer and winter situations were distinguished in the Harris et al. 
(1984) model. Pue to variations in river discharge, the flushing time 
varied (highest in summer) as well as the position of the turbidity 
maximum and the steepness of the salinity gradient* The volatilization 
was described with an experimental equation (e.g. dependent on current 
speed, wind speed, Henry's law constant) as the rate of volatilization 
per day. The photolysis is treated the same way, taking annual varia
tions in light intension into account. Due to the lack of reliable 
data, the authors did not consider microbial degradation.
In Table II the results of the model are presented. The two extremes, 
benzene and benzo(a)anthracene, show a marked different behaviour due 
to relative importance of volatilization and photolysis. The authors 
noted, however, that no temperature effects were taken into account; 
this may alter the diagram.
Hermann 6 Thomas (1984) discussed the behaviour of some PAHs, PCBs and 
organochlorine pesticides in the Exe, an English estuary. They per
formed a statistical analysis of micropollutant concentration in the 
estuary. No clear conclusions were made. It was stated that all PAHs 
behaved similar, just like the PCBs and a third group was formed by

Row (s) * KoW (s»0). exp (3.8 10~ 2 Kb*8) (2.20)
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the pesticides HCH,y-HCH (lindane) and HCB. Mechanisms for the regio- 
. nal distribution were sedimentation, resuspension and mixing of flu
vial with marine sediments. The distribution patterns tiere dominated 
by multiple local inputs.
In the Narragansett Bay, Pruell & Quinn (1985) estimated PAH half-dis- 
tances in sediments, i.e. the distances at which the concentration of 
a compound is decreased to one-half of its initial value in a downbay 
direction. The half-distances were similar for all investigated PAHs 
(2-5 rings), in spite of essential differences in physicochemical pro
perties (e.g. Kow). Tfie half-distance for TOC was almost twice as 
high. One explanation is, according to the authors, a local input of 
organic material or in-situ production. This material must obviously 
have other binding properties.

2.4. Ute Scheldt Estuary
Little work has been done on organic micropollutants in the Scheldt 
estuary. So far, some separate sampling has taken place, while as a 
result of the Dutch monitoring program, organic micropollutants are 
analyzed on a monthly basis at the Dutch/Belgian border (Schaar van 
Ouden Doei).
Van de Kooy (1984) compared the concentrations in surface waters of 
the SW-Netherlands* No specifications for analytical procedures were 
presented, as sample size and whether the samples were filtered or 
not.
One of the conclusions is that the Scheldt estuary is among the more 
seriously polluted water systems, together with the canal Ghent-Ter- 
neuzen, which discharges in the higher salinity range of the Western 
Scheldt.
Table III shows some results. For organic constituents other than 
PAHs and PCBs, only the number of significant observations in the 
samples in stead of concentrations are given. At Schaar van Ouden 
Doei, DDT and its dérivâtes, dieldrin, HCH-isomers and HCB were detec
ted in 1982-83.
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Table III. Average PAH and PCB concentrations in the Western Scheldt 
at the Dutch/Belgian border.

Only very recently, Salomons & Kerdijk (1985) presented an outline of 
processes, involved with pollutants uptake by sediments. Because of 
the dependence of the partition coefficient on the organic matter con
centration of the sediment, they normalized PAH and PCB concentrations 
to organic carbon.
From Figure 12 it can be concluded that PAH and PCB concentrations 
decrease in seaward direction. The physical mixing between terrestrial 
and marine sediment particles is mainly responsible for this observa
tion. No stable isotope measurements are presented, thus it is impos
sible to indicate whether conservative behaviour occurs.
Duinker & Boon (1985) presented a compilation of distribution coeffi
cients (Kp) for some Dutch and German rivers (see section 2.3) and the 
North Sea.
PCB congeners were treated individually. Results are presented in 
Table IV. It appears that Kp increases with increased chlorination, in 
spite of major differences in concentration and nature of suspended 
material, Kp values are very similar for the different rivers.

PAH (n=6 ) 170 ngL“ 1

PCB (n*6 ) 11 ngL“ 1

source; Van de Kooy (1984)
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abbreviations

A surface area (Â ) (eq. 2 .2 )
A experimental coefficient (eq. 2*19)
B experimental coefficient (eq. 2.19)
C concentration (mg.L” î
Coctanol concentration of compound in Octanol (mg.L“1)
Cwater concentration of compound in water (mg.L-'')
C0 ,CL dissolved concentration (pg.L-1)
Co 1 free dissolved concentration (ug.L"1 )(Pig. 9)
Co 2  bound dissolved concentration (pg.L"1 )(Fig. 9)
Cs particulate concentration (pg.g“ )̂
Cs molar salt concentration (mole.L"*) (eq. 2.1)
D mass of dissolved compound (pg)(eq. 2.14)
foc fractional mass of particulate organic carbon
I ionic strength (mole.L-1)
K constant (L.g“^)(eq. 2.8)
Kjj partition coefficient of the parent molecule (eq. 2.4)
Kp partition coefficient (L.g-1)
kNSP partition coefficient concerning the non-settleable

particles 
(L.g“1)

Kqç, normalized partition coefficient (L.gC"1)
KqW octanol-water partition coefficient
Ks Setchenow constant (L.mole"^)(eq. 2.1)
Kx partition coefficient of the derative of the parent molecule

(eq. 2.4)
Kx binding coefficient (eq. 2.19)
K1 partition coefficient of free compound (L.g“^)(eq. 2.19)

* K2 partition coefficient of bound compound (L.g-1 )(eq. 2.19)
M molecular weight
N mass of compound sorbed to non-settleable particles (pg)(eq.

2.14)
n constant (eq. 2.8)
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P

S

S
S
S i

S i

A
»X

mass of compound sorbed to settleable particles (ag)(eq.
2.14)
solubility (mg.L"'!)
solids concentration (mg.L”1 )(eg. 2.19) 
salinity (°/oo)
solubility of compound in distilled water (mg.L“1 )(eq. 2*1) 
solubility of compound in salt water (mg.L”1 )(eq. 2.1) 
constant (L.mole"1 .X“2)(eq. 2.2)
logarithm of partition coefficient of functional group x



523
 

20
.0
00

ministerie van verkeer en waterstaat rijkswaterstaat

behoort by: N 0 T A  « » 0 - 8 6 . 1 1 1

datum: 31 o k t o b e r  1 9 8 6

bladnr: ^ 6

Literature
. Abarnou, A., J. Avoine, J.P. Dupont, R. Lafite & S. Simon, 1986# Role 

of suspended sediments on the distribution of PCB in the Seine estu
ary (France), 16^ EBSA Symposium. Dynamics of turbid coastal en
vironment, Plymouth 1986.

Baughman, G.L. & L.A. Burns, 1980. Transport and transportation of 
chemicals: a perspective. In: The handbook of environmental chemist
ry 2A. 0. Hutzinger (ed.), Springer Verlag Berlin, p. 1-17.

Baxter, R.M. & D.A, Sutherland, 1984. Biochemical and photochemical 
processes in the degradation of chlorinated biphenyls. Environ. Sei. 
Technol. 18, p. 608-610.

Carlberg, S.R., 1960. Oil pollution of the marine environment - with 
an emphasis on estuarine studies. In: E. Olausson & I. Cato (eds*). 
Chemistry and biogeochemistry of estuaries. John Wiley fi Sons, New 
York, p. 367-402.

Carter, C.W. & I.H. Suffet, 1982. Binding of DDT to dissolved humic 
materials. Environ. Sei. Technol. 16, p. 735-740.

Carter, C.W. & I.H. Suffet, 1983. Interactions between dissolved humic 
and fulvic acids and pollutants in aquatic environments. In; Fate of 
chemicals in the environment.R.L. Swann & A. Esschenroeder (eds.), 
American Chemical Society Symposium Series 225, American Chemical 
Society, Washington, p. 215-229.

Chiou, C.T., D.W. Schmedding & H. Manes, 1982. Partitioning of organic 
compounds in octanol-water systems. Environ. Sei. Technol. 16, p. 
4-10.

Di Toro, D.M. & L.M. Horzempa, 1962. Reversible and resistant compo
nents of PCB adsorption-desorption; isotherms. Enivron. Sei. Tech
nol. _16, p. 594-602»

Duinker, J.C. & J.P. Boon, 1985. PCB congeners in the marine environ
ment - a review, in: Bjftfrseth, A. & G. Angeletti (eds.). Organic 
micropollutants in the aquatic environment. Proc. öf the fourth 
european symp. Vienna, October 22-24, 1985. D. Reidel publ. company 
Dordrecht, p. 187-205.



52
3

ministerie van verkeer en waterstaat rijkswaterstaat

behoort bij: N 0T A  G W A O -8 6 .1 1 1

detum; 31 o k t o b e r  19B 6

biednr: 57

Duinker, J.C., j .p , Boon a M.T.J. Hillebrand, 1984. Organochlorines in 
the Dutch Wadden Sea. In: Proc. 4til Int. Wadden Sea Symp. "The role 
of organic matter in the Wadden Sea" Texel, The Netherlands, p. 211- 
228.

DUinker, J.C. & M.T.J. Hillebrand, 1979. Behaviour of PCB, pentachlo- 
robenrene, hexachlorobensene, -HCH, -HCH, fl-HCH, dieldrin, endrin 
and p,p'-DDD in the Rhine-Meuse estuary and the adjacent coastal 
area. Neth. J. Sea Res. 13, p. 256-281*

Duinker, J.C,, M.T.J. Hillebrand, R.F. Nolting a S. Wellershaus, 
1982a. The river Elbe: processes affecting the behaviour of metals 
and organochlorines during estuarine mixing. Neth. J. Sea Res. 15, 
p. 141-169.

Duinker, J.C., M.T.J. Hillebrand, R.F. Nolting & S. Wellershaus, 
1982b* The river Weser: processes affecting the behaviour of metals 
and organochlorines during estuarine mixing. Neth. J. Sea Res. 15, 
p. 170-195.

Duinker, J.C., M.T.J. Hillebrand, R.F. Nolting a S. Wellershaus, 1985. 
The river Etas: processes affecting the behaviour of metals and or
ganochlorines during estuarine mixing. Neth. J. Sea Res. J9, p. 19- 
29.

Duinker, J.C., M.T.J. Hillebrand, R.F. Nolting, S. Wellershaus a N. 
Kingo Jacobson, 1980. The river Verde A: processes affecting the 
behaviour of metals and organochlorines during estuarine mixing. 
Neth. J. Sea Res. J4, p. 237-267.

Duursma, E.K. a J.M. Bewers, 1985. Application of Kds in the marine 
geochemistry and environmental assessment, scientific seminar on the 

ê application of distribution coefficients to radiological assessment
models, Louvain-la-neuve, Belgium.

Eganhouse, H.P. a J.A. Calder, 1976. The solubility of medium molecul
ar weight aromatic hydrocarbons and the effects of hydrocarbon co- 
aolutes and salinity. Geochim. Cosmochim. Acta 40, p. 555-561.

Ernst, W. a K. Weber, 1978. The fate of pentachlorophenol in the Weser 
estuary and the German Bight. Verbff. Inst. Meeresforsch. Bremerh. 
17, p. 45-53.



ministerie van verkeer en waterstaat rijkswaterstaat

M w tD U :  BOTA G W I0-B 6.111

datums 31 '>ktobor 1986
bladnr: 58

Gschwend, P.M. & S.O. Wu, 1985. On the constancy of aediment-water 
partition coefficients of hydrophobic organic pollutants. Environ.
Sei* Technol. 19, p. 90-96.

Harris, J.R.W., 1983. Modelling the fate and effects of toxins dis
charged into an estuary. Institute for marine environmental 
research, Plymouth, p. 21-27.

Harris, J.R.W., A.J. Bale, B.L. Bayne, R.F.C. Mantoura, A.W. Morris,
L.A. Nelson, P.J. Radford, R.J. Uncles, S.A. Weston & J. Widdows,
1984. A preliminary model of the dispersal and biological effect of 
toxins in the Tamar estuary, England. Ecol. Modelling 22, p. 253- 
284.

Hassett, J.P. s M.A. Anderson, 1979. Association of hydrophobic orga
nic compounds with dissolved organic matter in aquatic systems. En
viron, Sei. Technol. p. 1526-1529.

Hassett, J.P. & M.A. Anderson, 1982. Effects of dissolved organic mat
ter on adsorption of hydrophobic organic compounds by river- and 
sewage-borne particles. Water Res. 16, p. 681-686.

Hassett, J.P* & E. Milicic, 1985. Determination of equilibrium and 
rate constants for binding of a polychlorinated biphenyl congener by 
dissolved humic substances. Environ. Sei. Technol. 19, p. 638-643.

Heiz, G.R. & R.Y. Hsu, 1978. Volatile chloro- and bromocarbons in 
coastal waters. Limnol. Oceanogr. 23, p. 858-869.

Herrmann, R. & W. Thomas, 1984. Behaviour of some PAH, PCB and organo-
chlorine pesticides in an estuary, a comparison - ISxe, Devon. Fres.
Z. Anal. Chem. 319, p. 152-159.

Horzempa, L.M. & D.M. Di Toro, 1983. The extent of reversibility of
polychlorinated biphenyl adsorption. Water Res. 17, p. 851-859. ®

Jagtman, E., 1984. Het voorkomen van organische micro verontreinigin
gen in sediment van Waddenzee en Eems-Dollard estuarium, 1982. RIZA 
nota-84.098, 44 pp. (in Dutch).

Karickhoff, S.W., D.S. Brown & T.A. Scott, 1979. Sorption of hydropho
bic pollutants on natural sediments. Water Res. 13, p. 241-248.



52
3

ministerie van verkeer en waterstaat rijkswaterstaat

behoort bíj : N0TA « * 0 - 8 6 . 1 1 1

datum: 31 o k t o b e r

bladnr; 5  9

Karickhoff, S.W., 1981. Semi-emperical estimation of sorption of hy
drophobic pollutants on natural sediments and soils. Chemosphere _1_0, 
p. 833-846.

Kooy, L.A. van de, 1964. Organische microverontreinigingen in de 
Zeeuwse wateren, 1982-1983. RIZA nota-84.102, 24 pp. (in Dutch).

Lee, R.F., K. Hinga & G. Almquist, 1982. Fate of radiolabeled polycyc- 
lic aromatic hyrocarbons and pentachlorophenol in enclosed marine 
ecosystems. In: G.D. Grice S M.D. Reeve (eds.)* Marine mesocosms. 
Springer verlag, New York, p. 123-135.

MacKay, D., 1980. Solubility, partition coefficients, volatility and 
evaporation rates. In: The handbook of environmental chemistry, 2A. 
O. Hutzinger (ed.) Springer Verlag, Berlin p. 31-45.

McCarthy, J.F, & B.D. Jimenez, 1985. interactions between polycyclic 
aromatic hydrocarbons and dissolved humic material: binding and dis
sociation. Environ. Sei. Technol. _19, p. 1072-1076*

McDevit, W.F. s F.A. Long, 1952. The activity coefficient of benzene 
in aqueous salt solutions. J. Am. Chem. Soc. 74, p* 1773-1777*

Means, J.C., S.G. Wood, J*J. Hassett s W.L. Banwart, 1980. Sorption of 
polynuclear aromatic hydrocarbons by sediment and soils. Environ. 
Sei. Technol. J4̂ , p. 1524-1528.

Mill, T., 1980. Chemical and photo-oxidation. In: The handbook of en
vironmental chemistry. 0. Hutzinger (ed.), Springer Verlag, Berlin, 
p. 77-105.

Millar, M.M. & S.P. Wasik, 1985. Relationships between octanol-water 
partition coefficients and aqueous solubility. Environ. Sei. Tech
nol. 22/ P' 522-529.

O'Connors, D.J. s J.P. Connolly, 1980. Hie effect of concentration of 
adsorbing solids on the partition coefficients. Water Res. 14, p. 
1517-1523.

Pavlou, S.P. & R.W. Dexter, 1979. Distribution of polychlorinated 
biphenyls (PCB) in estuarine ecosystems. Testing the concept of 
equilibrium partitioning in the marine environment. Environ. Sei. 
Technol. 13, p. 65-71.

§S



523
 

20
00
0

ministerie van verkeer en waterstaat rijkswaterstaat tbehoort bij:

datum:

bladnr:

NOTA
31 oktober 1986 
60

G W A O -86 .111

payne, J.R. & C.R. Philipe, 1985* Photochemistry of petroleum in 
water. Environ» Sei. Technol. 19, 569-579*

Pruell, R.j. & J.G. Quinn, 1985. Geochemistry of organic contaminants 
in Narragansett Bay Sediments. Est. Coast. Shelf Sei. 21, p. 295- 
312.

Readman, J.H., R.F.C. Mantoura, N.H. Rhead & L. Brown, 1982. Aquatic 
distribution and heterotrophic degradation of polycyclic aromatic 
hydrocarbons (PAH) in the Tamar estuary. Est. Coast, Shelf Sei. 14, 
p. 369-389.

Readman, J.W., R.F.C. Mantoura G M.M. Rhead, 1984. Aie physico-chemi
cal spéciation of polycyclic aromatic hydrocarbons (PAH) in aquatic 
systems. Pres. Z. Anal. Chem. 319, p. 126-131.

Rossi, S.S. & W.H. Thomas, 1981. Solubility behaviour of three aroma
tic hydrocarbons in distilled water and natural seawater. Environ. 
Sei. Technol. _15, p. 715-716.

Salomons, W. & H. Kerdijk, 1985. Contaminanten in sedimenten; uit het 
oog, uit het hart? Congresverslag KNCV symposium "Onderwaterbodems, 
rol en lot." Rotterdam, 28-29 mei.

Santschi, P.H., 1982. Application of enclosures to the study of ocean 
chemistry. In: G.D. Grice a M.R. Reeve (eds.). Marine mesocosms. 
Springer Verlag, New York, p. 63-80.

Santschi, p.H., S. Nixon, M* Pilson a C. Hunt, 1984» Accumulation of 
sediments, trace metals (Pb, Cu) and total hydrocarbons in Narragan
sett Bay, Rhode Island. Est. Coast. Shelf Sei. 19, p. 427-449.

Verschueren, K., 1983. Handbook of environmental data on organic che
micals. 2nd ed. Van Nostrand Reinhold, New York, 1310 pp.

Voice, T.C. & W.J. Weber jr., 1985. Sorbent concentration effects in 
liquid/solid partitioning. Environ. Sei. Technol. 19, p. 789-796.

Wakeham, s .G., A.C. Davis & J.T. Goodwin, 1982. Biogeochemistry of 
volatile organic compounds in marine experimental ecosystems and the 
estuarine environment - initial results. In: G.D. Grice G M.D. Reeve 
(eds.). Marine mesocosms. Springer Verlag, New York, p. 137-151.

Weber, K. & W. Ernst, 1983. Vorkommen und Fluktuation von organischer 
Umweltchemikalien in deutschen Estuarien. Von Wasser 61, p. 111-123.



ministerie van verkeer en waterstaat rijkswaterstaat

behoort bij : 

datum:

NOTA GWAO-86.111
31 oktober 1986

bladnr: 61

Whitehouse, B., 1985a. The effects of dissolved organic aatter on the 
aqueous partitioning of polynuclear aromatic hydrocarbons. Est. 
Coast. Shelf Sei. _20, p. 393-402.

Whitehouse, B., 1985b. Observation of abnormal solubility behaviour of 
aromatic hydrocarbons in seawater. Mar. Chem. 17. p. 277-284.


