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In the last few years, the interest in pollution preblems 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 the 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 micropellutants 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
geparately (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-
litary 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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ESTUARIES; THE SCHELDT ESTUARY

Characteristics of estuaries, with euphasis on chemical _processes

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. Firetly the lower or
marine estuafy, in free connection with the open sea, secondly the
middle estuary subject to strong salt and freshwater mixing, and
thirdly the upper or fluvial estuary, characterized by freshwater, but
subject to daily 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. Man 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 jincreased sediment load, while building and paving of large areas
produces a gquick response of runoff to rainfall.

Estuaries are studied for several reasons. Some are purely 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.

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 amcunt 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. Righly stratified estuaries, in salt wedge estuaries and in many
fiords;

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 froshwater'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 well 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 adeguately the overall

characteristics of the flow.

In Figure 1, three types (salt wedge and partially mixed estuaries angd
a transition form) are diagrammatically presented. In a salt wedge
estuary (Figure 1a), the river flow dominates the c¢irculation com~
pletely. The salt water extends as a wedge into the river and, in the
abgsence 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 glightly 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-~
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 usuaslly results in a higher velocity of
flow rather than an increase in depth of the layer. A slow movement of

water in an upsteam direction compensates for the loss by entrainment.

Disturbances at the interface may cause a broad mixing zone, the halo-
cline, in which turbulent processes allow a transfer of the fresher
wvater 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 ocur-

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. The volume of flow in each layer is

typically an order of wmagnitude 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. The 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 daysi. 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 Pontomac
astuary, 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 for by total outflow and three layer circula-
tions.

The water movements in the thres types of estuaries result in a aif-
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 maximunm
depends on particle size, the amount of suspended matter available and
the strength of the estuarine circulation. In a well mixed estuary a
similar situation may prevail, although, the large tidal range may

cause more active exchange of the sediment with the offshore waters.

In addition two other sediment transport mechanisms act in estuaries:

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
upwards, whereas in a decreasing current the suspended sediment needs

time to settle.

In some estuaries fluid mud is associated with the turbidity maximum.
Mud concentrations exceed 20 g.L~' (Postma, 1980) and are generally
around 100 g.L-! or more (McCave, 1979). The fluid mud is mainly built
up by settling of material from the overlying turbidity maximum at
slack tide.

Quantitative treatment of solute dynamics

One way to describe quantitatively the mixing of sea and freshwater is
to treat the solute dispersal according to a one~dimensional advec-
tion~diffusion model (Barris et al., 1984; Daamen & Lefavre, 1983). In
such a model secondary flows are ruled out for simplicity, while inho-
mogenities are assumed to be absent in cross-sections. The formulation

of the basis eguation used by Daamen and Lefévre (1983) is:

dc d dc
A e = = e (Qc = AD —) + local sources (1.1)
ac ax ac
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A = the crogs-sectional area at mean sea level, at a certain point in
the estuary (m2)

¢ = the mean tidal, éross-section averaged concentration, (g.L'1) at x
{m) and time t (s)

Q = 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 measufed during periods of several
years. The coefficients dc not only representate 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 agueous 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 (1984) determined these relationships in estuarine wa-
ters. The true salinity (Strye) can be coupled to the chlorinity (C1,
as g halide per kg of solution} by:

Strye = 0.092 + 1.80271 Cl (1.2}

The relations between the salinity and the conductivity and density
yielded respectively Bgond and Sdens: Which were expressed as a func-

tion of Cl. It appeared that Sgens showed good agreement with Siyye:
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while the discrepancy of Sgonq with Sgrye increases with smaller chlo-
ride concentration. This is due to the different specific conductivi-
ties of major components in seawater and riverwater. Millerc (1984)
concluded that if errors of * 0.04 ©/00 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. His
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 varicus pos-

sibilities are ceonsidered: 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:

dc
F=Qc~DA— (1.3)
dx

At steady state, the one-dimensional continuity eguation may be for-

mulated for the conservative salinity distribution:

ds
QS-m-é-x-ﬂD {1.4)

Combining 1.3 and 1.4, it gives:

dc
Feplc~-8.— (1.5)
ds
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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 Fig. 4):

dc dc
LwQ(c-s._i—Q(c-s_Q (1.6)
d o ds 1

For 8o = 0, the fractional loss, G, within the estuary, referred to F,

is:

L Cu~Ca*
G = = o ° (1-73
Q.co Co

where co* is the regression line intercept at 8 = 0 for the tangent to
the c¢~8 curve in the vicinity of sj+ 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 ¢ and § for conserva-
tive behaviour, anywhere in the estuary. In Figure 5 the diagram is
redrawn in a way, that the loss is entirely associated with a transi-

tion region between twe lineair regions.

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.

The_water phase

The major congtituents in water behave conservatively. No evidence is
present in literature for non-conservative behaviour of Na‘*, Kt, ca2*,
cl-, 8042“ 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.
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The pH distribution in estuaries was studied by Mook & 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 B.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. Begides, there will be a variation in pH due to biological
processes with a marked seasonal dependence. During an algal bloom
{which in itgelf is salinity dependent), nutrients and CO; will be as-
similated. Thus, small temporal and gpatial 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 Oxggen 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. (1978) investiga-~
ted the very low salinity region (0.1-1.0 ©/00) 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 alsc denoted as disgsolved 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. transforma-
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tion from the dissolved to the sclid phase) of dissolved organic mat-
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 ©°/ov, above which no additonal removal occured, In all
cases removal was rapid. The percentage of DOM which was removed upon
mixing varieg between 3 and 11%. Non-conservative behaviour was also
found by HYpner and Orliczek (1978), who performed mixing experiments
with filtered bog water,

Hunter & Liss (1982), Laane (1982) and Mantoura & Woodward (1983}
found conservative behaviour of DOC in respectively four English estu-
aries, the BEms-Dollard estuary and the Severn estuary. In the Severn,
where the water remains 100-200 days, neither microbial degradation,
nor flocculation or adscorption processes affected the DOC distribu-
tion. Half lives of DOM exceeded five years. The DOM of this estuary
consﬁsted approximately for 80% 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 bOM 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 loss of high molecular weight DOM
during estuarine mixing. In the Beaulieu estuary, Moore et al, (1979)
found that the DOC behaved eggentially conservatively. The dissolved
organic material existed mainly in the molecular weight range of 103-
105,

Bo far, the distribution of DOM due to inorganic processes (floccula-
tion} has been discussed. Some organic processes, often seascnally 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.
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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
§ 158 (Owens, 1985), and element/Al ratios (Sholkovitz & Price, 1980)
it is concluded that estuarine material of bioclogical 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. In 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 alsc 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 & Liss, 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 2one, 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 &
Liss, 1982; Hunter, 1983; loder & lLiss, 1985). 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

o A W
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(Loder & Liss, 1985)). It is concluded from these studies that floccu-
lation occurs independently on the colloidal particulate matrix and
that colloid destabilization probably results from compression cf the
electrical double layer.

The Scheldt estuary

The Scheld: 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 digcharge. To visualize the above state-
ment, one can compare these figures for the Scheldt with the world

largest river, the Amazon, and some other rivers (Table 1).

Table 1. Some important parameters for the 8cheldt, compared with

other fluvial systems. Data from Fairbridge (1980)

length discharge area mean discharge

km kme * 1000 m3 .-
Scheldt 280% 22%% 100**
Thames 340 16 80
Seine 780 79 500
Rhine 1360 224 2500
Brahmaputra-Ganges 2980 935 17700
Yangtze-Kiang 5000 1770 30000
Niger 4070 1500 14300
Mississippi-Missouri 6400 3250 18000
Amazon 6300 7050 200000

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

The Scheldt will thus not be of major importance in flux calculations
of riverine dissoclved 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 organcchlorines.
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Description of the Scheldt estuary

The drainage area is shown in PFigure 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 & Jacques, 1979).

The estuary may be devided into three sections:

1. Genthbrugge-Rupelmouth, where only freshwater is present. At Genth-
brugge there is s5till 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 Walsocorden;

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.s5~1, 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
c¢ubic meters. Combining these data, one would expect & 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%/c0, al-
though differences of 2°/co have been observed between surface and
bottom water at the Belgian-Dutch border. Some 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 dex Xooij (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

e au W
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at the right bank, during the entire tidal cycle. This situastion 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, & three~dimensional advection and diffusion model, des-
¢ribing the circulation pattern, may be drawn. Solution of these equa-
tions requires a huge amount of field data and cannot be golved with-
out drastic simplifications. For the Scheldt estuary, one- (Daamen &
lafevre, 1983) and two- (Dekker, 1983) dimensional models have been
constructed.

A limited number of parameters is reguirad in these models:

- freshwater discharges (often represented as monthly or 10-days aver-

ages);

tidal characteristics (range and propagation);

morpholegical characteristics (especially cross-sectionsj.

The one~dimensional model is calibrated with salinity measurements.
For each estuary section of S'km, a dispersion coefficient can be com~
puted (Figure B). These wvalues 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
pessible 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 Pigure 10. At
one discharge-value, large differences in salinity can be observed,
indicating a strong memory effect of the estuary. This memory effect
is proportional to the residence time (Wollast & 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 galinity, the departure from the steady-state is in-
¢luded 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 feﬁ days, which is short compared to the

time needed for an estuary to reach a new steady satate (Wollast &
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 m3.s"1)
to the Belgian-Dutch border (at Q0 » 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%/co (Wollast, 1982) or 5°/co (Peters & Wollast,
1978). A further increase of salinity produces larger flocs with gene-
rally lower densities. The zZone of gediment 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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In the Scheldt estuary, a net sedimentation probably takes place. 2
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
galinity. From Figure 12b, 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 $13c
values at two locations, indicating anomalous high marine mud levels
may reflect old marine particles, deposited during low runoff or

storms (Salomons & Plrstner, 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 § '5N). In summer phytoplankton growth is another
$15N 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 315N of ammonia, which is the result of a con-
tinuous fractionation during the nitrification (transformation of NHg*
to NO;~ by bacteria, resulting in an enrichment of S5 of the resi-
dual ammonia).

In Figure 13, April and October conditions are diagramtically com-
pared. In the first case (Figure 13a) the $15N distribution reflects a
simple mixing of two end members, while in October a phytoplankton
growth influences the §15N 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 alsoc the distribution of suspended
particles along cross-sections in the estuary. The wvariability of the
suspended particles (and associated components) appearsd 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.

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=, SO42-, Na‘t, K%, Ca2+, Mg2*) in the
Scheldt estuary. Although it is expected, that Ca2t and Mg?t/Nat will
join in exchange reactions, these quantities will hardly be measurable
in the agueous 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 Mook & Koene (19875);
Figure 14)). Obviously changes due to biological processes (e.g. pro-
duction of COj) 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 conseguence of the insufficient
sewage purification in Belgium. O 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 05.L 7). In the winter season,
oxygen levels are generally higher than in summer; the organic matter
is diluted more effectively during the "wet" season, while bactericlo-
gical degradaticn is slowed down due to the lower temperature. On the
other hand, during algal blooms in summer, O is produced. buring
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 KXooij (1985) proved Ojz-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) concentratiens 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 mg.L-? (Meybeck, 1980). Two important processes affec-
ting the organic matter transport through the estuary are registered
by Wollast (1982). The depesition of the particulate matter in the low
salinity range (1-10 ©/00) leads to an almost complete mineralization
of the POC by heterotrophic bacteria, Secondly, the decrease in turbi-
dity with increasing salinity leads to plankton blooms during spring
and early autumn. Most 6f this organic matter is transported to the

coastal zone. No 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-
tinucusly decreasing load of waste water. According to Wollast (1982),
approximately an B80% reduction of the nmaximum 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, pcllutants (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 34, On the contrary, Ni, drins 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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Table 2. Estimation of the pollution load in the Western Scheldt in 1961 (tons per year). Data from v.d.

(1982).

N P D | @ N 20 (s 4 ol Hy -
Scheldt 40000 | 4500 15000 €6 166 450 100 13 12 105
Divect discharges| 3350 | 1185-1260 {15555 | 56~18 | 20~40 | 249-413 | 20-31 051~056 | 002-004 2-79
Daping (e.g. 675 112 19 -23 7 | 4-18 52-64,
dredging sludge,
Qypaun waste)
Canals 7800 § 1300 1700 2 10 70 2 03 002 4
Folder discharges! 42%0 25 4250
Fain water 580 k) 32 04 13 01 02 42
Total 55980 | 8320-8395 |36505 | 88-100]178-182| 565~582 |111=112] 154~159 | 124-126 | 120128 4

showed an increasing trend in the seventies). lLower concentrations,

but approximately equal loads were observed for Kj-N. NH,;"‘ and Zn.

1.2.4. Future changes

Three major man-made changes are actual in the SBcheldt 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 constructioh of a canal at Baalhoek, is still in its
initial stage. Because of the uncertainty of the realization, no at- l'
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 chamnnel has been studied :l

(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 scmewhat further, resulting in higher average
salinities (at most 400 mg.L=1 at the Belgian-Dutch border). The tur-
bidity is expected to increase permanently with 15-30% due to continu-
ous dredging activities with a consegquent decrease in the primary pro-
ductivity.

The increase of BOD (and decrease of 0j) can be neglected relative to
the Scheldt load.

The discharge of the Bath sluice will partly counteract the above men-
tioned effects of the Aeepening, 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.s~1. This water is well-oxygenated (10 mg
0y.L"1), has a considerable BOD load (5-7 mg.L~!) 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
& lefévre, 1983).

The results (Bitter & Lefdvre, 1983) indicate a slight decrease in the
dissolved oxygen concentration (0.4 mg.L-! at most at the section
Hansweert-Terneuzen). The Oj-level near Bath will be higher due to the
discharge (at most 0.7 mg.L-1).

Abbreviations

A Cross-sectional area (m?) Loss (g.s=1)
Concentration (g.L=1)

Cl Chlorinity {g halide.kg=1 solution)

Discharge (m3.s"1)
Salinity (®/o0)

Time (8)

Longitudinal distance (m)

D Dispersion coefficient (m2.5~1)
Flux (905'1)

X o 0O =

Fractional loss
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ORGANIC MICROPOLLUTANTS

L
-

Introduction

| ]
-
-
.

The use of synthetic organic chemicals has increased enormously the
last two decades. Fertilizers and herbicides were introduced into the
argriculture and the chemical industry developed new products. Be-
sides, the large scale use of fogsile 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 bioclogical processes. As a result, a

distribution between the various compartments of the ecosystem occurs.

The distribution of a micropellutant 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-
ditionsg are fullfilled. The target, the food chain, with human life on
top, is quite sensitive at every level for pollutants. Sources are
present in an overwhelming guantity: the river Scheldt, polder dis-
charges, dry and wet deposition, harbour discharges and, from 1987 the
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sluice at Bath, which will supply a mixture Rhine and Meuse water to
the Western Scheldt.

The objective of this chapter is to evaluate, from a geochemist point
of view, the processes that determine the pathways and fates of organ-
ic micropollutants in estuaries in general and particularly in the
Scheldt Estuary. The knowledge of concentrations in, and distributions
between the various abiotic compartments is necessary for biologists
to determine its bioaccumulation. Processes discusgsed in this chapter

are e.g. sorption, volatilization, 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.

erated. One factor regponsible 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 mclecule structure will be made. Purther-
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.

Only recently the investigation of organic micropollutants was accel- '
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2.2 Psysico-chemical characteristics of organic micropollutants

2241, Nomenclature
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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,
polycyclic aromatic hydrocarbons (PAHs), polychloribiphenyls (PCEs),
phencl and its derivates, 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.

B’-hexachlorocyclohexane is lindane).
Without going into detail (for systematic treatment of the nomencla~
ture, see any organic chemistry handbook) some remarks concerning the

molucule structure will be made. The basic constituent of an aromatic

5
T
§

compound is the benzene ring, which contains three double bonds. The

!

PAHs contain two or more fused rings, while no chlorine atoms are
v bound (Figure 1a). The PCBs are compounds with linked rings (biphenyl)
“with one to ten chlorine atoms (Figure 1b). The production of techni-

cal mixtures of PCE 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.

pDT (trichloro,2,2-bis(4=-chlorophenyl)ethane (Figure 1¢), and its
derivates are among the first insecticides used in the environment.
The benzene rings are connected via a carbon atom.

Substances containing satuarated hydrocarben rings are the drins (cy-

clodxenes (%Fdrin, dieldrin, aldrin) and hexachlorocyclohexane {HCH).

@t
T

Do
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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).

Bolubility and octanol-water partition coefficient

Many pollutants have hydrophobic properties in common. Hydrophobicity
is the driving force for in general low agqueous solubilities and lipo-
philicity. Due to strong attraction between water molecules, the hy-
drophobic molecules are pulled out of the molecular water structure,
BenzZene 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 mclecule structure and solu-
bility. wWithin 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 size and position of the alkyl group.
Due to solute-solute interactions and/cr 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 (8°;/8;) = KgCq {2.1)
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in which S°; and S; are respectively the solubilities of compound i in
distilled water and saltwater; Xg 3s the empirical salting parameter
(the Setchenow constant) and Cg is the molar salt concentration. Thus,
when the constant, Kg, 15 known, the "salting ocut" 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 gzero intercept at differ-
ant temperatures, when plotting log (5°;/5;) against Cg.
Benzo(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%/o0). 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 Kg was dependent on molar
volumes (e.g., McDevit & Long, 1952 and Rossi & Thomas, 1981), White-
house (1985b) relates the surface area A (82) of the solute to the ob~-

served Kg:

Ks°b5 = \Obs (2.2)
in which \°P5 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
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Coctanol
Kow = oo

{2.3.)
. 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:

Wx = log Ky ~ log Ky (2.4)
where Ky is the partition coefficient of the derative of the parent
molecule with partition coefficient Ky, and Wi, is the logarithm of
the partition ccefficient of the functional group X; equation 2.4 is

only valid when no spherical effects are present.

Relation S«Kow

In literature numercus attempts can be found to link the agueocus 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 §, 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 mgoL‘1. the regres-

sion line becomes (Verschueren, 1983):

log Kow = 4.5 - 0.75 log S (2.5)

There are, however, some important deviations. An example is penta-

chlorophencl. The predicted log Kow differs from the true value almost

two orders of magnitude.
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Chicu et al. {1982) also derived a relation between the agueous soclu-
bility and octanol-water partition coefficient. The regression line
obtained by these authors for selected aromatice is somewhat different
from 2.5.

log Kow = 0.710 - 0.862 log 8 (2.6)

The correlaticn extends over six orders of magnitude (of S) and the
glope is significantly different from =1. The authors concluded that,
especially for liguids, 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 solute incom-
patibility in the (water-saturated) octanol phase.

Besides, a correction must be made for solids. The effect of melting
on solubility will always caﬁse a downward deviation from the ideal
line: it reduces water solubility, but not the partition coefficient,
gince 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
thermedynamical point of view. They found that the activity coeffi-
cients of hydrophobic chemicals in . aqueous solution and in octanol
sclution both increase with increasing molar volume, V.

This implicates good correlations between Kow and 8§ with Vv (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.

T o W T S Y A% P D T S e B A W Y A T T S R

Before the influence of DOM on agueous solubilities of micropollutants
is discussed , DOM must be defined. Whitehouse (19B85a) defines DOM as
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organic matter which passes through a Whatman GF/C glaeés fibre filter.
Because this is rather unsatisfying, he distipguishes "guality" and
"quantity" in describing the DOM in the environment. Quality refers to
its origin: terrestrial or marine organic matter, whereas guantity
stands for the concentration of digsolved organic carbon (DOC).

It 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 dissclved 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 tco 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 cholestercl 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 DOM and the
two hydrophobic compounds or to competition between DOM and the two
compounda for adsorption sites was not clear.,

These authors deo not specify what they mean by ™association": it may
be adsorption to or dissolution in the colleidal humic phase. Carter &
Suffet (1982), who determined DDT-binding to DOM, and McCarthy &
Jimenez (1985} who studied PAH sorption on dissclved humic material
found the same as Hasset & Anderson (1982).

Carter & Suffet (198B2) 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 biocaccumulation.
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 I and
Ca2t+ 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, s&ccording to the
authors, consistent with the known effects of sgolution 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 eénlarge mclecular size 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 sffectively.

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 & Jimenez (1955) also observed a slightly negative but
significant correlation between the association constant and dissolved
huric material (DHM). The association constant 4id not change by more
than a factor of 2 over a range of 0-40 mg C-DHM.L-1., Hassett & Mili-
cic (1985), however, found no significant dependence of the binding
constants on the DOC concentration. By utilizing a gas purging tech-
nigue, they found a binding constant of 7.4 104 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.gs %C, SFe, 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 tc 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.

Sorption on to sediments

Karickhoff et al. (1979) and Rarickhoff (1981) 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
erganic carben content.

The adsorption data fitted well to linear isotherms:

where Cg is the concentration of sorbate in the sediment (uq.g“).

€, is the equilibrium sorbate concentration in the aguecus phase
(ug.L‘T) and Kp is the partition coefficient (L.g‘1). This is in fact
the equation of the Freundlich isotherm:

Cg = K g, V/» (2.8)

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:

Koe = Kp/foc {2.9)

where foc denotes the fractional mass of corganic carbon in the sedi-

ment .
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P,Q;Furthermore, the authors showed that sorption behaviour wags dependent
Fa e

on the grain size distribution. Greatest affinity occurred for medium-
fine silt f;;;tiégé;ﬂwher;asm;ffinity was lower at larger and smaller
grain sizes. Egspecially ccarse silt and sand acted as diluting agents.
Karickhoff et al. (1979) plotted normalized partition coefficients
against other sorbate properties. They found a perfect correlaticen

(r?=1,0) between Koc and Kow:
log Koo = 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 Koc = 0.989 log Kow -~ 0.346 (2.11)

The aquecus solubility = Koc correlation was only slightly smaller
(r2=0,94)

log ¥oc = = 0.54 log 5 + 0.44 (2.12)

The author suggested that Xow provides a much better estimator for
sediment-water partitioning than solubility, because crystal energy
contributions affect sclubilities (and no other properties, such as
Xow and Koc).

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
linrear 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 Toroc & 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-
guent 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 aguecus concentration. The ultimate shape of the con-
secutive desorption isctherm has not yet been determined. This is
important since it is related to the question of desorbability when

agqueous concentration approaches zero.

Secondly, a dependence of Ky 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 X, the influence
is highest. Recently, two reports have dealt with hydrophobic adsorp-
tion on particles.

Gschwend & Wu (1985) proposed that the role of non-gettling (non-fil-
terable) microparticles or organic macromolecules (= NSP) has been
overlooked in sorption tests. These microparticles nr macromolecules
have sorption capacities. During experiments, they remain in the
agqueous 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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It appeared that this "third phase” had egual affinities for hydropho-
bic compounds as those exhibited by the larger mass of solids (i.e.
Knsp = Kpr 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 eviiuate this,
one can compare true and observed partition coefficients. By defini-

tion, the true partition coefficient is given by:

Kptrue o P/mass of settleable particles (2413)
D/volume of waterx

Because of the sorption of molecules to non=gettling particles one

measures another K, the observed partition coefficient

obs P/mass of settleable particles (2014)
¥ {D+N})/volume of water )

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
S%). This is not surprising, considering that particle distributions
are continuous and abundancies do not coincide with arbitrarily chosen
phase separation values. At sufficient low suspended solid loadings D
greatly exceeds N and xp°b3 approaches xptrue, At higher particle
loadings, D no longer greatly exceeds N and the observed partition
coefficient is substantially lower than the true partition coeffi-
cient.

After combining 2.13 and 2.14, and defining

N/mass of NSp

true
= (2.15)
Rnsp D/volume of water
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then K,OP5 = gptTUe (1 4 Ky trve (2416)

mass of NSPg )‘1
r

volume of wate

Since Kp = foc Koc and correspondingly Kysp= foc,Nsp.Koc,Nspr then

Koc°bs = Kootfue (1 + Koc,NSPtrue

£ mass of NSPgi~'!
oc,NSP ( 57 (2.17)
volume of water

Thus, since foc,Nsp may be expressed as DOC
Kocobs,xoctrue (1 + Koc,Nsptr“e-DOC)'1 (2.18)

Using this equation, one can predict the change of Kp as a function of
suspended particle concentration. Gschwend & Wu (1985) successfully
predicted this dependence with the assumption that Kog,nsp = Koc
The authors concluded that in predicting the behavicur 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 guitable to guantify
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 liguid 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 (Cpq) and bound solute (Cpj). Both free and bound
solute can be adsorbed onto organic matter of the solid phase. These

independent reactions are described by linear partition coefficients.

|--------—--q-
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It leads too far to evaluate the mathematical framework of the model
. {for thig, we refer to the original literature). Here, the result of
the model, an expression for the overall distribution coefficient is

presented.

1/(5+1/K1) + KxASB/(5+41/K5)
1/(K18+1) + KXASB/(K,8+1)

{2.19)

See for parameterdefinition Figure 9. A and B are experimentally d&e-
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 Kp, 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.  Yelatilization
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.
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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 degradaticn
The majority of studies has been conducted in the context of waste i
water trestment; whereas more recently more attention has been paid to
microcbial kinetics at low, environmental relevant, concentration
levels. Little is known about relative contributions of different
genera. Besides, results from laboratory investigations are often E
poorly correlated with field measurements (Baughman & Burns, 1980).
Carlberg (1980) gives some general trends in microbial degradation
rates. Rates increase in the seguence n-alkanes, iso-alkanes, cyclo-
alkanes, aromates. Degradation is generally slower in sediments com-
pared with the water phase, whereas in anaercbic sediments no degra-
dation may occur at all.
Verschueren (1983) summarizes the environmental factores, which can
affect biodegradability:
1. temperature,
2. PR
3. salinity |
4. dissolved oxygen i
5. compound concentration
6. concentration of micro-organisms |
7. availability of nutrients
B. 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).
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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, 1980). Photolysis may be affected by
sorption processes. It may be concluded from Mill (1980) that the rate
of photo-oxidation of organic pollutants in aguatic 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 pellutants in natural waters.
Some examples, however, indicate, opposite to Mill (1980), that photo-
oxidation can have great conseguences (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'-dichlcrobiphenyl
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 laboratorial artefacts: the
PCB concentration used in the experiment was unrealistic high and the
PCE acted as the only carbon source in the medium.
In a review article Payne & 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.  Bedimentation
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 5-10.10% (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 2p
days. It was estimated that 23-58% of total hydrocarbon input in the
estuary accumulated in the sediment (total input: 400-1000 tons.yr-l),
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 jm correlated well
with the micropellutants 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 concentratiocn 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 hydrophcbic 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 MERL
studies: wall effects, leaks, nonrepresentative sampling and lack of
turbulence.

Wakeman et al. (1982) suggest that volatiligation rates of compounds

may be lower in MERL tanks compared to the natural system. Due to hy-
drodynamics of the water body within the tank, a stagnant boundary
layer (400-600 ym) will form, which inhibits evaporation. Ancther phe-
nomenon is the retardation of microbial acitivity (lag-phase) after
introduction of pollutants in the MERL tank. This will most certainly

lengthen the residence time.
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Iee et al., (1982) studied the fate of three radiolabeled chemicals
. benzo(a)anthracene, 7,12-dimethylbenzo(a)anthracene, pentachlorophenol
(Figure 11). lLarge differences appear in the behaviour of the two,
strongly related PAH. Whereas 7,12-dimethylbenzo(a)anthracene is lar-
gely removed by photochemical processes, the most important removal
mechanism for benzo(a)anthracene is sedimentation. After a rapid agd-
| sorption the compound is taken up by the sediment, where a slow CO,
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 benrzo(a)anth-

\
1 racene. The fate of pentachlorophenol shows resemblance with 7,12-
dimethylbenzo{a)anthracene, although the time scale ig very different.
This indicates that adsorption of PCP is less important compared to

7,12-dimethylbenzo(a)anthracene.

2.3, Behaviour in estuaries
Duinker & Hillebrand (1979) were among the first, who studied the be-

havicur 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
pellution 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 Ems. 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 BSea are

small (opposite to the Rhine-Meuse estuary).
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To gather maximum information, they extracted water and seston 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, Ems 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 O, saturation could be detected: whereas the Weserend-
member contained more O 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 comparisocn reasons, and because of
the very similar composition of PCBs in sclution 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%00c salinity range.

The amount of particulate org&nochlorines is strongly dependent on the
grain size distribution of the seston. Two fractions are distine-
guished: firstly a permanently suspended fraction with high contents
of organochlorines (and heavy metals) and sgecondly, 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 sestonlcontent 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. =5
mg.L=") .

Pavliou & 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 (27-299/00). No extrapolation
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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. e

Weber & Ernst (1983) investigated a number of organic chemicals in
three German estuaries. Concentrations were negatively correlated with
palinity. The same relation between salinity and concentraq§on levels
were found within a tidal cycle.

A clear example of non-conservative behaviour is given by Helz & Hsu
(1978). In the Back River, the Cq 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 wvolatiles is
not simply diluted in this estuarine environment. Where salinity pre~
dicts a certain organic compound concentration, it appeared that the
velatiles concentration was one-tenth of that value. Degradation, vo-
latilization, adsorption/sedimentation were propesed as the removal
mechanisms but were not individually specified.

Some important papers have been dedicated to the Tamar estuary. Read-
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
gecond 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-
ticles.

A considerable difference in residence times between group I and 11I is
acknowledged. Whereas members of group I have short residence times in
the estuary due to relatively high volatilization and degradation
rates, the higﬂqparticulate affinity causes sedimentation as the prin-
cipal fate for members of group I1I.

In another study, Readman et al. (1984) determined the digtribution 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"1. 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 weight 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=gsitu 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 PAR 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-
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haviour, several mechanisms were included: volatilization, photo-oxi-
. daticon and microbial degradation. 1t 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
golubility, 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 Xow:

Kow (8) = Koy (8=0). exp (3.8 1072 Kg.s) (2.20)

where s is the salinity (©°/oc). Por example, the Xow of benzo(a)pyrene
at 8=35% is 1.5 times the value of the freshwater endmember.

Summer and winter situations were distinguished in the Harris et al.
{1984) model. Due 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 4id 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 & Thomas (1984) discussed the behaviour of some PAHs, PCBs and
organochlorine pesticides in the Exe, an English estuary. They per-
formed a sgtatistical analysis of micropeollutant concentration in the
estuary. No clear conclusions were made. It was stated that all PpaHs

behaved similar, just like the PCBs and a third group was formed by
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the pesticides HCH.N-HCH (lindane) and HCB. Mechanisms for the regio-
nal distribution were sedimentation, resuspension and mixing of flu-
vial with marine sediments. The distribution patterns were dominated
by multiple local inputs.

In the Narragansett Bay, Pruell & Quinn (1985) estimated PAH hal)f-disg-
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). The 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.

The 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 menitoring program, organic micropollutants are
analyzed on a monthly basis at the Dutch/Belgian border (Schaar van
Ouden Doel}.

Van de Kooy (1984) compared the c¢oncentrations 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-
neuwzen, 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

Doel, DDT and its derivates, dieldrin, HCH-isomers and HCB were detec-

_ted in 1982-B3.
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Table III. Average PAH and PCB concentrations in the Western Bcheldt
at the Dutch/Belgian border,

PAH (n=6) 170 ngL™)!
PCB (n=6) 11 ngL-!

source: Van de Kooy (1984}

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 Bea.

PCB congeners were treated individually. Results are presented in
Table IV. It appears that K, increases with increased chlorination. In
spite of major differences in concentration and nature of suspended

mataerial, X values are very similar for the different rivers.
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Abbreviations

A surface area (A2) (eq. 2.2)

A experimental coefficient {eq. 2.19)

B experimental coefficient (eg. 2.19)

o) concentration (mg.L” 1}

Coctanol concentration of compound in Octanol (mg.L=1)

Cuater concentration of compound in water (mg.L-1)

CorCr, dissolved concentration (pg.L™1)

Co1 free dissolved concentration (ug.L=')(Fig. 9)

Co2 bound dissolved concentration (ng.L™')(Fig. 9)

Cs particulate concentration (pg.g™')

Cg molar salt concentration (mole.L™') (eq. 2.1}

D mass of dissolved compound (ug)(eg. 2.14)

foc fractional mass of particulate organic carbon

I ionic strength (mole.L~1)

K constant (L.g“‘)(eq. 2.8)

Ky partition coefficient of the parent molecule (eg. 2.4)

Xp partition coefficient (L.g™1)

KNSP partition coefficient concerning the non-settleable
particles
(L.g™ 1)

Koc normalized partition coefficient (L.gC™')

Kow octanol-water partition ccefficient

Ks Setchenow constant (L.mole'1)(eq. 2.1)

Ky 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“1}(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 (ng)(eq.
2.14)

n constant (egqg. 2.8)
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P mass of compound serbed to settleable particles (mug)(eq.

. 2.14)
solubility (mg.L~1}

solids concentration (mg.L~7)(eq. 2.19)

5 salinity (®/oo0)
‘ 83 solubility of compound in distilled water (mg.L-1){eqg. 2.1)
| 8y solubility of compound in salt water (mg.L-')(eq. 2.1)

A constant (L.mole~1.8-2)(eq. 2.2)

Wy logarithm of partition coefficient of functional group x

----------T-
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