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Abstract

Hexachlorobenzene (HCB), individual polychlorinated biphenyls (PCBs) and polycyclic aromatic hydrocarbons (PAHs) 
were measured in the less than 63 pm  fraction o f  two dated sediment cores from the salt marshes o f  the Scheldt estuary, 
S.W. Netherlands, in order to determine their historical input and post-depositional behaviour.

The recent input o f  PCBs and PAH s (e.g. 80 -280  pg  m 2 a '1 for PCB 153 and 2 -7  mg m “2 a 1 for fluoranthene) was 
two to three times lower than the maximum input in the mid 1960s. The peak discharge o f  HCB was recorded around 
1972. Contents o f organic micropollutants in one core were twice as high as in the other one, although both sites had 
approximately the same distance to the main pollution source. A  high percentage o f  particles less than 20 pm , probably o f  
marine origin with relatively low pollutant contents in one core, were presumably responsible for this difference.

The PCB profiles show post-depositional congener-selective mobilization caused by advective transport (tailing). The 
PCB pattern changes, between 1965 and 1975, from less chlorinated to more heavily chlorinated PCBs. This shift 
coincides with the decrease in the use o f  PCBs in open systems.

Unlike PCBs, the PAH  assemblage is remarkably uniform within a core and between the cores. The PA H  ratios 
indicate that the com bustion o f  coal was the source o f  PAHs in the Scheldt estuary.

1. Introduction

Estuaries near urbanized and industrialized 
areas receive and retain large quantities o f toxic 
organic pollutants. Both the am ount and num ­
ber of organic pollutants discharged into the 
estuarine environment have increased rapidly in 
recent decades.

Several factors determine the retention and 
preservation o f organic pollutants in estuarine 
sediments; sorption of the organic com pound 
onto the suspended particulate matter; the
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stability o f the organic compound both  in the 
water column and the sediment; the hydro- 
dynamical conditions, o f which the sedi­
m entary depositional pattern is the most 
im portant.

The accumulation o f various groups of persis­
tent organic pollutants in lacustrine, estuarine 
and marine sediments has been studied in sev­
eral parts o f the world. This has provided infor­
mation on the historical input and on post- 
depositional mobility and reactivity of these 
compounds (e.g. Gschwend and Hites, 1981; 
Barrick and Prahl, 1987; Pavoni et al., 1987; 
Readman et al., 1987; Oliver et al., 1989). M ost
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studies have shown that post-depositional mobi­
lity and reactivity are not very im portant. Thus, 
in most cases some inform ation is obtained 
about the historical input. R apaport and Eisen- 
reich (1988) and Oliver et al. (1989), for example, 
found that with some pesticides, polychlorinated 
biphenyls (PCBs) and chlorobenzenes, deposi- 
tional patterns largely conform ed to known pro­
duction records in the United States. Readm an 
et al. (1987) found tha t the polycyclic aromatic 
hydrocarbon (PAH) assemblage in a core from 
the Tam ar estuary was very uniform. This sug­
gests that processes like degradation and mobi­
lization, which should act compound-selectively, 
did no t affect the PAH distribution in the sedi­
ment. Pruell and Quinn (1985), however, found 
that the historical record o f organic pollutants 
may be disturbed by smearing because o f biotur- 
bation and by dumping and dredging. Finally, in 
sediments some pollutants can be transform ed 
anaerobically (e.g. p, p ’-D D T to p, p ’-DDD; 
Oliver et al., 1989).

The Scheldt estuary has been shown to be 
severely polluted by various groups o f organic 
pollutants (Van Zoest and Van Eck, 1990, 
1991). These studies have shown that, within 
the N orth  Sea area, the PCB and PAH con­
tents o f suspended m atter are highest in the 
Scheldt river. M oreover, it was estimated 
that approximately 90% of the PCB and PAH 
river input accumulated in the estuarine sedi­
ments. This fraction may re-enter the aquatic 
environment, because o f changes in the hydro- 
logical and/or geomorphological regime in the 
future.

In  this study we examine the vertical distribu­
tions o f hexachlorobenzene (HCB), PCBs and 
PAHs in two dated sediment cores in order 
both to assess the historical input o f these 
organic pollutants and to investigate their post- 
depositional behaviour.

The dating of the sediment cores and the his­
torical input and diagenetic processes concerning 
trace metals are presented in an accompanying 
paper (Zwolsman et al., 1993-this issue).

2. Materials and methods

Zwolsman et al. (1993 — this issue) described 
and dated two sediment cores (Konijnenschor 
and Em anuelschor, further abbreviated as K  
and E, respectively) from the salt marshes of 
the Scheldt estuary.

Separate cores were taken at K  and E in order 
to study the historical input and behaviour o f 
organic pollutants. The plastic core liners were 
pre-cleaned with hot water. The cores, approxi­
mately 85 cm long, were frozen at — 20°C in the 
laboratory after collection. They were thawed 
slightly and sectioned as described by Zwols­
m an et al. (1993).

Selected samples were wet-sieved on a 63 /¿m 
teflon sieve according to the methods o f K lam er 
et al. (1990). In  addition some samples were sub­
divided into three grain size classes (> 6 3 -  
1000 fj,m, 20-63 pm  and <  20 pm). The samples 
less than  63 pm  and the subdivided samples were 
freeze-dried and subsequently homogenized. A 
subsample was gravimetrically analyzed for 
POC using a Coleman C-analyzer.

The analytical methods for PCBs, HCB and 
PAHs have been described previously (Van 
Zoest and Van Eck, 1990). Briefly, both chlori­
nated and non-chlorinated com pounds were 
extracted from sediment subsamples w ith hex- 
ane-acetone (3/1, v/v) for 4 h, using a Soxhlet 
apparatus after adding PCB 29, PCB Í55 and 
benzo(b)chrysene as internal standards for 
recovery determinations. The clean-up proce­
dure for PCBs was carried out on a combined 
colum n with S i0 2 and A120 3 (with N a2S 0 3 
and N aO H  burden for sulphur removal, 
Japenga et al., 1987), and on a colum n with 
solely A120 3 (also with N a2S 0 3 and N aO H ) 
for PAHs.

PCB analyses were performed after adding 
PCB 143 as an internal standard, on a  Hewlett- 
Packard (Avondale, USA) gas chrom atograph 
equipped with two, temperature-program m ed, 
fused silica, capillary columns (SE 54 and 
C Psill9 CB, both of 0.32 mm internal diameter
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ind 50 m length) connected to the same injection 
port, and two 63Ni electron capture detectors. 
PAH analyses were perform ed on a Hewlett- 
Packard 1090 liquid chrom atograph equipped 
with a reversed-phase column (Vydac 201 
tpb-5, 4.6*250 mm) and two Hewlett-Packard 
1046a fluorescence detectors.

Quantification o f individual PCB congeners 
was carried out with PCB 143 as a reference. 
The 13 PCBs determined were International 
Union for Pure and Applied Chemistry 
(IUPAC) numbers: 28, 31, 44, 49, 52, 101, 105, 
118, 138, 153, 170, 180 and 187 (nomenclature 
according to Ballschmiter and Zeii, 1980). The 
quantification of the PAH compounds was per­
formed with a mixture o f external standards. The 
13 PAH com pounds determined were: phenan- 
threne (PHE), anthracene (ANT), fluoranthene 
(FLA), pyrene (PYR), benz(a)anthracene 
(BAA), chrysene (CHR), benzo (e)py rene
(BEP), benzo(b)fluoranthene (BBF), benzo(k)- 
fluoranthene (BKF), benzo(a)pyrene (BAP), 
benzo(ghi)perylene (BPE), dibenz(ah)anthracene 
(DBA) and indeno(l, 2, 3-cd)pyrene (INP).

The detection limits were 0.1 ng g“ 1 for PCBs 
and HCB and 1-5 ng g ' 1 for PAHs, dependent 
on the com pound and the am ount of sediment 
extracted. Recoveries for PCB 29 and PCB 155 
were, respectively, 93% and 98% (average of 
both columns). Benzo(b)chrysene proved not to 
be a proper com pound for recovery determi­
nations because another, as yet unidentified, 
com pound with the same retention time was pre­
sent in the Scheldt estuary samples. The repro­
ducibility, determined by analyzing some 
samples in duplicate, was satisfactory. Precision 
was always greater than 85%.

3. Results and discussion

The PCBs, PAHs and HCB content for the 
two cores K and E as a function of sediment 
depth and age, are summarized in Fig. 1. Fig­
ures 1(a) and 1(b) show total PCB (sum of 13 
congeners) as well as two representative PCB

congeners, PCB 52 and PCB 138; Figs. 1(c) and 
1(d) show total PAH (sum o f 13 compounds) as 
well as two representative PAH compounds, 
fluoranthene and benzo(a)pyrene; Fig. 1(e) 
shows HCB. F or 1963-1988 the sedimentation 
rates 1.7 cm a “ 1 for K  and 0.8 cm a “ 1 for E, 
based on 137Cs were used, for the period before 
1963 the rates 1.32 cm a~' for K  and 0.9 cm a -1 
for E, based on 210Pb were used. (Zwolsman 
et al., 1993).

Sediment contents in Fig. 1 are expressed in ¿¿g 
kg^1. The contents are not expressed in ¿¿g kgc~ ' 
because o f the variable nature, and therefore the 
variable sorption characteristics, o f the organic 
carbon in salt-marsh sediments. The organic car­
bon in the salt-marsh sediments o f the Scheldt 
estuary originates from (1) the debris o f the 
dense vegetation and (2) the sediment particles 
accumulating on the salt marshes.

The carbon profile in the less than 63 ¿an 
fraction of K  is essentially constant over depth 
and varies between 3.0±0.6%  C. The carbon 
profile in the less than 63 /on fraction of E gra­
dually decreases with sediment depth from  4.5% 
C in the top layer to 2.5% C at the bottom . The 
m icropollutant profiles found (see Fig. 1) cannot 
therefore be the result o f changes in the organic 
carbon content with a constant associated con­
tam inant burden. An exception has to be made 
for two high values of the K core which are 
attributable entirely to the high, non-typical, 
organic carbon content for these samples. They 
are not the result o f a recent increase in the dis­
charges.

5.7 Input

Peak contents for PCBs and PAHs occurred in 
the mid 1960s, but the HCB peak content was 
found in 1972. Unfortunately, no usage data are 
available for the Scheldt watershed to confirm this.

The results for PCBs are in agreement with 
other areas (e.g. the lagoon of Venice, Pavoni 
et al., 1987; Lake Ontario, Oliver et al., 1989). 
Peak contents were found 5-10 years later in
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Fig. 1. Total PCB (sum o f  13 congeners) (a), PCB 52 and PCB 138 (b), total PAH (sum o f 13 compounds) (c), fluoranthene and 
benzo(a)pyrene (d), and HCB (e), content (in ng g 1 ) in cores K and E as a function o f sediment depth and age.
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s o m e  other studies (e.g. R apaport and Eisen- 
retch, 1988). In all cases, however, fast increases 
in PCB discharges were recorded after 1945- 
1950, which is in agreement with PCB produc­
tion and usage records in the United States 
(R apaport and Eisenreich, 1988).

A more varied input history (worldwide) is 
reported in the literature for PAHs. Com pari­
son of the Scheldt estuary with other areas is 
therefore more difficult. Barrick and Prahl
(1987) found maximum PAH contents in the 
United States in the early 1950s, suggesting 
that the decrease afterwards reflected the change 
from coal to oil and gas as domestic heating 
fuels. In Europe, Pavoni et al. (1987) and Read- 
man et al. (1987) found peak PAH contents in 
1960 and 1980, respectively. This variety o f input 
histories probably reflects more specific, region- 
dependent discharge patterns, in contrast to 
PCBs.

Less inform ation is available for HCB. In the 
United States, peak contents found in sediment 
cores were determined between 1965 and 1970 
(R apaport and Eisenreich, 1988; Oliver et al., 
1989), somewhat earlier than in the Scheldt estu­
ary.

Calculations show that the atmospheric con­
tribution to  the annual input of organic pollu­
tants is small com pared with the sedimentary 
flux. The atm ospheric flux in 1986 for PCB 153 
is approximately 0.9 /¿gnU2 and for FLA 
50 /ugnT2 (K N M I-R IV M , 1987). These are rela­
tively small com pared with the present-day sedi­
ment flux in the two cores o f the Scheldt estuary 
(80/xgm_2a_1 and 280//gnU 2 a~1 for PCB 153 
in E and K, respectively, and 2 m g m '2 a -1 and 
7 m gnU 2 a -1 for FLA  in E and K, respectively). 
The atmospheric PCB 153 flux in the Scheldt 
estuary is o f the same magnitude as the fluxes 
recently measured in peat cores in the United 
States (R apaport and Eisenreich, 1988).

3.2 Behaviour

The two core locations are at the same 
distance from the main pollution source, i.e.

Table 1
Ratios of some selected PCB congeners and PAH compounds 
between and within the most recently deposited sediments at K 
and E

Compound Ratio in sediment deposited 
in 1986-1987

PCBs (138/52& 3.07
( 138/ 52) e 3.09
138k / 138e 2.05
52k /52e 2.06

PAHs (FLA/BAP)k 1.76
(FLA/BAP)e 1.75
FLAk/FLA f 2.41
b a p k/b a p e 2.40

a (138/52)k = ratio of PCB 138 and PCB 52 content at K. 
b 138K/138E = ratio of PCB 138 content at K and PCB 138 
content at E.

the rivers Scheldt and Rupel. We therefore 
expected that at both K  and E sediment with 
more or less the same pollutant content as well 
as PCB pattern and PA H  assemblage is being 
deposited. Table 1 shows that the PCB pattern 
(e.g. PCB 138/PCB 52 at K  and E) and the PAH 
assemblage (e.g. FLA /BA P at K  and E) in the 
m ost recently (1986-1987) deposited sediment of 
cores K and E, are identical. The absolute con­
tents in the less than 63 ¡im fraction at K  and E 
(e.g. PCB 138 in K /PCB 138 in E), however, vary 
by a factor 2-2.4.

To resolve this question we determined, in 
another recent sediment sample from both 
cores, the PCB contents in three grain- 
size classes (63-1000 /¿m, 20-63 jum and
< 20 gm) (Table 2). Table 2 suggests that par­
ticles less than 20 /iva in E with relatively low 
PCB content, and therefore probably o f marine 
origin, are responsible for this difference, 
because the calculated PCB contents (Table 2) 
in the less than 63 /im  fraction of the recent K 
and E sample are similar to the measured con­
tents in other recent K  or E samples (see Fig. 
1(a)). Table 2 also shows that the 63-1000 ¡im 
fraction of core K has the highest total PCB 
content.

The same as we have found for PCBs, was 
found for PAHs by Readm an et al. (1984).
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! ,i hic 2
( jrain-size distribution and total PCB content (sum o f 13 congeners) o f three grain-size classes of recently deposited sediments at K and 
h

Grain-size
fraction

Sample E (4-5  cm) Sample K (2 -3  cm)

Grain-size 
fraction (%)

Total PCB
content
( A i g k g ~ ‘ )

Grain-size 
fraction (%)

Total PCB 
content 
(pg kg-1)

63-1000 pm 26 95 17 257
20-63 pm 17 107 30 121
< 20 /jm 57 69 53 140
< 63 pm 74

OOr- 83 133a

a PCB content calculated from the grain-size fractions and PCB content in the fractions.

They found in particulates from the Tam ar estu­
ary up to an order of magnitude higher PAH 
contents in the 53-100 /im fraction. This frac­
tion consisted of low-density organic debris 
and they concluded that the occlusion o f PAH 
into these particulates, rather than surface area 
dependent sorption, was probably responsible 
for their observation.

3.3 PCBs

Inspection of the general PCB pattern in both 
cores indicates tha t the PCB pattern changes 
between 1965 and 1975. Typical changes in the 
percentages o f tetra-, penta-, hexa- and hepta- 
chlorobiphenyls are shown in Table 3. The less 
chlorinated congeners are less abundant after

Table 3
Percentages of tetra-, penta-, hexa-, and heptachlorinated 
biphenyls between 1945-1965 and after 1975 in the two dated 
sediment cores K and E

Core Interval Chlorinated biphenyls

Tetra Penta Hexa Hepta

K after 1975 
(« =  7)a

13.9% 22.7% 36.1% 27.3%

1945-1965 
(n =  4)

19.5% 27.4% 32.7% 20.4%

E after 1975
(« =  5)

13.3% 24.1% 35.5% 27.1%

1945-1965 
(n — 4)

17.4% 24.1% 35.5% 23.0%

a n, number of sediment samples

1975 than before 1965. A shift in usage pattern 
from less chlorinated to m ore heavily chlorinated 
PCBs in m ore recent years is probably respons­
ible for this. The shift coincides with the 
decrease in usage o f PCBs in open systems 
(around 1972 in W estern Europe), in which 
less chlorinated congeners were relatively abun­
dant (P. de Voogt, pers. commun., 1989).

The PCBs are also mobilized after deposition. 
The post-depositional mobilization o f PCBs 
becomes clear when it is realized th a t PCBs 
have been produced since 1929 (Oliver et al., 
1989), while Fig. 1 shows that PCBs in the E 
core are present in the sediment deposited 
before 1929 and that PCB contents in the K 
core are already quite high in the early 1930s. 
M oreover, the peaks o f PCB 138, a congener 
with a relatively low solubility, are Sharper 
than the PCB-52 peaks, a congener w ith a rela­
tively high solubility. It can be calculated for E 
that the percentage of the total am ount in the 
sediment from before 1929, tends to  increase 
with the solubility o f the congener (Opperhui- 
zen et al., 1988; Fig. 2). For calculation o f the 
total am ount in the sediment only the  period 
before 1965 was used because of the change in 
PCB pattern around 1965.

The tailing of PCBs in sediment cores has also 
been reported by R apaport and Eisenreich
(1988) and Oliver et al. (1989). In theory, two 
processes may cause these phenomena: (1) 
reworking of the sediment by, for example, bio- 
turbation with subsequent selective degradation
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Fig. 2. The fraction in core E o f  the total am ount o f  HCB 
and some PCB congeners in sediments from before 1965 
found in sediments from before 1929 as a function o f  solu­
bility (S). Solubility (in fig dm ~3) o f  HCB and PCBs from  
Opperhuizen et al., 1988.

of the higher congeners; (2) m igration o f PCBs 
through diffusion and/or advection.

Zwolsman et al. (1993) found no indications 
for bioturbation. This is in agreement with the 
fact that salt marshes in general show little or no 
bioturbation (e.g. Stumpf, 1983).

The migration of PCBs also cannot be 
explained by diffusion. Diffusion o f particulate 
PCBs is impeded by sorption and their high sedi­
m ent-water distribution coefficients (K¿). The 
mean distance that a particle tracer will migrate 
in the sediment during a certain period (t) is 
yT5eff * t. In this equation D eff is the effective 
diffusion coefficient, which is inversely related 
to (Capel, 1986). D eff is less than 1 .IO-10 
cm2 s-1 for more chlorinated congeners (Capel,
1986). The mean distance that a PCB congener 
will migrate in the Scheldt cores in 50 years is 
therefore only 0.4 cm. Pore-water advection 
could be more effective to mobilize PCBs in sedi­
ments (Tucker et al., 1975). The migration of 
PCBs is then dependent on the mean water-infil- 
tra tion  rate, the solubility and desorption 
kinetics. Boderie (personal communication, 
1989) measured chlorinity profiles at a salt 
m arsh in the vicinity of our K  core and found 
high advective transport rates. Thus, PCBs are 
mobilized by infiltrating water.

3.4 PAH s

The composition of the PAH assemblage is

.  31
-  44

heb
- 28

52 -
- 49

153 101

1.2 1.4 1.6 1.8 2 2.2 2 

log S

Table 4
Percentage of some individual PAHs to total PAHs (sum o f 13 
compounds) in the two dated sediment cores K and E

Core Compound

PHE ANT FLA BAA BEP BBF BAP BPE

K mean 10.1 3.5 15.1 7.2 6.9 11.3 8.0 6.3
s.d. 1.0 0.7 1.1 0.2 0.5 1.0 0.7 0.4
E mean 11.8 3.2 15.0 7.3 6.4 10.7 7.1 6.9
s.d. 1.2 0.4 1.2 0.4 0.3 1.2 0.5 0.7

s.d. = standard deviation.

rem arkably uniform within a core and between 
the cores (Table 4). The ratio of an individual 
PAH com pound to the total PAH contents is 
very constant over the vertical (i.e. small coeffi­
cients o f variation) and (nearly) identical in K 
and E with PH E as the only exception. These 
results indicate first, tha t the mobilization p ro ­
cess, which affects PCBs, is less effective for 
PAHs. The reason for this is not clear at a 
glance, because low molecular weight PAHs 
should migrate to the same extent as some PCB 
congeners, since solubilities are of the same m ag­
nitude (Miller et al., 1985). Readm an et al. 
(1987), however, also found no mobilization of 
PAHs and they explained this non-equilibrium 
behaviour o f PAHs by a chemically inert bond­
ing o f PAHs. Second, the constancy of the PAH 
assemblage with depth suggests that other p ro­
cesses like, for example, microbial degradation, 
which are to be expected to act compound-selec- 
tively, are also not im portant in the Scheldt 
cores. This is in agreement with the fact that 
for PAHs microbial degradation under anoxic 
conditions is seldomly reported in literature.

The source o f the PAHs in the Scheldt estuary 
can be determined by calculating individual 
PAH ratios using the m ethod of Gschwend and 
Hites (1981). The ratios applicable to  this study 
are PH E/A N T, FL A /PY R  and BEP/BAP. Plots 
of these ratios (Fig. 3) confirm the uniform  com­
position o f the PAH assemblage throughout the 
cores. The slopes o f the plots (PH E/A N T =  2.3 
for K  and 3.4 for E; FLA /PY R  = 1.4 for both K  
and E; BEP/BAP =  0.9 for both K and E) have
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Fig. 3: Plot o f  phenanthrene vs. anthracene, fluoranthene vs. 
pyrene and benzo(e)pyrene vs. benzo(a)pyrene in cores K  (*) 
and E (o).

been found before in other sediments and indi­
cate that the most im portant PA H  source in the 
Scheldt estuary is the combustion o f coal (ratios 
are respectively: 3, 1.3 and 0.84; Gschwend and 
Hites, 1981). O ther sources, such as carbonized 
coal products (creosote), street-dust runoff 
and/or fossil fuel combustion are less im portant 
in the Scheldt estuary, but were found to be 
im portant in other lacustrine and estuarine sedi­
ments (Pruell and Quinn, 1985; Readm an et al.,
1987).

Finally, the higher and constant PH E/A NT 
ratio in E compared with K  (see Fig. 3) has to 
be explained. The m ost plausible explanation is a 
high PH E content in E in the marine derived 
particles less than 20 /xm.
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