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Individual PCBs and chlorinated pesticides (CHLPs) 
were determined in water, suspended particles 
(SPM), sediments, and Asiatic clams to  study their 
bioaccumulation kinetics and evaluate the usefulness 
of the clams as sentinel organisms. Bioaccumula- 
tion depended on the routes of uptake and bioavailability 
determined by compound hydrophobicity. CHLPs 
were mainly present in the dissolved phase, showed 
a positive correlation between the bivalve-water 
BAFs and Kow's and reached steady-state levels before 
70 days in a caging experience. These facts reflect 
an efficient water-gill partitioning process. In 
contrast, PCBs were only detected in the SPM, showed 
esse n ti a I I y KO, in d e pen d en t b iva I ve -sed i m e n t a n d 
bivalve-SPM BAFs with the lowest values for super- 
hydrophobic heptachlorobiphenyls 174,180, and 170, 
and did not reach steady-state levels during a 
140-day exposure period. This suggests that the 
uptake was hindered by their stronger affinity for SPM 
and the interference of steric factors during intestine 
absorption. Corbicula fluminea are reliable sentinel 
organisms and showed clear geographical trends 
along 150 km of the Rlo de La Plata coast: a progressive 
decrease of PCB levels and more degraded patterns 
dominated by recalcitrant congeners, i.e., 153, were 
observed with increasing distance from the major 
La PIata-Buenos Aires urban center. A size-related 
trend overlapped with this spatial gradient: older 
clams usually showed higher levels and a more degraded 
PCB signature. CHLPs showed less clear geographi- 
cal trends due to  the presence of multiple sources. 
CHLP patterns showed a strong dominance of 

chlordan e - re la ted com po u n ds, pa rti c u I a rly trans- 
chlordane which was 2-5 times more abundant than 
the cis isomer. On a temporal scale, from 1986 to 
1993, Asiatic clams presented sustained PCB levels but 
showed a significant decrease of chlordane and 
DDT, which suggests reduced inputs in recent years. 

Introduction 
Because of their sedentarism, wide distribution, extensive 
populations, filtering habits, and capacity to bioaccumulate 
organic xenobiotics, bivalves have been early recognized 
as useful sentinel organisms of contamination in aquatic 
ecosystems ( I ,  2). This led to the implementation of the 
mussel watch approach, chiefly based on the study of 
mussels and oysters, first in the U.S. east and west coasts 
and Australia and recently as a coordinate International 
Program including Central and South America (3-6). 
Although considerably less developed, the same approach 
has been employed in freshwater ecosystems using other 
bivalve species such as Anodonta piscinulis, Dreissena 
polymorpha, and Asiatic clams (7-10). Within the latter 
group, the successful invader Corbicuhfluminea presents 
several characteristics that make them very interesting for 
biomonitoring purposes: long life span, worldwide dis- 
tribution, high biotic potential, high filtration rates, resis- 
tance, and easy collection (11). Previous works in the Rio 
de La Plata indicated that C. fluminea, which entered the 
estuary in the early 1970s, is widely distributed (12,13) and 
that it is an efficient bioaccumulator of organochlorine 
compounds (OCL) (14). 

Based on this previous experience, in 1992 a project was 
designed to validate the potential use of C. fluminea as a 
sentinel organism in the Rio de La Plata. In this paper, we 
describe the results obtained for polychlorinated biphenyls 
(PCBs) and chlorinated pesticides (CHLPs) in bivalves 
collected at seven locations along 150 km of the Argentinean 
coast of the estuary and in transplanted organisms which 
have been used to study the bioaccumulation kinetics of 
these xenobiotics over a 140-day exposure experience. 

Study Area and Sampling 
The Rio de La Plata is after the Amazon, the second largest 
River in South America. With a surface of 35 000 km2, a 
huge drainage basin (more than 3 million h2), and 
freshwater runoff (16 000-28 000 m3/s), it receives about 
80 million t/y of particulated matter from temperate and 
tropical regions of South America (15). The first 80 km of 
the estuary (from Buenos Aires City to La Plata City) is 
heavily populated, supporting one-third of the total Ar- 
gentinean population (e33  million). Previous studies in 
the area demonstrated that the heavily industrialized area 
near La Plata is an important source of petrogenic and 
pyrogenic hydrocarbons and chlorinated compounds and 
that Rio de La Plata fishes and bivalves reflect this heavy 
load of xenobiotics presenting high levels of PCBs and 
CHLPs (14, 16'). 
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Field sampling was carried out in July 1993 at seven 
locations along the Argentinean coast of the Rio de La 
Plata: San Isidro (SI), Quilmes (Q), Punta Lara (PL), Palo 
Blanco (PB), LaBalandra (LB), Magdalena (MG), andPunta 
Indio (PI) (Figure 1). At each site, water (in 12-L containers), 
integrated surficial sediments (top 0-2 cm, covering the 
area inhabited by the clams), and bivalves were hand- 

collected along the beach during low tide. About 1000 
clams were collected in this field campaign. For the 
bioaccumulation experiment, 124 bivalves were sampled 
again in October at MG. A total of 87 organisms was 
immediately transferred in a plastic cage at a station located 
at the embouchure of La Plata harbor channel in the Rio 
de La Plata (Figure 1). 

FIGURE 1. Sampling stations along the Argentinean coast of the Rlo de La Plata: SI, San Isidro; Q, Quilmes; PI., Punta h a ;  PB, Palo 
Blanco; LB, La Balandra; MG, Magdalena; PI, Punta Indio. Asiatic clams collected in MG were transplanted to La Plata port embouchure 
(marked by an asterisk) for the bioaccumulation experiment. 

TABLE 1 

Concentration of Total Chlorinated Pesticides and Relative Contribution of Individual Compounds in Dissolved 
and Particulated Phases of the Rio de La Plataa 

pesticide 

dissolved 
a-BHC 
8-bBHC 
y-BHC 
total BHCs 

heptachlor 
heptachlor epoxide 
trans-ch lordane 
cischlordane 
trans-nonachlor 
total chlordane 
total concn (ng/L) 
heptachlor/heptachlor epoxide 
translcis-c h I orda ne 

YO total pesticides 
PI MG LB PB PL Q SI 

8.6 
2.5 

43.3 
54.5 
45.5 
- 
- 
- 
- 

45.5 

3.4 
- 
- 

15.8 
2.0 

57.9 
75.7 

24.0 
- 
- 
- 
- 

24.0 

1.2 
- 
- 

6.9 
2.9 

72.7 
82.4 
7.5 
5.2 
5.0 
- 
- 

17.6 

1.9 
1.4 
- 

9.1 
3.6 

69.0 
81.7 

9.9 
3.5 
2.5 
2.5 

18.3 
3.1 
2.9 
1 .o 

- 

10.5 
3.4 

60.1 
74.1 
11.9 
5.5 
5.9 
2.6 

26.0 

3.3 
2.1 
2.3 

- 

8.5 
4.0 

54.2 
66.6 

20.0 
3.9 
5.0 
4.4 

33.4 

5.3 
5.1 
1.1 

- 

8.4 
5.9 

55.3 
69.6 

9.1 
6.4 

10.3 
4.6 

30.4 

1.9 
1.4 
2.3 

- 
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FIGURE 2. Gas chromatograms of silica gel fraction 1 (mainly PCBs) (A) and fraction 2 (mainly chlorinated pesticides) (6) in Asiatic clams 
collected at Punta Lara (PL). 

Methods 
Water samples were refrigerated, and suspended particulate 
matter (SPM) was separated by filtration of 3-6 L under NP 
pressure using solvent-rinsed Delrin filter holders and 
previously extracted Whatman GF-F glass fiber filters (12.5 
cm diameter). Filtered water was simultaneously extracted 
in 6.5-L Erlenmeyer flasks with 250 mL of n-hexane under 
magnetic agitation. Homogenized sediments were sub- 
sampled for the determination of water content (24 h at 
110 "C), ignition loss (20 h at 420 "C), grain size analysis 
(sieve and pipet methods), and extraction of organic 
compounds. Between 70 and 590 mg dw of SPM and 70 
g dw of sediments were extracted (five times) using a 1:4 
acetone-petroleum ether mixture and sonication. Bivalves 
were measured (anterioposterior length), classed into three 
arbitrary size classes (small: e20 mm; medium: 20-30 

mm; and big: '30 mm), and frozen at -20 "C until analysis. 
Soft bivalve tissues were rinsed with deionized water to 
remove sand grains, pooled, and homogenized with a 
stainless steel blender. Aliquots of 5-10 g wet weight 
were mixed with sodium sulfate (1.5-2 times in wet mass) 
and, after the addition of aldrin as internal standard, were 
extracted with the 1:4 acetone-petroleum ether mixture 
under sonication. The extraction was repeated five times. 
A 1-mL aliquot of the combined extracts was separated for 
the gravimetric determination of total lipids, and the rest 
was evaporated under Nz, redissolved in 10 mL of petroleum 
ether, and treatedwith concentrated sulfuric acid to remove 
lipids (17). Further purification and separation of PCBs 
(fraction 1, 3.5 mL of petroleum ether) and most CHWs 
(fraction 2,4  mL of 1:4 &chloromethane-petroleum ether) 
was achieved by microcolumn chromatography using 

916 ENVIRONMENTAL SCIENCE & TECHNOLOGY I VOL. 29, NO. 4, 1995 



TABLE 2 

Concentration of Total PCBs and Relative Contribution of Individual Congeners in Suspended Particulate 
Matter and Sediments of the Rio de La Plat# 

Yo total PCBS 

Pasteur pipets filled with 1 g of 3% deactivated silica gel. 
Quantification of chlorinated compounds was carried 

out by high-resolution gas chromatography using a Shi- 
madzu GC-7AG gas chromatograph equipped with a 0.25 
mm x 30 m SPB-5 silica column, a split-splitless injector 

PCBs 

31 -28 
33-53-20 
22-51 
45 
46 
52 
47- 48-75 
44 
41 -64 
40 
74 
70 
95-66 
91 
56-60 
92 
84 
101-90 
99 
97 
87-115 
136 
1 10-77 
82 
151 
135 
107 

118 
134 
131 
146 
153- 132 
105 
141 
176-137 
138-160 
158 
178- 129 
175 
187 
183 
128 
185 
174 
177 
171 -1 56-202 
201 -173-1 57 
180 
193 
191 
170- 190 
199 
203-196 
189 
195-208 
194 
205 

149-123 

(splitt ratio = 8), and an electron capture detector operated 
at 320 "C. The column temperature was programmed from 
135 (1-min hold) to 295 "C (8-min hold) at 3.5 "Clmin. PCB 
congeners were quantifiedwith individual response factors 
for each resolved peak calculated using a 1:l:l mixture of 

SPM sediments 

MG LB PB PL Q SI PI 

total concn (ng/g dw) 5.3 
153/138 2.3 

8.3 5.5 4.5 - - 4.9 - 
- - - - 4.4 - - 

- - - - - - - 
- - - - - - - 

- - - - - - - 
- - - - 7.4 - - 

- - - - - - - 
- 2.5 - 
- 2.8 - 

- - - - 
- - - - 
- - - - - - - 
- - - - - - - 
- - - - - - - 
- 9.4 6.5 8.2 5.8 5.2 - 
- - - - - - - 
- - - - - - - 
- - - - - - - 
- - - - - - - 

18.0 9.2 7.5 7.2 7.3 7.0 - 
- - 3.4 - 

- 2.3 - 
- 3.2 3.3 1.9 - 

- - - 
- - - - 

- - 
- - - - - - - 
9.0 7.4 5.6 6.0 5.3 3.9 19.5 
- - - - 

- 2.2 2.8 2.7 - 
- 3.8 3.0 - 

16.7 10.2 7.8 7.4 6.9 6.0 - 
- 6.7 5.4 5.2 5.5 5.4 - 

- - 
- - - 
- - - - - - - 

- - - - - - - 
- - - - - - - 

- - 2.1 - - - - 
30.3 19.4 16.9 18.5 14.0 16.0 48.9 - - - - - - - 
- 4.8 4.9 4.7 5.2 4.0 - - - - - - - - 

10.4 8.0 6.3 8.4 6.5 5.8 19.8 
- - - - - - - 
- - - - - - - 
- - - - - - - 
- 3.1 3.0 2.4 2.1 2.7 - 
- - 1.0 1.2 1.3 1.4 - 

- 3.0 2.9 3.3 2.6 - 

- 4.0 2.7 2.2 1.9 2.3 - 
- 2.0 1.9 1.3 1.7 - 
- 4.5 5.8 5.4 6.3 - 

- 
- - - - - - - 

- 
- 
- - - - - - - 
7.7 5.3 5.1 5.5 3.7 4.8 11.9 
- - - - - - - 
- - - - - - - 
7.6 7.1 3.7 4.1 3.3 3.7 - 
- 2.4 1.1 1.0 0.8 1.1 - 
- 2.8 - 1.2 1.2 1.3 - - - - - - - - 

- - 0.8 - - - - 
- 1.3 0.7 0.7 1.1 - - 

- - - - - - - 

11.1 29.2 29.0 37.2 54.2 23.7 0.07 
2.9 2.5 2.7 2.2 2.2 2.8 2.5 

PL 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
4.9 

1.2 
- 

- 
- 
8.1 
3.2 
2.6 
3.2 

6.4 

2.0 

1 .o 
6.4 
5.0 

- 

- 

- 
- 
1.8 

15.2 
3.2 
2.1 
1.3 
8.0 
2.0 
- 
- 
2.2 
1.2 
3.0 

2.0 
1.3 
3.3 

3.7 

- 

- 

- 
- 
3.6 
0.5 
1 .o 
- 
- 
0.6 

0.48 
1.9 

- 

Q 
1.7 
1.1 
0.8 
1.1 
0.4 
3.0 
1.6 
1.3 
2.3 

2.0 
1.9 
4.9 
0.4 
0.5 
1 .o 
0.8 
7.5 
2.5 
1.7 
2.4 
1.6 
4.8 
0.3 
1.7 
1.8 
0.6 
5.0 
4.1 
0.6 

1.1 
8.9 
2.3 
1.2 
0.9 
5.5 
1.4 
0.9 

1.2 
0.7 
1.7 
0.3 
1.4 
0.9 
3.1 
2.0 
2.8 
0.2 

2.2 
0.4 
0.5 

0.3 
0.4 
0.3 
2.23 
1.6 

- 

- 

- 

- 

- 

a PI, Punta Indio; MG, Magdalena; LB, La Balandra; PB, Palo Blanco; PL, Punta Lara; 0, Quilmes; SI, San Isidro. (-) not  detected. 

SI 

0.7 
- 
- 
- 
- 
- 
- 
1.3 
0.8 
- 
- 
- 
4.1 

0.7 
0.9 
1.7 
7.3 
2.1 
1.5 
2.2 

4.4 

2.0 
2.1 
0.7 
5.3 
3.9 
0.6 
1.3 
0.7 

13.5 
2.4 
2.1 
0.8 
6.6 
1.6 
0.9 
2.6 

1.2 
2.2 
0.7 
1.6 
1.3 
4.5 
1.9 
5.2 

0.2 
3.7 
0.5 
0.8 
0.1 
0.4 
0.7 
0.1 
2.42 
2.0 

- 

- 

- 

- 

- 
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Aroclors 1242,1254, and 1260 and the published complete 
composition of the formulations (18). These response 
factors were compared with those calculated from solutions 
of 15 individual congeners (CLB1) purchased from the 
Marine Analytical Chemistry Standards Program of the 
Canadian National Research Council. The results were fairly 
comparable with somewhat higher responses (average 13%) 
for the CLBl mixtures. This discrepancy is probablyrelated 
to the effect of coeluting congeners in the Aroclor mixture 
(1 9). As these mixtures are the origin of the residues found 
in the environment which also present several coeluting 
peaks, it was considered that quantification using Aroclor- 
derived response factors was more accurate. Identification 
and quantification of CHLPs were carried out with a 
standard solution of 14 pesticides (a-,#?-, and y-BHC, HCB, 
heptachlor, heptachlor epoxide, trans-chlordane, cis-chlo- 
rdane, DDE, DDT, TDE, dieldrin, endrin, and metoxichlor). 
A solution of technical chlordane was used to identify trans- 
nonachlor, which was quantified using the response factor 
of chlordanes. Standards were passed at least once during 
each working day and usually twice, at the beginning and 
end of the day. Bivalve samples were analyzed as duplicate 
or triplicate depending on the availability of material. The 
reproducibility of the analytical method averaged 12% for 
total PCBs and 17% for total CHLPs (RSD). Figure 2 show 
representative chromatograms of PCBs and CHLPs in clams. 

Results and Discussion 
1. Partitioning of OCLa in Water, SPM, and Sediments. 
Tables 1 and 2 show the concentrations of PCBs and CHLPs 
in these three compartments. Most CHLPs were detected 
only in the dissolved phase where total concentrations 
ranged from 1.2 to 5.3 ng/L; DDTs were the sole pesticides 
found in the SPM (6.0-68 ng/g; Table 1). In contrast to 
most CHLPs, PCBs were always below the detection limit 
in the dissolved phase but were clearly present in the SPM 
at levels ranging from 5.3 to 54.2 ng/g (Table 2). This 
preferential partitioning of PCBs in the SPM is related to 
their high hydrophobicity and strong affinity for fine 
particles. In major European rivers, the distribution 
coefficients (&) SPM-water of individual PCBs ranged 
between lo4 and lo6 (20). Assuming a maximum dissolved 
PCB concentration equal to our detection limit for the 
Aroclor mixture (%l ng/L) and taking the average PCB level 
in SPM (27 nglg), the ICd estimate would be 22.7 x lo4. The 
detection of PCBs in the particulated phase was probably 
enhanced by the retention of very small particles enriched 
in organic matter (SPM ignition loss: 7-32%) and PCBs 
(20). The nominal cutoff of GF/F filters must have been 
considerably lower than 0.7 pm after filtration of a few 
milliliters of No de La Plata turbid waters (44-260 mg SPM/ 
L). The detailed composition of SPM has not been 
examined, but previous studies indicated that in common 
with other turbid rivers it is dominated by silt-sized minerals 
with a strong contribution of terrestrial detritus and a 
comparatively lower abundance of planktonic organisms. 
The dominance of CHLPs, especially of BHCs, in the 
dissolved phase is not unexpected considering the usually 
higher water solubility of these compounds and the 
abundance of dissolved organic matter in Rio de La Plata 
waters, which after filtration still displayed a marked 
yellowish color. 

Due to the well-known reduced affinity of chlorinated 
compounds with coarse sediments, PCB concentrations 
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FIGURE 3. Bioaccumulation factors in Corbicula flumines (CFL) 
collected at Ouilmes versus octanol-water partition coeficienb: 
(A) CFVwater BAFs of chlorinated pesticides; (B) CWsediment B A k  
and (C) CFVSPM BAFs of individual PCB congeners. 

are much lower (0.05-2.4 nglg; Table 2) in No de La Plata 
beach sediments composed of 93-99% sand with verylow 
organic matter contents (0.5-1.1% ignition loss). Some 
CHLPs, i.e., DDE, were only discernible as minute peaks in 
a few sediment samples. 

2. Concentrations of OCLS in Asiatic Clams: Temporal 
Trends. The concentrations of PCBs and total CHLPs in 
Asiatic clams from the No de La Plata ranged from 0.5 to 
12 and from 0.4 to 6pglg lipids, respectively (Tables 3 and 
4). Compared to other freshwater bivalves, these PCB levels 
are higher than those reported for caged Anodonta piscinalis 
exposed in an unpolluted area, 0.09 pg of PCBs/g of lipids, 
which increased to 2.4 pglg (in the range of our values) in 
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FIGURE 4. Total concentrations of PCBs (A) and chlorinated pesticides (B) in Asiatic clams versus clam length. 

organisms exposed to polluted effluents (7). Zebra mussels 
(Dreissenu polymorphu) collected along the Mosel River 
presented similar PCB levels (2.5-10 ?pg/g of lipids) (10) 
whereas in Lake CrBteil, Paris, the same organisms pre- 
sented much higher PCB (25-57 pg/g of lipids) and CHLP 
concentrations (6 .2-26pglg of lipids) (8). Considering the 
results published for marine species, on a dry weight basis, 
total PCB and DDT concentrations in No de La Plata Asiatic 
clams (43-1300 and 7-315 ng/g, respectively) are much 
higher than those reported for nonpolluted bivalves from 
Brazil (2.5-10.5 and 1.2-5.6 ng/g) and the Arabian Sea 
(0.1-69 and 0.1-8.4 ng/g), which may represent baseline 
levels due to atmospheric transport from distant sources 
(21). Our PCB and DDT values are comparable to those 
published for bivalves from industrialized areas such as 
the Baltic Sea (179-778 and 62-739 ng/g), Irish Sea (57- 
1070 and 92-590 ng/g), Spanish and French Mediterranean 

(11-1825 and 60-288 ng/g), and U.S. Northeast Pacific 
Ocean (607-2052 and 5.4-1077 nglg) (21). 

Comparing our results for Rio de La Plata Asiatic clams 
collected in 1993 with those previously reported for 
organisms sampled in 1986 (14), PCBs and CHLPs evidence 
different temporal trends. Over this 7-yperiod, PCBs show 
sustained levels while CHLPs evidence an average 3-fold 
decrease, suggesting a significant reduction in the use of 
these agrochemicals. Total PCB levels in 1986Corbicula 
(7.2-7.6 pglg lipids) lie in the range of those registered in 
1993 atPBandPLstations (4.8-9.8pg/glipids), 5 and8km 
downstream and upstream, respectively, of the previous 
sampling site. The concentrations of total CHLPs on the 
contrary decreased from about 10 to 2.2-3.9 pglg of lipids 
from 1986 to 1993. This total decrease hides markedly 
different individual pesticide behaviors; from 1986 to 1993, 
lindane shows sustained levels (0.2-0.3 to 0.1-0.3 pg/g of 
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lipids), trans-chlordane evidences an intermediate decrease 
(2.4-2.6 to 0.6-1.2 pg/g), while DDT shows the strongest 
decline (1.3-1.4 to 0.1-0.25 pg/g). This decreasing trend 
of chlordane and DDT inputs is also supported by the higher 
parent compoundldegradation product ratios registered 
in the 1986 bivalves. The average heptachlor/heptachlor 
epoxide, DDTIDDE, and DDT/TDE ratios decrease from 
4.6 to 0.9, from 1 to 0.5, and from 0.4 to 0.3, respectively, 
from 1986 to 1993, indicating more recent inputs in 1986. 
Significant decreases in the concentration of DDTs in 
bivalves and fish have been also reported for the U.S. coast, 
the Gulf of Mexico, the Baltic Sea, and the Finnish Sea (4, 
21). 

3. Bioaccumulation Factors. The bioaccumulation 
factors (BAF) of bivalves with respect to water (average: 
130 600 for lindane and 7 373 000 for trans-chlordane), 
sediments (380-9700 for total PCBs), and suspended 
particulate matter (9.2-39 for total PCBs) confirm that 
Asiatic clams are efficient OCLconcentrators. This is related 
to their relatively high lipid contents (5-16% dry weight) 
and the marked hydrophobicity of the compounds analyzed. 
As expected, the lipid-based bivalve-water BAFs are the 
highest, and they rise with increasing octanol-water 
partition coeficients (KO,) of the compounds (22, 23) (log 
BAF = 0.46 &, + 3.59, R2 = 0.90, n = 6 at Quilmes; Figure 
3A). Heptachlor was excluded from the calculations 
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FIGURE 6. Evolution of the 1W38 PCB ratios in Asiatic clams 
versus clam length. Filled points are samples from PI, MG, and LB. 

because the BAF is extremely low, possibly reflecting the 
biodegradation of the pesticide by the clams. 

Owing to the higher affinity of PCBs for sediments and 
especially for SPM, the BAFs calculated with respect to these 
phases are much lower. At Quilmes, the log bivalve/ 
sediment BAFs of 19 individual congeners range from 1.9 
to 2.8 and show a parabolic form when ploted against &,'s 
(24) (Figure 3B). Basically, the same pattern is observed in 
the bivalve/SPM BAFs plot (Figure 3C). These BAFs are 
perhaps the most ecologically significant ratios: PCBs are 
mainly found in SPM, (see section 11, and Asiatic clams are 
very active filtrators (0.3-2.5 L/h) which efficientlyremove 
fine particles (5  1-10 pm) constituting major seston traps 
in rivers (11). In both the bivalvelsediment and bivalve/ 
SPM BAF plots, heptachlorobiphenyls 174, 180, and 170 
show the lowest values, indicating an enhanced difficulty 
for bioaccumulation. Similar results with maxima at about 
log &, = 6 and declining values for more hydrophobic 
compounds have been reported for oligochaete/sediment 
(25) and fishlwater BAFs (26). This is interpreted as an 
indication that bioaccumulation is governed by compound 
hydrophobicity up to log KO, 6 whereas for superhy- 
drophobic molecules other factors such as a lower lipid 
solubility or steric effects interfere reducing the BAFs (26). 

4. Geographical Trends in OCL Concentrations. The 
concentrations of OCL in waters, SPM, and sediments show 
a rather consistent increasing trend from PI to Q-SI (Tables 
1 and 2). However, some high intermediate values are also 
apparent in the case of CHLPs. These trends are confirmed 
by the OCL concentrations in the Asiatic clams. Figure 4 
shows the lipid-based PCB and CHLP concentrations 
plotted against the average size of the bivalves. PCB levels 
show a clear geographical trend increasing progressively 
with proximity to the major La Plata-Buenos Aires urban 
center (PL, Q, and SI stations). According to their PCB 
loads, the Asiatic Clam populations from the Rio de La 
Plata coast are divided in four main geographical groups. 
From the least to the most contaminated they are as 
follows: PI (0.7 f 0.2 pglg) MG (3.2 & 0.4 ,up/@ < LB = 
PB (5.9 k 0.9 pug/@ PL = Q = SI (9.0 f 1.0 pglg) .  
Superimposed to this clear geographical pattern, a length 
(i.e., age) -related trend is also insinuated; bigger animals 
usually show higher PCBs levels. The regression analysis 
performed for PL animals (PCBs = 0.1 length + 5.1, R2 = 
0.98) displayed in Figure 4A suggests that organisms may 
duplicate their PCB levels during growth from a 0.25-mm 
newly released juvenile (1 1) to a 40-mm clam, which could 
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take 3-4 years (average growth of 10-15 mm/yr) (11). 
However, due to the analytical error (lo%), the concentra- 
tion differences between PL medium and big animals are 
not significant. More data are needed, especially of tiny 
larvae, to confirm these results. 

The geographical trend of CHLPs is less clear than that 
of PCBs; although the concentrations are the lowest at PI 
and the highest at SI, intermediate stations overlap. This 
confirms that, in contrast to PCBs whose major source is 
the big La Plata-Buenos Aires urban center, other sources 
of CHLPs are spread along the coast. Small coastal 
plantations are abundant in the area and are the most 
probable source of these residues. The high CHLP levels 
of the clams collected at PB (Figure 4B) are probablyrelated 
to the contribution of a small rivulet which drains a nearby 
orchard area. The length-related trend discussed for PCBs 
is also insinuated in the case of CHLPs. For PL organisms, 
the regression (CHLPs = 0.07 length + 0.99, R2 = 0.89; Figure 
4B) suggests that CHLPs levels almost quadruplicate from 
a 0.25 to a 40-mm organism. 

5. Geographical Trends in OCL Composition. The 
composition of PCBs in Rio de La Plata SPM, sediments, 
and Asiatic clams shows a marked dominance of penta- 
and hexachlorobiphenyls (Tables 2 and 3). The patterns 
resemble most the Aroclor 1260 formulation in SPM and 
sediments and the Aroclor 1254 mixture in bivalves, which 
do not efficiently bioaccumulate higher chlorinated con- 
geners (see section 3). Following the gradient observed for 
the concentrations, the composition of PCBs show clear 
geographical trends. In more distant and less polluted 
stations (PI, MG, and LB), the aging and decay of the PCB 
signal are evidenced by the depletion of several congeners 
and the strong dominance of 153 which account for 30- 
40% of the total (cf with 10-1570 in more contaminated 
sites). PCB 153 is one of the most persistent congeners 
and is usually amajor component in environmental samples 
(27-29). This geographic compositional change was 
reproduced in the bioaccumulation experiment; the pro- 
portion of 153 decreased from 35 to 16- 18% along the 140- 

day experience (Figure 5A), reflecting the rejuvenation of 
the PCB signal. The relative increase of major peaks such 
as PCB 153 in remote sites results in part from the 
nondetection of some minor congeners. However, the 
evolution of the ratios of two major recalcitrant hexachlo- 
robiphenyls (153/138) vs clam length (Figure 6) indicates 
that the main factor which determines the selective 
persistence of 153 is its inherent recalcitrance. The 
progressive increase of the ratios (general equation y = 
0.060~ + 1.77, R2 = 0.61, n = 17) reflects the selective 
persistence of 153 during decay with increasing clam age. 
The geographical trend is also present in the data; less 
polluted clams from PI, MG, and LB (filled points) present 
higher ratios (enhanced decay) whereas PB to SI clams show 
lower values (less alteration). Both regression lines con- 
verge close to the Aroclor 1254 ratio (v = 0.069~ + 1.72, R2 
= 0.79, n = 7 for PI-MG-LB and y = 0.042~ + 1.59, R2 = 
0.61, n = 10 for PB to SI clams), i.e., the geographical 
differences are attenuated in smaller organisms which have 
a fresher signature. 

The composition of CHLPs in the dissolved phase 
presents a marked dominance of the more soluble BHCs 
and lower abundances of chlordanes whereas in the 
particulated phase DDE is the most abundant component. 
In Asiatic clams, chlordane-related compounds predomi- 
nate, accounting for 38-59% of total residues whereas DDTs 
and BHCs represent 26-43 and 5.4-35%, respectively 
(Table 4). Owing to the already discussed presence of 
multiple CHLPs sources, the compositional differences 
along the coast are less clear than for PCBs. Bivalve data 
suggest a gradual reduction of the relative abundance of 
y-BHC from PI to SI (Figure 5B). Chlordane compounds 
show another interesting trend. Among this group, truns- 
chlordane stands out clearly (19-33% total CHLPs) and is 
2.5-5.5 times more abundant than the cis-isomer. Con- 
sidering that the trunslck-chlordane ratio of a local technical 
chlordane formulation is about 1.2, similar to those reported 
in the literature (1-1.4) (30) and to those found in the 
dissolved phase (1.0-2.3; Table l), these results suggest a 
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selective preservation of the trans-isomer in the organisms. 
The gradual decrease of trunslcis-chlordane ratios (4.0- 
5.5 to 2.6-2.7) fromless to more contaminated clams (Table 
4) gives further support to this interpretation. These ratios 
and the heptachlorlheptachlor epoxide relationship are 
good indicators of the freshness of chlordane residues; 
recent applications are indicated for the clams sampled at 
PB and at MG in October for the caging experience (day 0 
in Table 41, which show low trunslcis-chlordane and high 
heptachlor/heptachlor epoxide ratios. 

The conclusion of a selective preservation of truns- 
chlordane in Rio de La Plata Asiatic clams agree with its 
previously reported marked abundance in bivalves and 

fishes of the area (14) but contradict literature reports which 
indicate an enhanced preservation of cis-chlordane in 
remote environments (30-32). Laboratory depuration 
experiments in fish indicated clearance rates 1.8 times faster 
for the trans-isomer (33) whereas in more recent studies 
in rats an opposite trend was observed (34) .  The reported 
enhanced persistence of cis-chlordane in remote environ- 
ments (Arctic, Antarctic, northern North Pacific) may be 
related to the selective photochemical or chemical deg- 
radation of truns-chlordane during atmospheric dispersion 
(35,363. This effect is particularly intense in summer when 
trunslcis-chlordane ratios as low as 0.37-0.66 have been 
reported for air samples from Norway and the Canadian 
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Arctic (35,361. Another factor which might also be involved 
is the co-elution of nonachlor-111 with cis-chlordane (37). 
Nonachlor-111, a minor component of the mixture (ml%l ,  
is very stable and is biomagnified in higher trophic levels 
(38). 
6. Multivariate Analysis of OCL Composition in Clams. 

To study the covariation of several parameters and the 
grouping of the samples, principal component analyses 
were performed with the standardized relative abundances 
of 14 PCBs and 11 CHLPs in the samples. Figure 7 shows 
the original variables (rays) and samples (squares) repre- 
sented in the same plane to facilitate the visual interpreta- 
tion of the results. Close rays are positively correlated 
variables; opposite rays denote negative correlation. 

In the case of PCBs, principal components 1 (PC1) and 
2 (PC2) account for 57 and 20%, respectively, of the total 
variability. PC1 is chiefly determined by the contribution 
of hexa- and heptachlorobiphenyls 151-170 (-PCl) and 
to a lesser degree of pentachlorobiphenylll8 (+PCl). PC2 
present a strong contribution of congeners 118-128 (SPC2) 
and 170 (-PC2). Both components discriminate the 
samples according to the aging of the PCB signal: PC1 
reflects the geographic variation (more contaminated and 
fresher signal: +PC1; less polluted andmore altered -PCl) 
whereas PC2 seems to describe the age-related differences 
(small: +PC2; big: -PC2). Most contaminated samples 
(single cluster formed by SI and Q) present more balanced 
PCB compositions similar to Aroclor 1254 (fPC1) whereas 
in less polluted clams (PI and to a lesser degree MG) the 
signal is degraded with higher proportions of recalcitrant 
hexa- and heptachlorobiphenyls, closer to the 1260 for- 
mulation (-PCl and -PC2). The other samples occupy 
intermediate positions: LB big are midway between MG 
and the cluster formed by LB small, PB, and PL. 

In the PCA of CHLPs (Figure 7B), PC1 (44%) and PC2 
(13%) account for a much smaller percentage of the total 
inertia than in the case of PCBs. This is related to the much 
less clear environmental gradients observed for these 
compounds which have multiple sources along the coast 
(see section 5). PC1 is determined by the contribution of 
chlordane-related compounds (+PCl) which are negatively 
correlated with BHCs (-PCl). PC2 presents a strong 
contribution of HCB and DDE (+PC2) and DDT (-PC2). 
The samples are thus separated according to the different 
contribution of BHCs and chlordanes (PC1) and HCB, DDE, 
and DDT (PC2). PI and MG are clearly discriminated by 
their elevated proportion of BHCs (-PCl), whereas PB 
presents a dominant contribution of chlordanes (+PCl). 
PL, LB, and Q occupy an intermediate position, presenting 
a higher contribution of HCB, particularly QM (+PC2). SI 
is discriminated by its higher percentage of DDT (-PC2). 
Thus, Asiatic clams from this station present fresher residues 
of both PCBs and DDTs. 

7. Bioaccumulation Experiment. Figure 8 shows the 
bioaccumulation curves of PCBs and CHLPs obtained 
during the 140-day exposure period of clams transplanted 
from MG to La Plata port embouchure. Both compound 
classes show an approximate 4-fold increase reflecting the 
pollution gradient, but their accumulation kinetics is 
markedly different: CHLPs are accumulated more rapidly 
and reach steady-state concentrations before 70 days 
whereas PCBs show a slower accumulation kinetics and do 
not appear to reach steady-state levels during the experi- 
ence. This difference is probably related to the routes of 
uptake and bioavailability of the compounds, which are 

determined by their hydrophobicity. The faster equilibra- 
tion of CHLPs is consistent with amore efficient partitioning 
from the dissolved phase where, except DDTs, these 
pesticides are mainly found (see section 1). In contrast, 
the bioaccumulation of PCBs depends mainly on the 
ingestion of SPM, which presents a higher affinity for 
superhydrophobic molecules. This would make the par- 
titioning process difficult, especially for higher chlorinated 
congeners. The unfavorable stereochemistry of these 
components would be an additional impedingfactor. This 
interpretation is supported by the fact that only lower 
chlorinated PCBs such as 95-66 with moderate KO, (m6.2) 
appear to reach steady-state concentrations during the 
experience (Figure 8A). This penta-tetrachlorobiphenyl 
presents the highest clamlSPM BAF at Quilmes station 
(Figure 3C). The importance of the route of uptake on PCB 
absorption was demonstrated in laboratory experiments: 
in fish, when water was the vehicle of PCBs, the BAF 
increased with log KO, (even for heptachlorobiphenyls) but 
when food was the PCB source, all heptachlorobiphenyls 
did not bioaccumulate more than congener 44 due to lower 
intestinaluptake efficiencies (39,40). In the deposit feeder 
bivalve Mucomu nusutu, the sediment uptake efficiencies 
declined from about 90% for trichlorobiphenyll8 to 0% for 
decachlorobiphenyl 209 (411, reflecting the difficulty for 
the intestine absorption of higher chlorinated PCBs. 

Acknowledgments 
Financial support was provided by the Argentinean National 
Research Council (CONICET) and by the Research Com- 
mission of the Province of Buenos Aires (CIC). 

Literature Cited 
(1) Goldberg, E. D. The Health o f the  Ocean; UNEC Press: Paris, 

1976; 172 pp. 
(2) Farrington, J. W.; Goldberg, E. D.; Risebrough, R. W.; Martin, J. 

H.; Bowen, V. T. Environ. Sci. Technol. 1983, 17, 490-496. 
(3) Sericano, J. L.;Atlas, E. L.; Wade, T. L.; Brooks J. M. Mar. Environ. 

Res. 1990, 29, 161-203. 
(4) Sericano, J. L.; Wade, T. L.; Atlas, E. L.; Brooks, J. M. Environ. Sci. 

Technol. 1990, 24, 1541-1548. 
(5) Martin, M.; Richardson, B. J. Mar. Pollut. Bull. 1991,22, 533- 

537. 
(6) Goldberg, E. D.; Farrington, J. W.; Dawson, R.; Schneider, E.; 

Jernelov, A. B.; Mee, L. D. The International Mussel Watch. A 
global Assessment of Environmental Levels of Chemical Con- 
taminants. UNESCO: Paris, 1992. 

(7) Herve, S.; Paukku, R.; Paasivirta, J.; Heinonen, P.; Sodergren, A. 
Chemosphere 1991, 22, 997-1001. 

(8) Chevreuil, M.; Testard, P. C. R. Acad. Sci. Paris 1991,312,473- 
477. 

(9) Pereira, W.; Hostettler, F. D.; Rapp, J. B. Mar. Pollut. Bull. 1992, 
24, 103-109. 

(10) Mersch, J.; Jeanjean, A.; Spor, H.; Pihan, J.-C. Limnol. Aktuell 
1992, 4, 227-244. 

(11) McMahom, R. F. In The MoZlusca, Ecology; Wilbur, K. M., Ed.; 

(12) Ituarte, C. Rev. Mus. La Plata, Secc. Zool. 1984, 13, 231-247. 
(13) Darrigran, G. A. Neotropica 1992, 38, 59-63. 
(14) Colombo, 7. C.; Khalil, M. F.; Amac, M.; Horth, A. C.; Catoggio, 

J. A. Enuiron. Sci. Technol. 1990, 24, 498-505. 
(15) Urien, C. In Environmental Framework of Coastal Plain Estuaries; 

Nelson, B. W., Ed.; Memoir 133; Geological Society of America, 
Inc.: Boulder, CO, 1972; pp 213-234. 

(16) Colombo, J. C.; Pelletier, E.; Brochu, Ch.; Khalil, M.; Catoggio, 
J. A. Environ. Sci. Technol. 1989, 23, 888-894. 

Academic Press: New York, 1983; Vol. 6, pp 505-561. 

(17) Waliszewski, S. M.; Szymczynski, G. A.I. Assoc. Off: Anal. Chem. 
1982, 65, 677-679. 

(18) Schulz, D. E.; Petrick, G.; Duinker, J. C. Environ. Sci. Technol. 
1989,23, 852-859. 

(19) Eganhouse, R. P.; Gossett, R. W. Anal. Chem. 1991, 63, 2130- 
2137. 

(20) Duinker, J. C. Neth. I. Sea Res. 1986, 20, 229-238. 
(21) Fowler, S. W. Mar. Environ. Res. 1990, 1-64. 

926 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 29, NO. 4, 1995 



(22) Oliver, B. G.; Niimi, A. J. Environ. Sci. Technol. 1985, 19, 842- 

(23) Domine, D.; Devillers, J.; Chastrette, M.; Karcher, W. Pestic. Sci. 

(24) Hawker, D. W.; Connell, D. W. Enuiron. Sci. Technol. 1988,22, 

(25) Oliver, B. G. Enuiron. Sci. Technol. 1987, 21, 785-790. 
(26) Connell, D. W. IS1 Atlas Sci., h i m .  Plant Sci. 1988,1,221-225. 
(27) Duinker, J. C.; Hillebrand, M. T. J.; Boon, J. P. Neth. J. Sea Res. 

(28) Boon, J. P.; Van Zantvoort, M. B.; Govaert, M. J. M. A.; Duinker, 
J. C. Neth. J. Sea Res. 1985, 19, 93-109. 

(29) Niimi, A. J.; Oliver, B. G. Enuiron. Sci. Technol. 1989,23,83-88. 
(30) Kramer, W.; Buchert, H.; Reuter, U.; Biscoito, M.; Maul, D. G.; 

Le Grand, G.; Ballschmiter, K. Chemosphere 1984, 13, 1255- 
1267. 

(31) Kawano, M.; Inoue, T.; Wada, T.; Hidaka, H.; Tatsukawa, R. 
Environ. Sci. Technol. 1988, 22, 792-797. 

(32) Hargrave, B. T.; Harding, G. C.; Vass, W. P.; Erickson, P. E.; Fowler, 
B. R.; Scott, V. Arch. Enuiron. Contam. Toxicol. 1992,22,41-54. 

(33) Roberts, J. R.; de Freitas, A. S. W.; Gidney, M. A. J. J. Fish. Res. 
Board Can. 1977, 34, 89-97. 

(34) Dearth, M. A.; Hites, R. A. Environ. Sci. Technol. 1991,25,1125- 
1128. 

849. 

1992, 35, 73-82. 

382-387. 

1983, 17, 19-38. 

(35) Barrie, L.A.; Gregor, D.; Hargrave, B.; Lake, R.; Muir, D.; Shearer, 
R.; Tracey, B.; Bidleman, T. Sci. TotalEnviron. 1992,122, 1-74. 

(36) Buser, H. R.; Miiller, M. D. Enuiron. Sci. Technol. 1993,27,1211- 
1220. 

(37) Norstrom, R. J.; Simon, M.; Muir, D. C. G.; Schweinsburg, R. E. 
Environ. Sci. Technol. 1988,22, 1063-1070. 

(381 Muir, D. C. G.; Norstrom, R. J.; Simon, M. Enuiron. Sci. Technol. 

(39) Boon, J. P.; Oudejans, R. C. H. M.; Duinker, J. C. Comp. Biochem. 

(40) Boon, J. P.; Duinker, J. C. Aquat. Toxicol. 1985, 7, 119-134. 
(41) Lee, H., 11. In Organic Substances in Sediments and Water; 

McCarthy, F., Ed.; Lewis Publishers: Chelsea, MI, 1991; pp 73- 
93. 

1988, 22, 1071-1079. 

Physiol. 1984, 79C, 131-142. 

Received for review May 17, 1994. Revised manuscript re- 
ceived August 25, 1994. Accepted October 12, 1994.@ 

ES9403064 

@ Abstract published in AduanceACSAbstrmts, November 15,1994. 

VOL. 29. NO. 4,1995 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 927 


