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CHAPTER 7 

PARTITIONING OF PCBs IN MARINE SEDIMENTS 

Bruce J. Brownawell and John W. Farrington 
Department of Chemistry 
Woods Hole Oceanographic Institution 
Woods Hole, Massachusetts 02543 

ABSTRACT 

Polychlorinated biphenyls (PCBs) are useful model com­
pounds to study the physical-chemical processes which affect 
the biogeochemistry of hydrophobic organic compounds, In this 
study two box cores from New Bedford Harbor, Massachusetts, 
were analyzed for PCBs. Measurements are reported for total 
PCBs and several individual chlorobiphenyls for both the sedi­
ments and interstitial waters. Concentrations of total PCBs 
were highly elevated in the pore waters and reached a maximum 
of 20,l·~g/L at the Outer Harbor site, Results from these two 
cores combined with predictions from laboratory experiments in­
dicate that most of the PCBs measured in interstitial waters 
are actuallly sorbed to organic colloids. The partitioning of 
chlorobiphenyls between water column particulates and filtrate 
shows a greater importance of dissolved compounds due to lower 
concentrations of organic colloids. A simple three-phase 
equilibrium model involving colloids, dissolved phase, and 
chlorobiphenyls sorbed to particulate organic matter is pre­
sented to explain the observed partitioning. 

INTRODUCTION 

Polychlorinated biphenyls (PCBs) have a wide range 
physical-chemical properties [1,2] which are representative 
of many hydrophobic organic compounds present in the marine 
environment. Because of their slow rates of chemical and bio­
logical degradation [3], PCBs provide excellent model compounds 
to study the physical-chemical processes important in the bio­
geochemistry of organic compounds in sediments. Contemporary 
sediments are repositories for PCBs. and many other hydrophobic, 
recalcitrant pollutants released to the environment. Many depo­
sitional environments are biologically and physically active, 
and sediment-interstitial water partitioning processes will· 
control the rates at which organic pollutants are released back 
to the water column or taken up by the biota. In the water 
column, the transport and fate of hydrophobic organic compounds 
will also be affected by associations with suspended particles 
and colloidal substances. The extent of these partitioning 
reactions influence rates of particulate removal, dispersion, 
volatilization, and biological uptake. 
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The sorption reactions of PCBs and other nonpolar organic 
compounds with freshwater sediments and soils have been well 
studied with laboratory experiments [4,5,6,7,8,9] •. These and 
other studies have documented the importance of the organic 
fraction of sediments in controlling aqueous sorption of these 
compounds. Linear partition coefficients, Kn (L/Kg), can be 
predicted for a range of sediments by a singie organic carbon 
normalized partition constant, Koc= 

(1) 

where foe is the fraction organic carbon of the sorbent. Koc 
increases with decreasing solubility and increasing hydropho­
bicity of the compound. Koc has been shown to be related to 
the octanol-water <Kaw) coefficient of the sorbate: 

log Koc = a log Kow + b (2) 

where the slope (a) ranges from 0.72 to 1.0 in studies by dif­
ferent workers using different compound classes [4,6,7,8]. 

Organic colloids and dissolved humic substances have also 
been shown in the laboratory to have high sorption affinities 
for hydrophobic compounds [10,11,12]. Estuarine and marine 
colloids have been operationally defined as those substances 
which pass a 0.4 to 1 ~m filter but are retained by a variety 
of ultrafiltration membranes which exclude most materials hav­
ing dimensions greater than 1-4 nm. Colloidal substances in­
clude both submicron particles and macromolecular organic mat­
ter. The presense of colloidal organic matter has been shown 
to decrease the apparent sorption of 2,2',5,5'-tetrachlorobi­
phenyl and cholesterol onto riverine particles [13] and that of 
fatty acids with marine sediments [14]. Gschwend and Wu [9] 
have also demonstrated the effect of non-settling particles in 
decreasing partition coefficients of PCBs in laboratory sedi­
ment sorption experiments. Estuarine organic colloids appear 
to behave as sorbents for hydrophobic organic compounds in a 
manner similar to particulate organic matter [10,12]. Thus, 
there are experimental and field observation data establishing 
that associations of PCBs with colloidal substances will affect 
their rates and modes of transport in aquatic environments. 

To study the partitioning of PCBs, we have investigated 
the distribution of PCBs in sediments from New Bedford Harbor, 
Massachusetts. Interstitial waters from these organic-rich, 
coastal sediments provide an environment with high concentra­
tions of colloidal organic matter, and the observed distribu­
tion of individual chlorobiphenyls yields insights into the 
roles of sedimentary and colloidal organic matter in partition­
ing. Measured distribution coefficients or ratios, K'd• are 
calculated as: 

K' = d 
(L/Kg) (3) 
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where S and PW are the sediment and pore water concentrations 
of individual chlorobiphenyls. The pore water concentration 
includes both dissolved and any colloid associated components. 
Comparison of measured K'ds of PCBs in sediments provide a 
good test of predictive sorption models based on laboratory 
results. 

In this chapter, we present results of PCB analysis from 
two box cores taken in New Bedford's inner and outer harbors. 
A more complete discussion of the biogeochemistry of PCBs in 
the outer harbor core is reported elsewhere [15], but we have 
incorporated examples of the partitioning data to better illus­
trate the role of organic colloids in sediment interstitial 
waters. To provide a useful comparison to the sediment inves­
tigations, we also report results from a water column parti­
tioning study where two stations in New Bedford Harbor were 
occupied and sampled over a tidal cycle. Within the limita­
tions of data sets available, the partitioning results from 
these studies are compared to a simple three-phase equilibrium 
partitioning model based on predictions from laboratory experi­
ments. 

SAMPLING SITES AND METHODS 

The sampling sites of the sediment cores (Stations 67 and 
84) and water samples (Stations 74 and 81) are shown in Figure 
1. New Bedford Harbor is severely polluted by PCB contamina­
tion [16,17]. Concentrations of PCBs in surface sediments are 
highest in the upper part of the estuary, north of our Station 
81, and generally decrease moving south through the outer har­
bor and out into Buzzards Bay. 

Station 84 was sampled with a Soutar box corer, 0.04 m2 
x 1 m, off the RV Asterias on October 29, 1981. This site was 
in 3 meters of water and bottom water temperature was 13.l°C. 
Sediment samples of one to three em depth were sectioned into 
glass quart jars shipboard. The upper three em was heavily 
populated by a small (about one em diameter) unidentified bi­
valve. Sediments were stored overnight at room temperature and 
pore water samples were extracted the following two days using 
a hydraulically powered, stainless-steel squeezer at 2000-2500 
psi as discussed by Henrichs [18]. Interstitial water was fil­
tered through two internal Reeve Angel glass fiber filters and 
an external Gelman Type AE glass fiber filter of a nominal pore 
size of 1.0 ll m. 75 to 240 ml pore water samples were obtained 
for each sediment depth and were stored in glass with 25 ml of 
CH2Cl2 for later PCB analysis. 

A large volume box core was obtained at Station 67 with a 
Sandia-Hessler type MK3 sediment corer on September 1, 1983. 
The temperature of the sediment was 20.5°C and inert atmosphere 
techniques were used in the sectioning of the core and subse­
quent extraction and filtration of pore water. These proce­
dures are explained in detail elsewhere [19,15] and resulted in 
the isolation of about 1.5 liters of pore water per two em depth 
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Figure 1. Map of New Bedford Harbor on the United States 
east coast. 

horizon. Samples of pore water were stored and analyzed for 
PCBs, dissolved organic carbon (DOC), salinity, sulfate, and Fe 
and Mn. Frozen sediment samples were later analyzed for PCBs 
and CHN. 

Water column samples were taken at Stations 81 and 74 
throughout a complete tidal cycle on September 22, 1982. 
Samples were collected hourly in stoppered two liter flasks at 
both subsurface and near-bottom depths at both sites. CTD 
casts were also made at each site every hour. These samples, 
covering incoming and outgoing tides, were combined into 
14-17 L composite samples. The eight combined samples were 
pressure-filtered through Gelman Type A/E glass fiber filters 
within ten hours of sampling, and filters were frozen until 
analysis. CH2Cl2 was added to the filtered samples and 
stirred vigorously in glass carboys. 

Analysis of PCBs in all three sets of samples was similar 
with slight procedural modifications in chromatography and 
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quantification of total PCBs. Filtered water and pore water 
samples were extracted three times with CHzClz in separa-
tory funnels. Particulate material, filtered from each water 
sample, and wet sediments were Soxhlet extracted for Z4 hrs. 
with 1:1 hexane:acetone (water particulates were extracted for 
an additional day with fresh hexane:acetone). Extracts are 
combined when necessary, dryed over sodium sulfate, evaporated 
to near dryness, and chromatographed on silica gel columns. 
Chromatographic columns for sediment and interstitial water 
extracts employ a layer of activated copper to remove reduced 
and elemental sulfur. PCB fractions were eluted from the 
silica gel with either hexane or toluene in hexane and then 
analyzed by capillary column gas chromatography and electron 
capture detection on a HP5840 gas chromatograph equipped with a 
30 meter DB5 fused silica column (J&W Scientific) using Hz 
carrier gas. Z.O ~1 syringe injections were made using the 
following conditions: Z minutes at 40°C followed by rapid heat­
ing to 1Z0°C (hold until 5 minutes; temperature programming at 
Z°C/min to Z30°C and then 4°C/min to Z70°C; with a makeup gas 
of 5% methane/95% argon at 30 ml/min. 

The apparent distribution coefficients, K'd (equation 
3), of 51 chlorobiphenyl peaks are calculated as the ratio of 
the peak areas of sediment and pore water samples multiplied 
times appropriate sample factors. The chlorobiphenyl identifi­
cation of these peaks is given in Table I and is based on iden­
tifications by other workers [ZO,Z1,ZZ,Z3,Z4,Z5], retention 
times of over 70 pure chlorobiphenyl standards (from Analabs 
and UltraScientific), and GCMS spectra of Aroclor PCB standards. 
Table I also lists the reported values of log Kow determined 
by reverse phase HPLC [Z] for many of these compounds. 

Concentrations of total PCBs have been estimated as mix­
tures of Aroclor 1Z4Z and Aroclor 1Z54 which are industrial mix­
tures of PCBs consisting primarily of di- through tetrachloro-, 
and tetra- through hexachlorobiphenyls, respectively. Total 
PCB estimates of sediments and pore waters were calculated by 
capillary gas chromatography described above and in [15]. Esti­
mations of total PCBs in water column samples were determined 
by comparison to Aroclor standards on a Perkin-Elmer 900 gas 
chromatograph run isothermally at 190°C on a two meter column 
packed with 1.5% OV-17/1.95% QF-1 on Chromosorb W HP (100/lZO 
mesh). Chlorobiphenyls Z9 and 143 were used as internal stan­
dards in Station 67 samples and in the sediment and particulate 
samples in the other studies. Average recoveries of these in­
ternal standards were 80-95% in the various studies. Results 
from Station 67 incorporate internal standards as quantifcation 
standards, while the other samples do not. Concentrations and 
K'd calculations for the latter samples do not correct for 
recoveries and have higher estimated errors (+15% in concentra­
tions and +ZZ% in K'd) compared to those reported for Station 
67 results-[15]. 
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Table I. PCB identification and associated values of 
log Kow from Rapaport and Eisenreich [ 21. 

Peak PCB Relative 
no. IICl Isomer no.a Identification Retention Time log Kow b (log K0 w)C 

2 4(d) + 2,2' o. 2776 4.89 4.89 
2 10 2,6 5.31 
2 7(d) + 2,4 0.3103 5.30 5.30 
2 9 2,5 

3 2 6 2,3' 0.3245 5.02 5.02 
4 2 8(d) + 2,4' 0.3323 5.10 5.10 

2 5 2,3 
5 3 19 2,2' ,6 0.3594 5.48 5.48 
6 3 18 2,2 I ,5 0.3940 5.55 5.55 
7 3 + 17(e) + 2,2 I ,4 o. 3964 5.76 

2 15 4,4' 4.82 
8 3 24 2,3,6 0.4093 5.67 5.67 
9 3 16 + 2,2' ,3 0.4215 5.31 5.53 

32 2,4' ,6 5.75 
10 3 26 2,3' ,5 0.4518 5.76 5.76 
11 3 28(d) + 2,4,4' 0.4650 5.69 5.69 

31 2,4' ,5 
12 33 + 2' ,3,4 0.4800 

21 + 2,3,4 
4 53 2,2' ,5,6' 

13 3 22 2,3,4' 0.4916 5.42 5.42 
14 4 UK (45) 2,2' ,3,6 0.4987 
15 4 52 2,2' ,5,5' 0.5226 6.09 6.09 
16 4 49 2,2' ,4,5' 0.5288 6.22 6.22 
17 4 47 + 2,2' ,4,4' 0.5331 6.29 6.29 

75 2,4,4' ,6 
18 4 44 2,2' ,3,5' 0.5536 5.81 5.81 
19 3 + 37(e) + 3,4;4' 0.5581 4.94 

4 42 2,2 I 1 ) 1 4 I 

20 4 41 + 2,2 I 1 ) 1 4 0.5725 6.11 6.11 
64 2,3,4',6 

21 4 40 2,2 I ,J,JI 0.5845 5.56 5.56 
22 4 74 + 2,4,4' ,5 0.6112 6.67 6.67 

61 2,3,4,5 
23 4 70 2,3' ,4' ,5 0.6181 6.23 6.23 
24 4 + 66(e) + 2,3' ,4,4' 0.6241 6.31 6.43 

5 95 2,2' ,3,5' ,6 6.55 
25 4 60 2,3,4,4' 0.6490 5.84 5.84 
26 5 92 + 2,2' ,3,5,5' 0.6563 6.97 6. 97 

84 2,2' ,3,3' ,6 
27 5 101 2,2' ,4,5,5' 0.6636 7.07 7.07 
28 5 99 2,2' ,4,4' ,5 o. 6714 7.21 7.21 
29 5 83 2,2' ,3,3' ,5 0.6880 
30 5 97 + 2,2' ,3' ,4,5 0.6964 6.67 6.67 

86 2,2' ,3,4,5 
31 5 87 2,2',3,4,5' o. 7049 6.37 6.37 
32 5 85 2,2' ,3,4,4' o. 7110 6.61 6.61 
33 6 + 136+ 2,2' ,3,3' ,6,6' 0.7144 6.51 6.51 

4 UK 
34 5 + llO(d) + 2,3,3' ,4' ,6 o. 7207 

4 77 3,3' ,4,4' 5.62 
35 5 '82 2,2',3,3' ,4 0.7370 
36 6 151 2,2' ,3,5,5' ,6 0.7415 
37 6 135 + 2,2' ,3,3',5,6' 0.7486 7.15 7.15 

144 2,2' ,3,4,5' ,6 
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Table I continued, 

Peak PCB Relative 
no. #Cl Isomer no.a Identification Retention Time log Kow b (log K0 w)c 

38 6 149 2,2' ,3,4' ,5 1 ,6 o. 7611 7.28 7.28 
39 5 118 2,3' ,4,4' ,5 o. 7643 7.12 7.12 
40 6 + 153 2,2• ,4,4' ,s,s• 0.8028 7. 75 7. 75 

6 132 2,2' ,3,3' ,4,6' 
5 105 2,3,3' ,4,4' 

41 6 141 2,2' ,3,4,5,5 1 ·0.8217 
42 6 137 2,2' ,3,4,4' ,5 0.8326 7. 71 7.71 
43 6 138 2,2' ,3,4,4' ,5' 0.8450 7.44 7.44 
44 6 + 129(d) + 2,2',3,3',4,5 0.8564 7.32 7.32 

7 UK 
45 6 128 2,2' ,3,3' ,4,4' 0.8867 6.96 6.96 
46 7 174 2,2' ,3,3' ,4,5,6' o. 9092 
47 7 117 2,2' ,3,3' ,4' ,5,6 o. 9174 
48 6 156 2,3,3' ,4,4' ,5 0.9269 
49 8+ 200 + 2,2' ,3,3' ,4.5' ,6,6 1 0.9359 

6 157 2,3,3' ,4,4' ,5' 
50 7 180 2,2' ,3,4,4' ,5,5' 0. 9555 
51 7 170 2,2' ,3,3' ,4,4' ,s 1.000 

(a) From Ba11schmiter and Ze11 (22). (b) PCB isomer Kows from (2). (c) Log Kows 
used in log ~ vs log Kow relationships. Log Kow for the peak is assumed to equal 
that of the major isomer when the isomers are not fully resolved, and in some cases an 
average Kow of two isomers is used when their contributions are similar and log Kows 
are similar. (d) Reported to represent 70% or more of the mass of the peak (20,22,24,25) 
in Aroclor mixtures or as determined By GCMS. (e) Similar Contributions of isomers in 
peak (20,22,24,25 or GCMS). 

RESULTS AND DISCUSSION 

Sediment-Interstitial Water Studies 

Station 84 sediments were organic rich and sulfate reduc­
ing. Organic carbon contents were determined at three depths, 
0-1, 1-3, and 27-30 em, and had corresponding per cent organic 
carbon contents of 6.83, 7.00 and 5.16 respectively. The pro­
files of total PCB concentration, expressed as the sum of Aro­
clor 1242 and 1254, in both the pore waters and sediments are 
illustrated in Figure 2. The pore water concentration of total 
PCBs in the 0-1 em section is 1570 ng/L and can be compared to 
a overlying water "dissolved" PCB concentration of 170 ng/L. 
Interstitial water PCBs decrease rapidly below three em and 
remain low with depth in the core. The blank for some of these 
samples cannot be neglected and would represent a pore water 
concentration of 50 ng/L for a 150 mL pore water sample. It is 
not certain to what extent contamination contributes to some of 
the deeper pore water results. 

The sediment concentration of PCBs contrasts the pore 
water results in that the level of PCBs remains fairly constant 
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Figure 2. Total PCBs (Aroclors 1242 + 1254) in sediments and 
pore waters at Station 84. 

(64 to 108 ~g/g total PCB) over the upper 15 em before decreas­
ing to levels nearly an order of magnitude lower in the region 
between 18 and 24 em. The concentration of PCBs in the sedi­
ments at 27-30 em decreases another two orders of magnitude to 
0.10 ~g/g. It is interesting to point out that a sediment 
accumulation rate of 1.7 cm/yr was calculated for a core at a 
nearby site using 210pb geochronology [26]. That sediment 
accumulation rate was for sediment which had presumably accumu­
lated after 1966 when the hurricane barrier seperating the inner 
and outer harbors was completed. Applying this rate to our core 
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gives a sediment accumulation of about 26 em in the time since 
the construction of the hurricane barrier when the sedimentation 
rate in this area appears to have increased [26], The marked 
drop in PCB concentration between 21-24 and 27-30 em may either 
correspond to the changes in deposition corresponding to the 
construction of the hurricane barrier, or to an uncharacterized 
change in the source of PCB to the harbor. 

The composition of individual chlorobiphenyls in the sedi­
ments is very similar to a mixture of Aroclor 1242 and Aroclor 
1254. These two Aroclor mixtures were primarily used by the 
manufacturing plants in New Bedford along with Aroclor 1016 
(Aroclors 1016 and 1242 are very similar in composition). This 
mixture of PCBs does not change appreciably with depth in the 
sediments which may indicate that the source of PCBs has re­
mained fairly constant in composition over this time, and that 
there are not isomer specific diagenetic processes affecting 
the solid phase distribution of PCBs at this site. 

The distribution of chlorobiphenyls in the interstitial 
waters are nearly identical to that in the sediments at the same 
depth. In other words, the apparent distribution coefficients, 
K'd (equation 3), for all the individual compounds considered, 
generally vary by less than a factor of two. This constancy of 
K'd over the wide range of K0ws (Table I) exhibited by the 
different compounds is not expected if the observed distribution 
of PCBs represents equilibrium partitioning between the sedi­
ments and a dissolved phase in the pore water. In two-phase 
partitioning K'd is equivelant to foe K0 c (equation 1). 
Combining this relationship with equation 2, a predicted slope 
(a) of 0.72 to 1.0, and log Kow values given in Table I, it 
is seen that K'd should increase by two or more orders of 
magnitude from the dichlorobiphenyls to the less soluble hexa­
and heptachlorobiphenyls. This is not the case, thereby sug­
gesting that PCBs in the pore waters are not dissolved but asso­
ciated with a filterable colloidal phase. 

The profiles of K'd with depth in the sediment for three 
chlorobiphenyls are given in Figure 3, The range of profiles 
indicates the similarity of compositions in the pore waters and 
sediments noted above. The values of K'd for 153 increase 
from 4.8 X 104 at 1-3 em to a high of 6.5 X lO~t 12-15 em 
and then decrease with depth in the sediment. It is difficult 
to ascribe an explaination for these increases in K'd with 
depth without further characterization of the interstitial 
water. A decrease in colloid concentration with depth would 
result in increased apparent distribution coefficients. The 
sediment hydrology (i.e. possible groundwater advection), and 
effect benthonic biota on the observed pore water concentrations 
are not known. A quantitative comparison of K'd values for 
this core with predictions from two- and three-phase partition­
ing models is presented in more detail later in this chapter. 

The results from the core at Station 67 provide a study 
which much more clearly illustrate the role of organic colloids 
in the partitioning of PCBs in coastal marine sediments [15]. 
Profiles of total PCBs, TOC, DOC, and K'ds of selected iso-
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Figure 3, Depth profiles of K'd for three chlorobiphenyls at 
Station 84. 

mers are given in Table II. Pore water PCB concentrations are 
higher at this site, 1.31 to 20.1 vg/L, than at Station 84 al­
though sediment concentrations are lower. The concentrations 
of PCBs in pore solution increase with depth over the upper 11 
em and remain high deeper in the core, Again, the composition 
of pore water PCBs is similar to the solid phase distribution. 
We have reported elsewhere [15) that the higher chlorinated, 
more hydrophobic chlorobiphenyls are slightly enriched in the 
pore waters and that K'd actually tends to decrease with in­
creasing Kow• The profiles of K'd for individual chloro­
biphenyls decrease with depth over the upper 11 em. These pro­
files of K'd correlate well with the inverse of the DOC and 
pore water PCB profiles. It has been shown in other studies 
[27,28,29) that organic colloids can represent a high fraction 
of the DOC in interstitial waters of reducing sediments. To­
gether, these observations suggest an important association of 
PCBs with organic colloids in the pore waters. 

In the following section we further evaluate the partition­
ing results from these cores in terms of a three-phase par­
titioning model, Comparison of the data with model calcula­
tions based on predictions from laboratory experiments illus-

106 



Depth TOC 

em %Org C 

0-3 6.06 
3-5 5.23 

..... 5-7 3.74 
0 

" 7-9 4.98 
9-11 4.40 
11-13 4.14 
15-17 4.02 
17-19 4. 74 
19-21 4.98 
21-23 5.96 
23-25 5.68 
25-27 4. 78 
27-29 4.86 
29-31 5.33 
35-41 4.75 

Table II. Profiles of TOC, DOC, Total PCBs, and K'ds 
of Selected Isomers at Station 67. 

DOC Total PCBs K'd X 10-3 (L/Kg) 

mg/L Sediments (\lg/g) Pore Waters ()lg/L) Chlorobiphenyl no.: 
52 101 153 

14.4 16.6 1.31 12.3 11.6 
17.4 16.0 3.61 4.11 3.63 3.42 
27.7 14.6 4. 72 2.84 2.17 2.00 
40.3 16.0 9.97 1.68 1.34 1.25 
47.9 21.6 20.1 1.32 0.950 0.746 
32.6 24.6 12.7 2.36 1.68 1.48 
39.2 33.0 13.8 3.08 2.31 1.90 
55.1 27.8 14.8 2.45 1.59 1.48 
42.0 30.7 14.9 2.04 1.72 1.62 
87.0 30.3 13.6 1. 73 1. 78 1.92 
50.9 26.1 12.3 2.68 2~03 1. 74 
81.4 27.4 9.68 3.31 2.63 2.51 
43.7 27.3 8.37 4.88 3.33 2.73 
54.2 25.2 11.0 3.51 2.66 2.29 
41.4 13.4 8.18 1.67 1.93 1.53 



trates the quantitative importance of organic colloids and 
serves as a basis for evaluating the assumptions in the model. 

Partitioning Model for PCBs in Sediments 

The aqueous sorption of neutral, hydrophobic organic com­
pounds with sediments and soils involves nonspecific, noncompe­
titive interactions with the organic fraction of the sorbent 
[4,5,6,8]. The driving force of sorption is largely entropic 
having relatively low enthalpic contributions [5,8,30]. The 
solvent partitioning model proposed by Chiou and co-workers (5] 
incorporates these and other observations, and appears to ex­
plain laboratory studies of sorption quite well. Among the 
assumptions implicit in this model are that sorption is: 1) in­
dependent of both solute and sorbent concentration, 2) rever­
sible, and 3) that all of the sorptive "volume"' of the organic 
matter is accessible to solutes for sorption. Assumptions one 
and two are somewhat controversial [9,31,32,33,34] but are sup­
ported by some laboratory experiments [9,35]. The discrepen­
cies may be largely attributable to an experimental artifact in 
centrifugation [9,30,34]. The third assumption is supported by 
the constancy of Koc over a large range of f 0 c [4,6]. 

Partitioning of hydrophobic organic compounds with sedi­
ment organic matter or octanol depends primarily on solute solu­
bility in water [4,6,7,8] and to a lesser extent on solute in­
compatibility with water-saturated organic phases [8,36]. The 
ability of octanol-water partitioning to mimic sorption by sedi­
ment organic matter is demonstrated by the good correlations of 
log Koc and log Kow (equation 2)[4,6,7,8] and is presumably 
due to similar polarities of the water-saturated organic phases. 

Although not studied to the same extent, organic colloids 
appear to behave as sorbents in a manner similar to sediment 
organic matter [10,11,12]. Wijayaratne and Means [12] have 
shown a dependence of log Koc and log Kow of polycyclic aro­
matic hydrocarbons (PAR) with estuarine colloidal organic mat­
ter which corresponds well with one previously observed for 
freshwater sediment organic matter. It was suggested that Koc 
of colloids <Kocc) was several times that of sediments <Kocs) 
but salinity differences in the two studies limit this compari-
son. 

In natural waters dissolved PCBs will tend to approach 
equilibrium with both sediment and colloidal organic phases. 
At equilibrium, equations 1 and 3 can be combined to yield: 

K' 
d 

f s K s D 
oc oc 

where D is the dissolved concentration and f 0 cs and f 0 cc 

(4) 

are the fraction organic carbons of sediment and colloid phases 
respectively. f 0 cc is some fraction, a , of the total measured 
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DOC, and it is further assumed for this model that Kocs = Kocc• 
Equation 4 then becomes: 

K' 
d 

f s K s 
oc oc (5) 

Comparisons of our sediment-interstitial water K'd data 
and model predictions of K'd from two-phase (equation 1) and 
three-phase (equation 5) partitioning models are presented in 
Figures 4 and 5. The three solid lines are two-phase predic­
tions of log K'd vs log Kow and are based on measured foes 
and experimentally determined log Koc vs log Kow relation­
ships published by three workers [6,7,8]. Line 1 from Means 
et al. [6] is for a wide range of hydrophobic organic compounds 
including PAR and is nearly identical to a relationship repor­
ted by Karickhoff et al. [4]. Lines 2 [8] and 3 [7] are for 
chlorinated aromatic hydrocarbons and result in predictions of 
K'd of PCBs which are significantly lower than line 1. Dif­
ferences in the three correlations may be due to the different 
compound classes considered [7] or possibly to differences in 
experimental protocol. 

Two other points need to be made in comparing these predic­
tions to the data reported here. First, for the most part, 
these relationships are based on solutes with log Kow < 6. 0 
while the PCBs considered here have log KowB ranging from 
4.89 to 7.75. The validity of the extrapolations has not been 
adequately tested. Secondly, the effect of seawater ionic 
strength and major ion composition on sediment sorption has not 
been well studied. Seawater electrolytes may have effects on 
the activity of PCBs in both the aqueous and sediment organic 
matter phases. Salting-out of non-electrolytes has been well 
studied for smaller molecules [37,38] but good data for large 
chlorinated hydrocarbons are lacking. It can be assumed that 
increases in aqueous phase activity coefficients of PCBs will 
increase sorption <Koc> by 0.1 to 0.4 log units, probably in­
creasing with degree of chlorination. In the sediment organic 
matter phase, salinity increases could possibly change sorbate 
activity coefficients by affecting the conformation, charge 
density, or water content of the organic matter. 

A model of three-phase partitioning (equation 5) is repre­
sented in Figure 4 by line 4. This curve assumes f 0 cc = 10 
mg/L in the pore water at Station 84 at 1-3 em. The major 
assumption is that both Kocs and Kocc can be predicted by the 
regression defining line 1 (log Koc = 1.0 log Kow- 0.32). This 
assumption is somewhat arbitrary for the reasons stated above, 
but fits the data better than the other lines ·and does illus­
trate the effect of colloidal organic matter on the observed 
distribution of PCBs •. The three-phase model adequately des­
cribes the constancy of log K'd with increasing log Kow for 
this range of compounds but underpredicts the magnitude of K'd 
by about 0.8 log units. Two-phase partitioning predicted by 
line 1 overpredicts log K'd for log Kow > 6.0, but under-
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Figure 4. Log K'd vs log Kow of individual chlorobiphenyls 
from 1-3 em section at Station 84. Solid lines 1.(6), 
2.(8), and 3.(7) are predictions of two-phase partitioning 
of PCBs based on laboratory experiments. Line 4. repre­
sents the three-phase partitioning model (Equation 5.) 
predicted using assumptions given in the text. 

predicts K'd in lines 2 and 3. Prediction of K'd by all 
four lines becomes worse as K'd increases with depth in the 
core (Figure 3). These high K'd values cannot presently be ex­
plained. It is possible that processes such as diagenetic al­
teration of sediment organic matter and mineral precipitation 
in some aged sediments could "trap" sorbed PCBs and make them 
less accessible for aqueous desorption. There have been few de­
sorption studies of sediments contaminated in the field. 

Measured K'ds of individual chlorobiphenyls at Station 
67 are plotted for two representative depths in a similar manner 
(Figures 5a and b). The three-phase model curves incorporate 
measured values of DOC and assume a = 1 in equation 5. These 
results demonstrate a suprisingly good fit of the data to the 
simple three-phase model, and clearly illustrat~ the effective 
lowering of K'd from predictions based on two-phase partition­
ing. Results from 17-19 em show the small decrease of log K'd 
with increasing log Kow• which is apparent in all sediment 
depths at this site [15]. This trend of K'd being higher for 
the lower chlorinated biphenyls may be the result of the smaller 
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Figure 5. Log K'd vs log Kow for two representative sedi­
ment intervals at Station 67. Model lines are the same as 
in Fig. 4. Figure b. illustrates the effect of assuming a 
lower a (0.3) in Equation 5. 

compounds being able to access more of the sorptive volume of 
the sediment organic matrix. However there is little evidence 
'of steric hindrance to sorption in other sediment sorption 
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studies, although sorption kinetics have been shown to be slower 
for larger more hydrophobic compounds [35]. There is evidence 
at Station 67 of microbial degradation of di- through tetra­
chlorobiphenyls [15]. If this process occurs in pore waters at 
a rate comparable to sediment desorption, then measured K'd 
may represent disequilibria and be higher than predicted. 

Figure 5b shows the effect of assuming a lower colloid con­
centration (a = 0.3) on model calculations. The calculation 
of a from equation 5 and the observed K'ds of 101 for all 
sediment depths yield values of 0.223 to 0.967 and average 
0.573. These estimates of organic colloid concentrations in 
pore waters are consistent with those operationlly defined by 
ultrafiltration in other studies [27,28,29]. 

Water Column Partitioning Studies 

The concentrations of total PCBs in the water column were 
five to ten times higher in the inner harbor samples at Station 
81 than at Station 74 in the outer harbor (Table III). Large 
differences in concentration over the tidal cycle were not ob­
served, nor was there a large gradient between surface and bot­
tom water samples. CTD casts at both stations indicated that 
the water column was fairly well mixed at the time of sampling. 

The concentrations of total PCBs are nearly evenly distri­
buted between particulates and the filtrate or "dissolved" 
phases. However, the composition of PCBs in these two phases 
is very different. The more soluble chlorobiphenyls are en­
riched in the filtrate. This difference in composition is il­
lustrated by the gas chromatograms of particulate and dissolved 
fractions of one sample (Figure 6). Not all of the'peaks in 

Table III. Tidal Cycle Concentrations of Total PCBs. 

Sample Particulates Filtrate Total 
ng/L 

Incoming Tide 
Station 81, Surface 183 329 512 
Station 81, Bottom 134 152 286 
Station 74, Surface 28 52 80 
Station 74, Bottom 22 28 50 

Outgoing Tide 
Station 81, Surface 386 289 675 
Station 81, Bottom 232 244 476 
Station 74, Surface 27 36 63 
Station 74, Bottom 30 41 71 
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Figure 6. Capillary gas chromatograms of "dissolved" and parti­
culate PCBs from New Bedford Harbor Station 74. Numbers 
are PCB numbers given in Table I. I.S.: internal standard. 

the gas chromatograms are PCBs, some of which have been labeled 
with IUPAC chlorobiphenyl numbers (Table I). The trend of K'd 
increasing with degree of chlorination or Kow agrees with ob­
served partitioning of PCBs in the Hudson River [39], Puget 
Sound [40], and Pacific Ocean [41], and is predicted by the 
models of two-phase partitioning described earlier. 

Plots of log K'd vs log Kow'for these eight water 
column samples provide a good comparison to the results from 
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sediment-interstitial water studies. Because measurements of 
suspended-solids concentrations and f 0 cs were not made on the 
water samples, we have had to assume values in the range of 
those measured in an extensive survey of these properties in 
New Bedford Harbor [26], which covered tidal and seasonal 
cycles. Assumed values for suspended solids concentrations and 
f 0 cs are 3.0 mg/L and 0.20 for surface samples, and 5.0 mg/L 
and 0.15 for bottom samples. These assumptions are probably 
valid within a factor of three and do not affect calculated 
slopes of log K'd vs log Kow presented later. 

Figure 7 shows the increase of log K'd with log Kow for 
the surface sample at Station 81 during the incoming tide. K'd 
increases from 1.8 X 104 for chlorobiphenyl 4 to 1.6 X 106 for 
137. Log K'd parallels log K'd predicted by-line 1 for log Kow 
~ 6.1 and then increases less rapidly for greater log Kows• The 
three-phase model depicted by line 4 assumes an f 0 cc of 0.25 
mg/L, which is consistent with reported measurements made in 
coastal waters [42] and unpublished results from our own lab. 
The three-phase model calculations do show that reasonable 
assumptions of f 0 cs and f 0 cc can explain the observed par­
titioning of PCBs and that, under these conditions, the quanti­
tative role of organic colloids on observed K'ds is minimal 
until log Kows exceed 6.0. This is not the case in pore 
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Figure 7. Log K'd vs log Kow for Station 74 water column 
sample. Lines are as given in preceeding figures with as­
sumptions of f 0 cs and f 0 cc given in the text. 
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Table IV, Regression Parameters of log Koc = a log Kow + b 
for Tidal Cycle Stations 81 and 74. 

Sample a b r 

Incoming Tide 
Station 81, Surface 0.589 2.39 0.912 
Station 81, Bottom 0.498 3.07 0.870 
Station 74, Surface 0.514 2.87 0.874 
Station 74, Bottom 0.556 2.23 0.855 

Outgoing Tide 
Station 81, Surface 0.534 2.95 0.916 
Station 81, Bottom 0.526 2.88 0.916 
Station 74, Surface 0.562 2.53 0.886 
Station 74, Bottom 0.558 2.52 0.914 

Including only log Kows < 6.11 
Incoming Tide 

Station 81, Surface 0.879 0.75 0.853 
Station 81, Bottom 0.579 2.58 0.690 
Station 74, Surface 0.309 3.98 0.475 
Station 74, Bottom 0.527 2.35 0.448 

Outgoing Tide 
Station 81, Surface 0,860 1.12 0.863 
Station 81, Bottom 0.640 2.21 0.740 
Station 74, Surface 0.832 0.97 0.731 
Station 74, Bottom 0,756 1.38 0.729 

Predictions from Laboratory Experiments (6,7,8) 

Line 1. Means et al. (6) 1.00 -0.32 0,990 
Line 2. Chiou et al. (8) o. 904 -0.78 0.994 
Line 3. Schwarzenbach 

and Westall (7) o. 72 0.49 0.975 

waters or in other organic rich waters where organic colloid 
concentrations can be many times higher. 

The linear regression parameters, a and b, from equation 2 
have been calculated, In Table IV, we first list these parame­
ters derived from considering all data points, and compare them 
to those from the three model lines. It is seen that the slopes 
do not differ much between samples, 0.50 to 0.59, and are lower 
than the laboratory derived slopes of 0.72 to 1.0. The log Koc 
intercepts are quite high and their absolute values are depen­
dent on the assumptions of POC that we have made. However, we 
interpret both of these observations to be consistent with the 
expected curvilinearity of this relationship when considering 
chlorobiphenyls with high Kow• The linear regressions have 
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also been calculated by only considering data for isomers with 
log Kow ~ 6.11 where two-phase partitioning is expected to be 
more nearly approximated. There are increased errors associated 
with the correlations derived from the smaller data sets. In the 
six samples which exhibit the least scatter in data, the slopes 
are increased closer to those predicted from two-phase partition­
ing. There are also corresponding decreases in b for those sam­
ples. 

Departure from equilibrium partitioning can be expected to be 
greater in the water column than in sediment pore waters, where 
the latter can be considered a much less open and dynamic environ­
ment. The main source of PCBs to the water column in New Bedford 
Harbor is probably resuspension of contaminated sediments. A de­
sorptive approach to equilibrium in the water column would result 
in higher log K'd and the observed slope of log K'd vs log 
K0w would be incresed if desorption kinetics are slower for the 
more hydrophobic chlorobiphenyls [35]. Disequilibria caused by 
volatilization will also tend to increase observed partitioning 
and the effect on the slope would depend on the relative rates of 
vapor exchange and desorption kinetics of the individual isomers. 
Within the limitations of both the data here and models of sea­
water partitioning, it is not possible to distinguish whether 
equilibrium partitioning of PCBs is established in the water 
column. We suggest that the results do show that dissolved PCB 
phases are more important in observed water column distributions 
as is predicted by our simple three-phase partitioning model. 

CONCLUSIONS 

It is proposed that the observed partitioning of individual . 
chlorobiphenyls between particulates and filtered water samples 
is controlled not only by solution-sediment sorption but also by 
partitioning between solution and organic colloids which can 
represent a high fraction of DOC in interstitial waters. We have 
presented the following evidence that most PCBs measured in the 
interstitial waters at these two sites are bound to organic 
colloids: 

1) The compositions of PCBs in the pore water at both stations 
are very similar to those in the sediments. If sediment­
solution partitioning were the only processes involved, the 
more soluble, lower chlorinated PCBs would have lower ob­
served K'ds and thus would be enriched in the pore solu-
tion. We have found this to be the case in the water column 
where colloids may be present in much lower concentrations. 
At Station 67, K'd·actually decreases with increasing degree 
of chlorine substititution. This trend is the opposite of 
what solubility considerations predict for a two phase system. 

2) Pore water concentrations in surface sediments are elevated 
at both stations. At Station 67 the concentrations of all 
PCBs increase with depth and K'ds decrease over the upper 
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11 em. DOC concentrations increase over this same interval •• 
We believe these trends are due to sorption of PCBs onto or­
ganic colloids whose concentrations are reflected by the DOC. 
The high values of K'd at Station 84 and increase of K'd with 
depth at this site are not easily explained. 

3) A simple three-phase equilibrium partitioning model can 
describe the observed partitioning of PCBs at Station 67 
and does predict the constancy of log K'd vs log Kow at 
Station 84. 

The high concentrations of PCBs in pore waters provide a 
relatively large and potentially mobile pool of PCBs. Pore 
water PCBs may be taken up by benthic organisms in contact with 
the sediments or be transported back into the water column by 
diffusion or mixing of the sediments. There is little knowledge 
concerning the role of PCB-colloid associations in the bioavail­
ability of PCBs or in the mobility of PCBs in sediments, which 
in light of these results are important considerations for un­
derstanding the biogeochemical cycling and long term fate of 
PCBs in coastal sediments. 

A three-phase partitioning model for PCBs in the water 
column predicts a greater importance of dissolved PCBs due to 
much lower concentrations of organic colloids. The observed 
partitioning approaches predictions based purely on sediment­
solution sorption when the effect of organic colloids on high 
Kow compounds is considered. A more critical evaluation of 
organic matter-seawater partitioning and also of the kinetics 
of processes which may affect disequilibria, are necessary to 
further evaluate these sorption models. 

ACKNOWLEDGEMENTS 

We wish to thank Capt. A.D. Colburn, Bruce Tripp, J.B. 
Livramento, Alan Davis, Hovey Clifford, Bill Martin, John Burke 
and Dr. Ed Sholkovitz for assistance in sampling and analysis, 
and Drs. Philip Gschwend, Jay Means, Rene Schwarzenbach and Ed 
Sholkovitz for useful discussions. Financial support was pro­
vided by a Andrew W. Mellon Foundation grant to the Coastal 
Research Center, Woods Hole Oceanographic Institution, the 
Education Office of the Woods Hole Oceanographic Institiution/ 
Massachusetts Institute of Technology Joint Program in Oceano­
graphy, and the Dept. of Commerce, NOAA, National Sea Grant 
Program under grants NA 83 AA-D-00049 (R/P-13) and NA 84 
AA-D-00033 (R/P-17). This is Contribution No. 5870 from the 
Woods Hole Oceanographic Institution. 

117 



REFERENCES 

1. Mackay, D., R. Mascarenhas and W. Y Shiu. "Aqueous Solubility 
of Polychlorinated Biphenyls," Chemo~phene 9: 257-264 
(1980). 

2. Rapaport, R.A. and S.J. Eisenreich. "Chromatographic Deter­
mination of Octanol-Water Partition Coefficients <Kow's) 
for 58 Polychlorinated Biphenyl Congeners," l:nv-Uton. Su. 
Te~hno£. 18: 163-170 (1984). 

3. National Academy of Sciences. "Polychlorinated Biphenyls," 
(Prepared by the National Research Council) NAS (1979). 

4. Karickhoff, S. W., D. S. Brown and T .A. Scott. "Sorption 
Kinetics of Hydrophobic Pollutants on Natural Sediments," 
Waxen R~. 13: 241-248 (1979). 

5. Chiou, C.T., L.J. Peters and V.H. Freed "A Physical Concept 
of Soil-Water Equilibria for Nonionic Compounds," Suen~e 
206: 831-832 (1979). 

6. Means, J.C., S.G. Woods, J.J. Hassett and W.L. Banwart. 
"Sorption of Polynuclear Aromatic Hydrocarbons by Sediments 
and Soils," Env-Uton. S~i. Te~hno£. 14:1524-1528 (1980). 

7. Schwarzenbach, R.P. and J. Westall. "Transport of Nonpolar 
Organic Compounds from Surface to Groundwater. Laboratory 
Sorption Studies," Env-Uwn. S~i. Techno£. 15: 1360-1367 
(1981). 

8. Chiou, C.T., P.E. Porter and D.W. Schmedding. "Partition 
Equilibria of Nonionic Organic Compound between Soil Organic 
Matter and Water," Env-Ucon. Sc-i. Techno£. 17: 227-231. 

9. Gschwend, P.M. and S. Wu. "On the Constancy of Sediment­
Water Partitioning of Hydrophobic Organic Pollutants," 
Env-Uton. Su. Techno£. 19: 90-96 (1985). 

10. Means, J.C. and R. Wijayaratne. "Role of Natural Colloids 
in the Transport of Hydrophobic Pollutants," Suence 215: 
968-970 (1982). 

11. Carter, C.W. and I.H. Suffet. "Binding of DDT to Dissolved 
Humic Material," Env-Ucon. Sci. Tedino£. 16: 735-740 (1982). 

12. Wijayaratne, R.D. and J.C. Means. "Sorption of Polycyclic 
Aromatic Hydrocarbons by Natural Estuarine Colloids," MM. 
Env-Uton. R~. 11: 77-89 (1984). 

13. Hassett, J.P. and M.A. Anderson. "Association of Hydrophobic 
Organic Compounds with Dissolved Organic Matter in Aquatic 
Systems," Env-Ucon. Sci. Techno£. 13:1526-1529 (1979). 

14. Meyers, P.A. and J.A. Quinn. "Factors Affecting the Asso­
ciation of Fatty Acids with Mineral Particles in Sea Water," 
Geoch-<-m. Co~mochim. Acta 37: 1745-1759 (1973). 

15. Brownawell, B.J. and J.W. Farrington. "Biogeochemistry of 
PCBs in Interstitial Waters of a Coastal Marine Sediment," 
Submitted to Geoch-<-m. CoDmoch-<-m. Acta. 

16. Weaver, G. "PCB Contamination in and Around New Bedford, 
Mass.," Env-Ucon. Su. Techno£. 18: 22A-27A (1984). 

118 

--, 



17. Farrington, J.W., B.W. Tripp, A.C. Davis and J. Sulanowski 
"One View of the Role of Scientific Information in the Solu­
tion of Environmental-Economic Problems," in Pttoc.eerling-6 
o6 ~he I~ettn!Ltional Sympo-6-tum on "U;t{L{.z!Ltion o6 CoM.ta)'_ 
Ec.o-6 lj.6~em.6: Ptann-<-ng, PoU~on, Pttoduc.tivdy," 2 2-27 
Novembett 1982, R-to Gttande, RS, B!taz;__f_, Vol. 7, L.N. Chao 
and W.W. Kirby Smith, Eds. (University of Rio Grande do 
Sul) (in press). 

18. Henrichs, S.M. "Biogeochemistry of Dissolved Free Amino 
Acids in Marine Sediments," PhD Thesis, MIT/WHOI (1980). 

19. Sholkovitz, E.R., and D.R. Mann. "The Pore Water Chemistry 
of 239,240Pu and 137cs in Sediments of Buzzards Bay, 
Massachusetts," Geoc.h-tm. Co.t>moc.h-<-m. Ac.~a 48: ll07-lll4 
(1984). 

20. Duinker, J.C. and M.T.J. Hillebrand. "Characterization of 
PCB Components in Clophen Formulations by Capillary GC-MS 
and GC-ECD Techniques," Env-tlton. Sc.-t. Tec.hnot. 17: 449-456 
(1983). 

21. Mullin, M.D., C.M. Pochini, S. McCrindle, M. Romkes, S.H. 
Safe and L.M. Safe. "Synthesis and ~romatographic Proper­
ties of All 209 PCB Congeners," Env-Uton. Su. Tec.hnoL 18: 
468-476 (1984). 

22. Eisenreich, S.J., P.D. Capel and B.B. Looney "PCB Dynamics 
in Lake Superior Water," in Phy.t>-tc.al Behav-touJi o6 PCB.t> -tn 
~he Gtte~ LaQe-6, D. Mackay, S. Patterson, S.J. Eisenreich, 
and M.S. Simmons, Eds. (Ann Arbor Science Publishers, Inc., 
1983), pp. 181-212. 

23. Ballschmiter, K. and M. Zell. "Analysis of Polychlorinated 
Biphenyls (PCB) by Glass Capillary Gas Chromatography," 
Fttezen-tU-6 Z. Anal. Chern. 302: 20-31 (1980). 

24. Albro, P.W. and C.E. Parker. "Comparison of the Composi­
tions of Aroclor 1242 and Aroclor 1016," J. Ch!tom~ogttaphy 
169: 161-166 (1979). 

25. Albro, P.W., J.T. Corbett and J.L. Schroeder. "Quantitative 
Characterization of Polychlorinated Biphenyl Mixtures (Aro­
clors 1248, 1254, and 1260) by Gas Chromatography Using 
Capillary Columns," J. Ch!tom~ogttaphy 105: 103-lll (1981). 

26. Summerhayes, C.P., J.P. Ellis, P. Stoffers, S.R. Briggs and 
M.G. Fitzgerald. "Fine Grain Sediment and Industrial Waste 
Distribution and Dispersal in New Bedford Harbor and 
Western Buzzards Bay, Massachusetts," Woods Hole Oceano­
graphic Instititution Technical Report, WHOI-76-115 
(1977). 

27. Krom, M.D. and E.R. Sholkovitz. "Nature and Reactions of 
Dissolved Organic Matter in the Interstitial Waters of 
Marine Sediments," Geoc.h-<-m. CMmoc.h-<-m. Ac.~a 41: 1565-1573 
(1977). 

28. Nissenbaum, A., M.J. Baedecker and I.R. Kaplan. "Studies on 
Dissolved Organic Matter from Interstitial Waters of a 
Reducing Marine Fjord," in Advanc.e-6 -tn Ottgan-<-c. Geoc.hem-t-6-
~y, H. von Gaertner and H. Wehner, Eds. (Oxford, England: 
Pergamon Press, 1972), pp. 427-440. 

119 



29. Elderfied, H. "Metal-Organic Associations in Interstitial 
Waters of Narragansett Bay Sediments," AmeJt. J. Sci. 281: 
1184-1196 (1981). 

30, Chiou, C.T., P.E. Porter and T.D. Shoup. "Comment on Par­
tition Equilibria of Nonionic Organic Compounds Between 
Soil Organic Matter and Water," Erwbwn. Sci. Techno£.. 18: 
295-297 (1984). 

31. Horzempa, L.M. and D.M. DiToro. "PCB Partitioning in 
Sediment-Water Systems: The Effect of Sediment Concentra­
tion," J. Env-Uton. Q_u.al. 12: 373-380 (1983). 

32, DiToro, D.M. and L.M. Horzempa. "Reversible and Resistant 
Components of PCB Adsorption-Desorption: Isotherms,:· Env-Uton. 
Sc~. Technol. 16: 594-602 (1982). 

33. O'Connor, D.J. and J.P. Connolly. "The Effect of Concentra­
tion of Adsorbing Soleds on the Partition Coefficient," 
Wat~ Reh. 14: 1517-1523 (1980). 

34, Voice, T.C., C,P.Rice and W.J. Weber Jr. "Effect of Solids 
Concentration on the Sorptive Partitioning of Hydrophobic 
Pollutants in Aquatic Systems," Env-Uton. Sci. Technol. 17: 
513-518 (1983). 

35. Karickhoff, S.W. "Sorption Kinetics of Hydrophobic Pollu­
tants in Natural Sediments," in Cordam~nant.o and Sec:Ument.o, 
Vol. 2, R.A. Baker, Ed. (Ann Arbor, MI: Ann Arbor Science 
Publishers, Inc., 1980), pp. 193-205. 

36. Karickhoff, S.W. "Semi-Empirical Estimation of Sorption of 
Hydrophobic Pollutants on Natural Sediments and Soils," 
Chemo.oph~e 10: 833-846 (1981). 

37. McDevit, W.F. and F.A. Long. "The Activity Coefficient of 
Benzene in Aqueous Salt Solutions," J. Am~. Chern. Soc. 74: 
177.3-1777. 

38, Gordon, J.E. and R.L. Thorne. "Salt Effects on Non­
Electrolyte Activity Coefficients in Mixed Aqueous 
Electrolyte Solutions-II. Artificial and Natural Sea 
Waters," GeocMm. Co.omoc.hlm. Ada 31: 2433-2443 (1967). 

39. Bopp, R.F. "The Geochemistry of Polychorinated Biphenyls in 
Sediments of the Tidal Hudson River," PhD Thesis, Columbia 
University (1979). 

40, Dexter, R.N. and S.P. Pavlou. "Distribution of Stable 
Organic Molecules in the Marine Environment: Physical­
Chemical Aspects. Chlorinated Hydrocarbons," MM. Chern. 7: 
67-84 (1978). 

41. Tanabe, S. and R. Tatsukawa. "Vertical Transport and 
Residence Time of Chlorinated Hydrocarbons in the Open 
Ocean Water Column," J. Oc.ean. Soc. Japan 39:53-62 (1983). 

42. Zsolnay, A. "Coastal Colloidal Carbon: A Study of its 
Seasonal Variation and the Possibility of River Input," 
E.otu.M. Coa.ot. MM. Sc.~. 9: 559-567 (1975), 

120 


	

