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Abstract

The Chicago Sanitary and Ship Canal (CSSC) links the Great Lakes to the Mississippi River
starting in downtown Chicago. In addition to storm water, the CSSC receives water from
Chicago’s wastewater treatment plant (WWTP). Such effluents are known to be sources of organic
pollutants to water and sediment. Therefore in 2013, we collected 10 sediment samples from the
CSSC and measured the concentrations of polycyclic aromatic hydrocarbons (PAHS),
polychlorinated biphenyls (PCBs), brominated flame retardants, and organophosphate esters
(OPEs). Geometric mean concentrations of the summed concentrations of 16 PAHs ranged from
11,000 to 420,000 ng/g dw, with the highest concentrations located at each end of the canal. Total
PCB concentrations had a geometric mean of 1,400 + 500 ng/g dw. Brominated flame retardants
were separated into two groups: polybrominated diphenyl ethers (PBDES) and non-PBDEs.
Concentrations of PBDEs and those of the non-PBDE flame retardants had a geometric average of
83 + 19 and 7.0 + 5.8 ng/g dw, respectively. The summed concentrations of 8 OPEs ranged from
470 to 2,800 ng/g dw, with the highest concentration detected at a site located downstream of the
Stickney water reclamation plant. Using ANOVA results, some hypotheses on sources to the CSSC
could be formulated: Downtown Chicago is probably a source of PAHSs, the Cal-Sag Channel may
be a source of PCBs, and neither the WWTP nor the Cal-Sag Channel seem to be significant
sources of brominated flame retardants or OPEs.
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1. Introduction

There are three paths by which water can leave Lake Michigan. The first is through the
Straits of Mackinac to Lake Huron, from which water exits through the St. Clair and Detroit
Rivers to Lake Erie. The second path is through the Chicago River that flows into the
Chicago Sanitary and Ship Canal (CSSC), which in turn connects to the Des Plaines River
and eventually to the Illinois River. The third path is through the Calumet River which flows
into the Calumet-Saganashkee Channel (Cal-Sag Channel), which merges with the CSSC.
The CSSC is a man-made, 45 km long canal that was designed to receive the storm water,
sewage, and other wastewater generated by greater Chicago and redirect it away from Lake
Michigan, which is Chicago’s drinking water source. In effect, the CSSC is a connection
between Lake Michigan and the Mississippi River by way of Chicago’s residents.

The CSSC is about 7 m deep and 35-75 m wide, and it has a flow rate of 7.4 x 108 m3/day?
which is only a small percent of the total flow out of the Great Lakes — about 5.7 x 108
m?3/day? at the St. Lawrence River. The flow rate in the CSSC is controlled by three locks,
one at each end of the CSSC and one on the Calumet River. These locks also allow barge
traffic, carrying crude materials, manufactured goods, coal, petroleum, and chemicals,? in
and out of the CSSC/Cal-Sag system. The CSSC is part of the Chicago wastewater system,
and the outflow of the Stickney water reclamation plant enters the canal about 18 km from
Lake Michigan with an maximum discharge flow rate of 4.5 x 106 m3/day which makes the
Stickney plant the world’s largest wastewater treatment plant.3

Wastewater treatment plants (WWTPs) are known to be sources of pollutants, many of
which are considered persistent organic pollutants (POPs), such as polychlorinated
biphenyls (PCBs),* polycyclic aromatic hydrocarbons (PAHSs),* polybrominated diphenyl
ethers (PBDES),>%.7:8 non-PBDE brominated flame retardants,>®° and organophosphate
ester flame retardants (OPEs).>6:10.11 For example, the summed concentrations of 21 PAHs
in the influent and effluent of a WWTP in Montreal were 1550 and 420 ng/L, respectively;
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therefore, this plant had a 73% removal rate (percentage of compound in the effluent
compared to the influent) of PAHs.# On the other hand, the Marine Park WWTP in
Washington state measured the concentrations of #is(2-chloroethyl)phosphate (TCEP, an
OPE) to be 960 and 810 ng/L in the influent and effluent, respectively, which means there
was only a 16% removal rate of TCEP in this plant.? Because of these variations in the
removal rates of different compounds in different WWTPs, the Metropolitan Water
Reclamation District of Greater Chicago is tasked with monitoring the water and sediment
quality in the CSSC.12 However, they only measure selected, high priority organic
pollutants, including PAHSs, pesticides, and PCBs.

In this study, we have measured the concentrations of several persistent organic pollutants in
sediment from the CSSC with the goal of determining if the city, the Stickney water
reclamation plant, the Cal-Sag Channel, or some other human related activity was a source
of these compounds. We have focused on the following compounds: polycyclic aromatic
hydrocarbons (PAHS) [specifically fluorene, phenanthrene, anthracene, fluoranthene, pyrene,
retene, benz[glanthracene, chrysene, benzo[ b]fluoranthene, benzo[ A]fluoranthene,
benzo[4]pyrene, benzo[€]pyrene, indeno[1,2,3-cd]pyrene, dibenzo[a,Alanthracene,
benzo[ghiperylene, and coronene], polychlorinated biphenyls (PCBs) [congeners 1-209],
15-brominated flame retardants (BFRS) [specifically the polybrominated diphenyl ethers
(congeners 7, 17, 28, 47, 49, 85, 99, 100, 153, 154, 206-209, PBDEs), hexabromobenzene
(HBB), 2-ethylhexyl-2,3,4,5-tetrabromobenzoate (EH-TBB), hexabromocyclododecane
(measured as the sum of the a, B, and y isomers, HBCDs), 1,2-6/52,4,6-
tribromophenoxy)ethane (BTBPE), and decabromodiphenylethane (DBDPE)], and
organophosphate esters (OPEs) [specifically #ris(2-chloroethyl)phosphate (TCEP), #ris(1-
chloro-2-propyl)phosphate (TCIPP), triphenyl phosphate (TPHP), #ris(2-butoxyethyl)
phosphate (TBOEP), 2-ethylhexyl diphenyl phosphate (EHDP), fris(2-ethylhexyl) phosphate
(TEHP), tris(2-isopropylphenyl) phosphate (TIPPP), and #ris(4-tert-butylphenyl) phosphate
(TBPP)]. Concentrations, relationships among these levels, and their spatial distributions are
presented and discussed.

2. Materials and Methods

2.1 Sampling.

Sampling generally followed the protocol outlined by Martinez et al.13 Surficial sediment
samples were obtained on 19 June 2013 in the Chicago Sanitary and Ship Canal from the
Metropolitan Water Reclamation District of Greater Chicago’s boat Pollution Control 100.
Ten samples, the locations of which are shown in Figure 1 with site numbers and distances
from the start of the Chicago River at Lake Michigan (in river km), were collected with a
standard Ponar dredge sampler (clamshell-bucket). Table 1 gives the geographical
coordinates of each site and the percent total organic carbon converted from loss on ignition.
14 Site 7 is located up the Cal-Sag Channel just before it merges with the CSSC, and site 6 is
slightly downstream from this point. Using these two sites, we hoped to estimate the load of
pollutants entering the CSSC from the Cal-Sag Channel. Sediment samples were extracted
with suitable solvents, cleaned up by liquid-solid column chromatography, and analyzed by
gas chromatography (GC) coupled with mass spectrometry (MS) and tandem mass
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spectrometry GC/MS/MS. Details on these procedures are given in the supporting
information, along with the quality assurance and quality control protocols.

3. Results and Discussion

To simplify our data, we have focused on compounds that were detected in more than 50%
of the samples and that were found in less than 15% of the blanks. Concentrations, given as
geometric means, with their standard errors and detection frequencies, for each compound at
the 10 sites are given in Tables S1 and S2. Concentrations are expressed as ng of compound
per gram of dry sediment (ng/g dw). Correlation statistics for all compounds are given in
Table S3; for the remainder of this manuscript, a P value equal or less than 5% is considered
to be statistically relevant. Throughout this discussion, we will focus on phenanthrene,
fluoranthene, pyrene, total PAHs (the sum of all 16 PAHSs), total PCBs (the sum of all 209
congeners except PCB-14, 166 and 204), BDE-47, BDE-99, BDE-209, total PBDESs (sum of
BDE-7, 17, 28, 47, 49, 85, 99, 100, 153, 154, and 206-209), HBB, EH-TBB, HBCDs,
BTBPE, DBDPE, TCEP, TCIPP, TPHP, TBOEP, EHDP, TEHP, TIPPP, TBPP, and total
OPEs (sum of TCEP, TCIPP, TPHP, TBOEP, EHDP, TEHP, TIPPP, and TBPP). A condensed
table giving the geometric means of these compounds and the results of an ANOVA using
the logarithmically transformed concentrations is given in Table 1. For ANOVA results,
concentrations that share a letter are not significantly different.

3.1 Summary of Polycyclic Aromatic Hydrocarbons.

PAHs are formed by the incomplete combustion of carbon-based fuels, and many PAH are
carcinogenic or mutagenic. Their levels in the environment are generally correlated with
human population density.1516 In the CSSC sediment samples we have studied here, PAHs
had the highest detection frequencies and concentrations of all the compounds we measured.
Concentrations of total PAHs ranged from 11,000 to 420,000 ng/g dw with the highest levels
at both ends of the canal and the lowest at site 8. The concentrations and ANOVA results for
total PAHSs are shown in Table 1. The most abundant individual compounds were
fluoranthene, pyrene, and phenanthrene contributing on average 20 £ 0.6, 17 + 0.7, and 12

+ 0.8%, respectively to the total PAH load. This profile has been seen previously in sediment
and effluent samples.*12 As seen in Table S3, concentrations of the individual PAHs
correlated well with each other, except for retene, which is usually associated with biomass
burning.1” The PAH levels reported here are similar to those reported by the Metropolitan
Water Reclamation District of Great Chicago in 2006 for the same sampling area.12 They
reported the total concentration of 12 PAHSs, and these geometric means ranged from
15,000-156,000 ng/g dw. At the New Bedford Harbor in Massachusetts, a Superfund site
mainly due to PCB contamination, the mean concentration of 16 PAHs ranged from 14,400
to 902,000 ng/g dw.18

3.2 Summary of Polychlorinated Biphenyls.

PCBs were manufactured from 1929 until 1979, when they were banned due to their toxicity
and environmental persistence. PCBs were used in numerous industrial and commercial
applications such as transformers, capacitors, thermal insulation, and plastics. Due to their
widespread use, their improper disposal, and their persistence, PCBs have become a
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worldwide contaminant and were one of the first 12 substances listed under the Stockholm
Convention.1® The average detection frequency for the individual 209 congeners was 91%.
Concentrations of total PCBs can be found in Table 1 and had a geometric average of 1,400
+ 500 ng/g dw with a range of 69 to 5,000 ng/g dw; individual congener concentrations can
be found in Table S2. It is worth noting that only site 8 was analyzed in triplicate for PCBs.
Because the variance detected at this site was minimal, PCB concentrations at the remaining
sites were only measured once. The two highest concentrations were at sites 2 and 7. The
Metropolitan Water Reclamation District of Great Chicago reported PCB levels in 2006 for
the same sampling area, but their concentrations were in terms of four different Aroclor
mixtures. Geometric mean concentrations of Aroclor 1254, 1248, 1260, and 1016 were
1,500, 2,800, 680, 180 ng/g dw, respectively, and are similar to the levels we found.12
Sediment in the Indiana Harbor and Ship Canal, designated as an area of concern due to
contamination of heavy metals, PAHs, and PCBs, had an average total PCB concentration of
8,700 ng/g dw;13 these levels are the same order of magnitude as the most contaminated site
in the CSSC.

3.3 Summary of Brominated Flame Retardants.

BFRs are commonly used in commercial and consumer products to slow the spread of fires.
For the CSSC sediment samples, geometric mean concentrations and ANOVA results for
BDE-47, 99, 209, total PBDE, HBB, EH-TBB, HBCDs, BTBPE and DBDPE are given in
Table 1. PBDEs constituted a high portion of BFRs used, but because of their presence in the
environment, PBDES have been withdrawn from the market.20 Of the 37 PBDE congeners
measured in this study, 14 had an average detection frequency of > 50%. Sites 1, 2, 4, 5, 6, 8,
and 9 had the highest levels of total PBDES, with a geometric average of 170 £ 17 ng/g dw,
and these concentrations were not statistically distinguishable from one another. The sites 3,
7, and 10 had the lowest levels of total PBDEs, averaging 12 + 20 ng/g dw, and these
concentrations were not statistically distinguishable from one another.

Overall, the most abundant congener was BDE-209 (52 + 4% of total PBDES) followed by
BDE-47 and 99 at 19 + 3 and 16 + 1%, respectively. This congener profile agrees with other
sediment studies.®7:21.22 Concentrations of BDE-99 correlated well with those of BDE-47
and 209. As seen in Table S3, total PBDE concentrations correlated well with all PBDE
congeners except BDE-7, 17, 28, and 49. A previous study reported sediment concentrations
of BDE-209 in Arkansas up to 34,000 ng/g dw for sites near the major PBDE manufacturing
facilities.23 In addition, PBDES were measured in sediment from the River Besos in Spain,
which is heavily populated and industrialized, at levels ranging up to 810 ng/g.6 Both of
these levels are higher than those we measured here in the CSSC.

Between 2004 and 2013, PBDE were taken off the flame retardant market by their
manufacturers and replaced by other highly brominated compounds.2? We detected several
of these non-PBDE brominated flame retardants (HBB, EH-TBB, HBCDs, BTBPE, and
DBDPE) in the CSSC sediment but at much lower levels compared to the PBDEs.
Concentrations of HBB were statistically indistinguishable at all sites and averaged 0.11

+ 0.02 ng/g dw (Table 1). Sediment samples from Japan in 1982 had HBB concentrations up
to 4.3 ng/g dw.2* EH-TBB was the most abundant non-PBDE brominated flame retardant at
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all sites except at site 2 and 6. EH-TBB concentrations were significantly higher at sites 1, 8,
and 9; the EH-TBB concentrations at all of the other sites were not statistically different than
one another and averaged 2.7 + 0.41 ng/g dw. EH-TBB concentrations correlated well with
those of total PBDESs. At site 2, the most abundant non-PBDE brominated flame retardant
was HBCDs, and with the exception of sites 3 and 7, its concentrations did not vary
significantly with location. At these other sites, the average HCBD concentration was 2.9

+ 0.61 ng/g dw. HBCD concentrations correlated well with those of total PBDEs and EH-
TBB.

The most frequently detected non-PBDE brominated flame retardant was BTBPE with a
detection frequency of 97%. The concentrations of BTBPE were highly variable, ranging
from 0.16 ng/g dw at site 3 to 6.3 ng/g dw at site 8, and these concentrations correlated well
with those of total PBDESs, EH-TBB, and HBCDs. Ldpez et al.2° reported levels of BTBPE
in river sediments in the Netherlands up to 0.3 ng/g dw. Decabromodiphenylethane
(DBDPE) was detected in 70% of the CSSC samples and was the most abundant non-PBDE
brominated flame retardant at site 6. Its concentrations did not statistically differ among sites
(Table 1), and its overall average concentration was 2.0 + 0.26 ng/g dw. The levels of
DBDPE correlated well with those of total PBDEs, HBB, and HBCDs. The average
concentration of DBDPE is similar to those reported in lakes located about 200 km away
from its manufacturing facilities in Arkansas (1.7-3.0 ng/g dw).23 Cristale and co-workers®
also report that DBDPE was found in sediment samples in Spain, but HBB, EH-TBB, and
BTBPE were not detected there. Overall, the significant correlations between the
concentrations of these compounds in the CSSC sediments and those of total PBDEs
indicates that these chemicals probably have similar sources.

3.4 Summary of Organophosphate Esters.

OPEs have many applications.26:27 The two chlorinated OPEs, TCEP and TCIPP, are used as
flame retardants, and many others are used as plasticizers for flexible and rigid polyurethane
foams. TPHP is mainly used as plasticizer in PVC, but it has also been used as a flame
retardant and in hydraulic fluids. TBOEP is widely used in floor waxes and as a plasticizer
in many types of PVC products. EHDP is used in hydraulic fluids and as a plasticizer in food
packaging. TEHP has been used as a flame retardant, plasticizer, and fungicide. Less is
known about the uses of TIPPP and TBPP, but they are used as plasticizers and flame
retardants, respectively.

Geometric mean concentrations and ANOVA results for TCEP, TCIPP, TPHP, TBOEP,
EHDP, TEHP, TIPPP, TBPP, and total OPEs are given in Table 1. Of the OPEs discussed
here the only ones that were detected less frequently than 100% were the two halogenated
OPEs (TCEP and TCIPP) and TEHP (at an overall detection frequency of 87, 93, and 97%,
respectively). All of the others were present in all 30 samples. The levels of total OPESs are
an order of magnitude higher than those of total PBDES. This concentration difference in
OPEs verses PBDES has been previously seen in sediment analyzed from Spain.22 The most
abundant OPEs were TBOEP and EHDP, as seen in the OPE profile (Figure S1) contributing
on average 46 + 2 and 19 £ 2%, respectively to the total OPE load. This agrees with a

Chemosphere. Author manuscript; available in PMC 2019 January 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Peverly et al.

Page 7

previous study which found that TBOEP was the most abundant OPE detected in sediments.
11,28

Concentrations of TBOEP and EHDP ranged from 320-1,600 and 28-690 ng/g dw,
respectively, and were highly variable among sites. Concentrations of TBOEP correlate well
with those of TCIPP, TPHP, and total OPEs (Table S3). Concentrations of EHDP only
correlated well with those of total OPEs. The least abundant OPE was TCEP with an
average concentration of 26 + 3.0 ng/g dw, and the levels of TCEP were the only ones to
correlate well with those of the all the PAHs. The concentrations of TCIPP, the other
chlorinated OPE, correlated well with those of TCEP. Concentrations for TEHP and TBPP
both correlated with those of total PBDEs. The concentrations of TEHP ranged from 29-250
ng/g dw, and those of TBPP ranged from 9.2-150 ng/g dw. The concentrations of TIPPP
ranged from 4.7-270 ng/g dw but did not correlate to any other compound measured. A
recent review summarizes OPE levels measured in a variety of matrices including sediment
samples, and the authors discuss the wide range of concentrations published for sediment
samples.2” The highest reported values were for sediment samples in Norway, where, for the
total of 8 OPES, the concentrations ranged from 7,500 to 34,000 ng/g.2° The lowest reported
levels were for Taihu Lake in China with a range of 3.4—14 ng/g.28 Our observed
concentration are about in the middle of these previously measured values.

3.5 Spatial Distributions.

For spatial analyses, results from an ANOVA were used, and these results are given in Table
1 for each compound. Graphs of concentrations (in ng/g dw) versus distance from the start
of the Chicago River at Lake Michigan (in river km) are given in Figures 2 and 3 for total
PAHSs, PCBs, PBDEs, and OPEs, respectively. For comparison Figure S2 shows the
concentrations of each group of compounds in normalized to grams organic carbon (ng/g oc)
versus the distance from the start of the Chicago River at Lake Michigan. With this analysis,
we hoped to determine if the city of Chicago, the Stickney water reclamation plant, the Cal-
Sag Channel, or some other human related activity was the source of these pollutants to the
canal. The effluent of the WWTP enters the canal near site 3, and the Cal-Sag Chanel enters
at sites 6 and 7. With the exception of total PAH, none of the significant spatial variations
that we observed (see discussion above) could be related to either the WWTP or to the Cal-
Sag Chanel.

As seen in Figure 2 (top), there is a very significant increase in concentrations of PAH in the
sediment between sites 3 and 4, but the PAH concentrations at sites 1, 2, 4, and 10 are
statistically indistinguishable from one another. Thus, the Stickney water reclamation plant
is probably not a source of these compounds. On the other hand, the total PAH
concentrations decrease exponentially from sites 1 to 8 (omitting site 3); see the lines in
Figure 2. This observation is consistent with a PAH source at the downtown Chicago end of
the canal. The relatively high PAH concentrations at sites 9 and 10 are puzzling. These
higher levels could be due to more industries and a large amount of barge traffic and
dockage at this end of the canal or due to the trapping of sediment just before the
downstream dam and lock. The significantly lower levels at site 3 (Figure 2, top) could be
related to the inflow of the WWTP causing a temporary dilution of the polluted sediment
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coming from downtown Chicago, although this effect is not observed with the organic
carbon adjusted concentrations (Figure 2, bottom).

A general decrease in PAH concentrations with distance from Chicago was also reported by
Mehler and co-workers30 in 2010, who studied the sediment of the CSSC. They reported
that the total PAH concentration decreased from 3 mg/g oc (normalized to organic carbon) at
the start of the CSSC to 1.3 mg/g oc at the merger of the CSSC and the Cal-Sag Channel.
That paper also reported that the total PAH concentration in sediment decreased to 0.4 mg/g
oc in Lower Peoria Lake, which is approximately 230 km downstream from Chicago. A
similar trend can be seen with sediments taken from Lake Michigan.3! The concentrations of
14 PAHs (summed together) was 400 ng/g dw at a site 8.5 km off shore between Chicago,
Illinois and Gary, Indiana, and decreased with increasing distance from shore. It is
interesting to note that the total PAH concentration at site 1, nearest Lake Michigan, was
about 1,000 times higher than the off-shore level in Lake Michigan. This observation
suggests that sediment in the CSSC should not be allowed to leak back into the lake in order
to effectively protect Lake Michigan as Chicago’s drinking water source.

Without replicate measurements of PCBs, we were not able to apply ANOVA techniques to
these data; however upon inspection of Figure 3, PCB concentrations do not seem to differ
from site to site except for site 10, which is at a lower concentration. Site 7 has one of the
highest concentrations of total PCBs (even with normalization to organic carbon; see Figure
S2), which suggests that the Cal-Sag Channel, not the WWTP, may be a source of these
compounds to the CSSC.

The lack of significant spatial variations of flame retardant concentrations as a function of
distance down the CSSC suggests that neither the WWTP nor the Cal-Sag Channel are
significant sources of these compounds to the canal (see Figures 3 and S2 for concentration
of total PBDEs and ANOVA results verses distance). Previous work has shown that
wastewater treatment plants are generally doing a good job of removing flame retardants
from the plant’s effluent and that these compounds generally remain in the plant’s sludge.
Schreder and La Guardia,® found that the removal rate for BDE-47, 99, and 209 (summed
together) was 86%. Therefore, it was expected that the WWTP in this study would not be a
source for PBDEs to the CSSC, and that is what we observed. This is not to say that there
are no local sources of flame retardants near the canal itself. For example, there are two
industrial areas around site 8 that include a decommissioned coal-fired power plant and a gas
refinery. A recent study32 found that coal-fired power generation plants are sources of
PBDEs to the atmosphere; thus, it is possible that such a facility could be a source of these
compounds to the CSSC.

The spatial variations of total OPE concentrations do not indicate a specific source of these
compounds (see Figures 3 and S2 for concentrations of total OPEs and ANOVA results
verses distance). The only clear exception is site 10, which showed significantly lower
concentrations of all of the OPEs. These data suggest that the Stickney water reclamation
plant is not a major source of OPEs to the CSSC and that these compounds are not
accumulating behind the lower lock and dam system. It should be noted that not all of the
OPEs have the same spatial pattern (see Figure S1 and the ANOVA results in Table 1). As
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stated before, levels of TCEP follow those of the PAHS; thus, it seems likely that the city of
Chicago is more of a source of this particular compound than the WWTP. Interestingly, the
concentrations of EHDP and TIPPP were highest at site 7, suggesting that its source is the
Cal-Sag Channel; however, EHDP also showed a significantly high concentration at site 4,
suggesting that this compound may have two sources. Based on the concentrations and
spatial trends of PBDEs and OPEs found in this study, it would be interesting to examine
more sediment collected between sites 6 and 9 and further up the Cal-Sag Channel.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
Map of the sampling sites on the Chicago Sanitary and Ship Canal (CSSC) in Chicago,

Ilinois. Sampling sites are labeled with a black dot with their corresponding site number and
distance (in river km) from the start of the Chicago River at Lake Michigan. Latitudes and
longitudes for each site are given in Table 1. The red star is the Stickney water reclamation
plant. The black straight lines represent the county borders; the largest one is Cook County
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(Top) Geometric mean concentrations (in ng/g dw) of total PAHs with their corresponding
ANOVA results. The line is a regression of the logarithmically transformed concentrations
as a function of distance from site 1 to 8, omitting data at site 3; the coefficient of
determination is significant at P < 0.01%. (Bottom) Geometric mean concentrations (in ng/g
organic carbon) of total PAHs with their corresponding ANOVA results. The line is a
regression of the logarithmically transformed concentrations as a function of distance; the
coefficient of determination is significant at P = 0.31%. In both cases, the error bars
represent standard errors of triplicate measurements, and concentrations sharing the same
letter are not significantly different (P < 5%).
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Concentrations (in ng/g dw) of total PCBs, and geometric mean concentrations (in ng/g dw)
of total PBDEs and total OPEs with their corresponding ANOVA results. The error bars

represent standard errors of triplicate measurements; however, for total PCBs, only site 8 (48
km) has triplicate measurements. Concentrations sharing the same letter are not significantly

different (P < 5%).
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