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The nen-Aroclar congener 3 3-dichlgrobiphenyl {FCE 11} has
been racently detected in air, water, biota, sediment, and
sispended sediment Although it has been known since at
least the: 1970s that this congener is produced inadvertanty
during the production of diarylide yellow pigments, this work
presents the first evidence that the use of these pigments in
consumer goods results in the dispersion of PCE 11 throughout
the anvironment at levels that are problematic in terms of
achieving water quality standards for the sum of polychlorinated
biphenyls (PCBs). In this work, PCB 11 is measured at ppb
levels in eonsumer goods that are likely to be discarded in ways
that allow them o enter wastewater reatment plants and
combined sewer overflows, including newspapers, magazines,
cardboard boxes used for food packaging, and plastic bags.
Also, using data sets acquired far the purpose of calculating total
maxirnum daily loads (TMDLs) for PCBs, PCB 11 Ipads to the
New York/New Jersey Harbor and Delaware River are calculated,
Despite the fact that there are no known manufacturers of
diarylide yellow pigments in the Delaware River watershed, the
loads of PCB 11 ta the Delaware River exceed the TMDL for
the sum of PCBs by nearly a factor of 2. The ratio of FCE 11 o
a characteristic dechlorination end product, PCB 4 (2,2-
dichlgrohiphenyl), in these data sets indicates that dechlorination
is not a significant source of PCB 11 in these systems. In the
upper Hudson River, where extensive dechlorination of heavy
PCB congeners occurs, the ratio is just 0012 In contrast,
downstream in the NY/N. Harbor as well as in the Delaware
River the rativ is much higher and more variable. Pigment
use therefare appears to be the main source of PCB 11 in thess
systems, anhd this congener is likely to present a significant
obstacle to achieving PCB water quality standards thraughout
the United States.

Introduction

Polychlorinated biphenyks (PCBs) are a class of persistent
organic pollutants (POPs) that have been targeted for
elimination by the United Nations Environment Prograrnme
as vne of the “dirty dozen” POPs (1), In the United States,
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the production and use in commerce of PCBs was banned
by a series of legislative acts, including the 1873 act that
prohibited the use of PCEs in open applications. These open
applications included the use of PCBs as a transfer agent in
carbonless copy paper. An impertant and often overlooked
loophole in the various laws regulating PCB use was that the
inadvertent production of PCBs was allowed to continue as
long as manitoring requirements were met, Despite this
exclusion, PCBs in the United States and in many other
countries are regulated as the sum of all 209 congeners
(XPCBs). In the United Statcs, the Clean Water Act requires
that waterways in which ZPCEs exceed the applicable water
quality standard must be subjected to a process in which a
total maximum daily load (FTMDL) is caleulated, promulgated,
and irnplemented. Thus, although inadvertent production
of PCBs is not banned in the United States, it will increasingly
be subject to regulation via the Clean Water Act and the
TMDL process,

The dichlore cangener 3,3'dichlorobiphenyl (PCE 11) is
produced inadvertently during the production of diarvlide
yellow pigments, which are the most common yellow
pigments used in printing as well as a wide variety of other
applications (2. The original 1979 Code of Federal Regula-
tions (3) specifically states that “after fuly 1, 1979, processing
and distribution in commerce of diarylide or phthalocyanin
bigrments that contain 50 ppm or greater PCBs is permitted
only for persons who are granted an exemption.” Worldwide
production of color organic pigments was estimated to be
abhout 250 million metric tons in 2006, with about 25% of the
market being diarylide yellow pigments (4. About §5% of
the total production of color organic pigments is used in
printing (4). PCB 11 concentrations in printing inks with
yellow pigments have been measured ta be on the order of
13 ppb (5). Given that an average of 40% composition in
printing inks are pigments (6, PCB 11 concentrations in
diarylide yellow pigments are roughly 38 pph. Therefore,
worldwide production of PCBE 11 via the manufacture of
diarylide yellow pigments is estimated to be 1.5 ¢ in 2006.

The recent development of a reference method for PCS
analysis in envitonmental samples based on high resolution
mass spectrometry (Envirorunental Protection Agency, EFA,
method 1668A) has enabled researchers to measure PCB 11
routinely. 1n 2002, Litten (7) reported concentrations of PCB
11 as high as 225 ng L™! in the eftluents from two wastewater
treatment plants in the New York/New Jersey Harbor area.
These two plants received waste from pigment manufactur-
ers. The load of PCB 11 to the harbor from these (wo plants
was estimated to be about 100 kg y~! at the time these samples
were collected (8). That same year, King et al, (9) reparted
PCB 11 as a dominant PCE congener in water, suspended
particulate material, and mussel tissues in Halifax Harbour.
They noted the connection between PCB 11 and pigment
production, and hypothesized that intermittent discharges
from one or more unidentified industrial sources were the
muast likely source of PCB 11, Since that time, PCB 11 has
been reported in the water column and in air ai many
locations (10— 12). In recent work (13}, we reported that PCB
11 is ubiquitous in the tidal Delaware River, and that jt can
be used as a tracer for wastewater and combined sewer
overflows (C50s), ¢ven in watersheds where there are no
known manufacturers of diarylide yellow pigments.

Here, we provide evidence that the widespread use of
diarylide yellow pigments is a significant source of PCE 11
to urban waterways, and that this source is likely to be large
enough that it must be addressed in order w implement
‘TMDLs for PCBs nationwide. The goals of this work are (1)
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TABLE 1. Comcentrationg of PCB 11 in Consumer Goods
Collected in 2008°

PGB 11 concentration

material ing 97! = ppbj
black and white printed newspaper (A} 0.85
black and white printed nawspaper (B} 0.45
brown {unprinted) cardboard {A) 3.0
brown (unprinted)} cardboard {B) 2.8
color glossy magazing (A) 4.5
color glossy magazine (B) 3.3
color newspaper {A) 66
color newspaper (B) 5.7
plain white eopy paper (A) ND
plain white copy paper {B) ND
ranita envelope {A) ND
manila anvalope (B) .11
vellow cereal box {A) 30
valiow cereal box (B) 2.9
yellow plastle bag {A) 34
yvellow plastic bag (B} 38
vellow sticky note (A) 0.82
yallow sticky note (B) 0.11
lab blank (GFF) (A) ND
lab blank (GFF) (B) ND

?ND = not detected.

to pravide evidence that PCE 11 can enter urban waterways
via the use of diarylide yellow in consumer goods including
printed paper and cardboard packaging, (2) 1o provide
evidence that the dominant source of PCB 11 in urban
watersheds is not dechlorination of heavier PCE congeners,
and (3) to provide a preliminary assessment of the magnitude
of these nonpoint PCE 11 sources in two urban watersheds.
These goals are addressed by measuring FCB 11 in a variety
of consumer goods and by using existing data sets from the
NY/NJ Harbor—Hudson River and the Delaware River to
assess the loading profile of PCB 11 in these two systems
{maps ar¢ provided in the Supporting Information). These
two water bodies are excellent test beds for exarnining the
sources of PCB 11 because in both systems large, high-quality
data sets on PCB concentrations are available, Sediments n
the upper Hudson River are highly contaminated with PCBs
(14), and this is the site of arguably the most extensive
documented in situ dechlorination of PCBs in the world
{15—20). This is thereforz the ideal location to determine the
extent of FCB 11 production via the dechlorination of heavier
congeners. The drawback of investigating PCB 11 sources in
the NY/NI Harbor is that there are known manufacturers of
diarylide yellow in the watershed, For this reascn, the
Delaware River represents an excellent test bed for inves-
tigating PCB 11 loads that are not associated directly with
pigment manufacture as there are no facilides in the Delaware
River watershad that produce diarylide yellow pigments. In
addition, the Delaware River is already subject to a TMDL
for TPCBs of about 380 mg d7' (20, allowing a uscful
comparison with PCB 11 loads.

Methodolegy

Measurement of PCB 11 in Consumer Goods. PCB 11 was
measured in samples of printed material and other consumer
goods collected in 2008 (Table 1). Paper from color magazines
and newspapers, cardboard from food packaging for breakfast
cereal, and yellow plastic grocery bags made of high density
polyethylene were anatyzed. These samples were processed
as described previously (10). In brief, each sample (~& g) was
spiked with PCEs 14, 23, 65, and 166 as surrogates. Each
sample was Sozhlet extracted in dichloromethane for 24 h.
The mazimum temperature achieved during extraction was
the boiling point of dichloromethanc, 40 °C. Because diarylide

TABLE 2. Loads of Dichloro PCBs to the NY/MJ Harbor during
1993200

flow Ly loads (mg d-')
(> 107 PCE4  PCR 11
CS0s 12 74 68
stormwater 71 293 470
wastewater effluents 318 1300 1200
tributaries (New York)
Hudsan 742 41000 710
Mohawk 527 440 g9
Wallkill 131 41 49
tributarias (New Jersey)
Elizabeth 2 6B 8
Hackenszack 5 3 3
Passaig 96 300 150
Rahway g 5 B
Raritan 1085 96 120
total 43000 23900

TABLE 3. Estimated loads of Dichlere PCBs to the Tidal
Delaware River doring 2001—2003

flow (L y') Tloads {mg d~")
{x 10 PCE4 PCEB N
tributaries
Dealaware at Trenton 2.8 430 350
Schuylkill 2.1 244 110
minor tributaries 1.6 130 31
top 12 dischargers
{wastewater treatment plants)
municipal 0.83 740 170
industrial 0.11 26 21
sum 1600 740

yellow is reported to be able to withstand temperatures of
up to 180-200°C (2), breakdown of diarylide yellow to form
PCB 11 during the extraction process is unlikely. Butracts
were then reduced in volume by rotary evaporation and
separated into two fractions on a column of 3% water-
deactivated alumina. The fraction containing PCBs was
concentrated under a gentle stream of nitrogen gas to about
0.5 mL and injected with internal standard PCRs 30 and 204
prior to analysis. Glass fiber filters (GFFs) were analyzed as
blanks. GFFs were baked at 450 *C for 4 h prior to extraction.

Analysis of PCBs was performed by a gas chromatograph
with a tandem quadrupole mass spectrometer detection
system (Waters Quattro Micro GC) by a method described
previously (/. PCB 11 was identified by use of authentic
PCE 11 standards (Ultra Scientific). Frame solutions {Ac-
custandard) containing all 209 PCB cangeners were analyzed
to confirm that no other dichloro PCB congeners cogluted
with PCEB 11 in the chromatographic system. Recoveries of
the PCB 23 surrogate (which was used to surrogate-correct
the measured PCE 11 concentrations) averaged 97.7% and
ranged from 70% to 127%.

Construction of PCE Loads to the NY/NJ Harbor and
Nelaware River. Loads of PCB 11 and PCB 1 (2,2'-dichlo-
robiphenyl) to the NY/NJ Harbor and Delaware River were
calculated (Tables 2 and 3). An analysis of the uncertainty
in these loads is presented in the Supporting Information.

PCR loads o the NY/N] Harbor were constructed con-
sidering the following inputs: stormwater, wastewater treat-
ment plant effluents, tribularies, and combined sewer
overflows (C30s). Loads were calculated by muldplying &
voluimetric Aow rate (Table 2} by the geometric mean PCE
concentrations {dissolved plus particulate phase). The tribu-
taries considered were the Hudson River at the Federal Dam
at Troy, NY, as well as the Mohawk, Wallkill, Raritan, Rabway,
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Elizabeth, Passale, and Hackensack Rivers (see Figure 5-1 of
the Supporting Information for a map of the area). Flows
for these tributaries were total annual discharges averaged
over the period 1980—2007 (www.uggs.gov) in orderto remave
the effect of isolated events such as the drought of 2002.
Although there are no systematic trends in tributary discharge
over this period, these periodic events cause the average
flows to haverelative standard deviations of as much as 37%.
The stormwater flow was taken from Totten (8. The CS0
flow was estimated on the basis of data from the Interstate
Environmental Commission (http://www.iec-nynjct.org/
reports.hun), who report that 12% of total wastewater
treatment plant flow in the harbor region is in the form of
C80s, and that New York City's current capture rate for C80s
is §9%., Multiplying these percentages suggests that 3.7% of
the total wastewater treatment plant flow is unireated CS0
flow into the harbor, corresponding to about 12 x 10" Ly=1,
Flows for stormwater and CS0s are highly uncertain, so the
flows given in Table 2 should be viewed with caution.
Comparing loads of FCB 4 with loads of FCB 11, however,
requires only that the same flow rate be used for both
congerners.

PCB concenirations in samples from the NY/NJ Harbor
were taken froim the Contaminant Assessment and Reduction
Project (CARP), which measured all 209 PCB congenars via
EPA method 1668A in samples collected from 1998--2001.
Details of the methodology are available in a variety of reports
(22, 23) through two Web sites: http://www.state.nj.us/dep/
dsp/njtrwp/ and hieps/ fwww.dec.ny.gov/chemical /23839,
html and the raw CARP data are available by request {http://
wiww, carpweb org/ main html),

A less complete loading assessment was performed for
the Delaware River. Again, volumetric flow rates (Table 3)
were multiplied by geometrie mean PCE concentrations. PCB
concentrations were obtained from the database of mea-
surements coliectad insupportof the TMDL for PCBs recently
promutgated for the tidal portion of the River. PCBs were
measured In samples collected during 20012003 via EPA
method 1668A. Details of sampling and analysis can be found
in the TMDL documents (21).

For tributaries, loads were constructed using the same
methods used to calculated homologue PCB loads for the
TMBL model (21, 249, Ia briel, dey weather flow rates were
multiplied by concentrations of PCBs measured in samples
collected at these lower flow rates, and wet weather flow
rates were multiplied by concentrations of PCBs meagured
in wet weather samples. Loads were calculated for the
Delaware at Trenton and the Schuylkill River as well as the
following minor tributaries: Alloways Creek, Big Timber
Creck, Brandywine Creek, Chester Creek, Christina River,
Cooper River, Crosswicks Creek, Darby Creck, Frankford
Creek, Mantua Creek, Neshaminy Creek, Pennsauken Creek,
Pennypack Creek, Poquessing Creek, Raccoon Creek, Ran-
cocas Creek, Red Clay Creek, Salem Creek, and White Clay
Creek. A map of these tributaries is available in Pigure 5-2
of the Supporting Information.

For point discharges, the geometric mean concentration
was multiplied by the average of the daily reported flows
from the discharger during the period of sample collection
(9/1/2001 to 3/31/2003). Peint discharge loads were calcy-
lated for the top 12 discharges (by flow). These 12 accounted
for about B8% of the total (low of all 75 dischargers sampled.

Using these data sets, two approaches were developed to
investigate the possibility that PCB 11 arizes primarily from
dechlorination of heavier congeners, PCB 4 is a characteristic
dechlorination end product in Hudson River sediments {18).
If PCB 11 arises primarily from the dechlorination of heavier
congeners, it would be prevalent in areas with high Aroclor
PCE concentrations and notable levels of dechlorination
activity such as the Upper Hudson River. Therefore the fiest
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approach was to use PCB 4 as an indicator of dechlorination
activity and assume that if PCB 11 arises primarily from
dechlorination, it will have a similar loading pattern and will
be strongly correlated with PCB 4 in these two data sets. PCB
4 provides a good comparison to PCB 11 because both are
dichloro PCB congeners and therefore have similar physical—
chemical properties, suggesting that their transport and
partitioning in the environment are similar. A bog and whisker
plotofthese ratios is presented in Figure 5-3 of the Supporting
Information.

The second approach is to look for an association between
PCH 11 and its precursors. Although microbially mediated
reductlve dechiorination of PCBs can remove chlorines at
the ortho, meta, and para posfilons, remmoval of ortho
chlnrines is much less common (25). The most logical
precursors for PCB 11 are therefore congeners that contain
chlorines at the 3 and 3’ positions but have no chlorines in
the ortho positions. Only three congeners meet these
requirements: 3,3,4.4"-tetrachlorobiphenyl (PCB 77), 3,3,4,4',5-
pentachlorobiphenyl (PCB 126), and 3,%,4,4,5,5-hexachlo-
robiphenyl (PCB 169). These three congeners are not very
abundant in the Aroclors, comprising much less than 1% of
any individual Aroclor (26). Thus it is possible that in areas
of high Aroclor PCB concentration, PCB 4 concentrations
could be high due to meta and para dechlorination, yet PCB
11 concentration remains low dug to the inability of the
bacteria to remove chlorines at the ortho positlon and the
relative Jack of these three congeners as precursors. For thig
reason, the second method of determining whether PCB 11
arises primarily from dechlorination is to look for its possible
precursors in the PCB signal, Outside of the Upper Hudson
River, PCB dechlorinatipn tends to be slow and typically does
nol oceur to & great extent. In fact, the TMDL maodels for the
NY/NJ Harbor and the Delaware River assume thar no
degradation of PCBs occurs {21, 22). We therefore assume
that if PCB 11 arises primarily from dechlorination in arcas
outside ot the Upper Hudson River, its concentrations would
not exceed those of its parent congeners, PCBs 77, 126, and
169,

Results

Concentrations of PCB 11 in Consumer Goods. PCE 11
concentrations in consumer goods sampled during 2008
ranged from nondetect to 38 ppb (Table 1). These levels are
many oiders of magnitude lower than the levels of ZPCBs
found in carbonless copy paper in 1972, when Kuratsune
and Masuda (27) reported PCB concenirations as high as
64.7 myg g"!. Two samples of each material were extracted,
but they are not duplicates, For example, the newspaper and
magazine samples were different mastheads printed on
different days. The cereal boxes were from the same brand
of cereal with a distinctive yellow box, but the boxes were
obtained about 3 months apart. The plastic bags were
obtained from a local grocery store several months aparl,
PCB 11 was below the detection limit of about 0.25 ppb in
the GFF blanks as well as in samples of white copy paper and
one of the manila envelopes. Thus PCR 11 is associated with
color, especially yvellow, printing. PCB 11 was by far the
dominant PCB congener detected in the color samples. Most
other PCR congencrs were below detection limit,

The detection of these levels of PCB 11 in consumer goods
is problematic. The uze of PCBs in carbonless copy paper
was banned due to concerns that they could he readily
transferred (o hurman skin during handling (27). It remains
unclear to what extent PCB 11 is capable of leaching out of
these materials, but given that paper and cardboard are easily
shredded, especially when wet, it is certain that PCR 11 from
these types of materials can contribute to particle- phase PCB
concentrations in ambient waters.



A simple caleulation illustrates the potential of these PCB
11-containing materials to affect surface water quality. An
average cereal box such as thuse measured in Table 1 weighs
about 90 g and therefore contains about 0.27 g of PCR 11,
If the cardboard of the box is assumed to be similar to the
type of organic carbon usually encountered in the environ-
ment {an assumption which is debatable 28— 30), then the
organic carbon—water partition coefficient (£,) can be used
to estimate the volume of water that one cereal box can
contaminate. Hansen et al. (3/) report a value for log K. for
PCB 11 of 4.84. Using this value, one cereal box can
contaminate nearly 7000 L of water at a level of 20 pg L™,
the average PCR 11 concentration in the ambient waters of
the Delaware River.

PCE 11 in the NY/NJ Harbor. In constructing the loads
from wastewater treatment plants, concentration data from
the two wastewater treatment plants known to receive
effluents from pigment manufacturers were excluded (al-
though their flow was included in the total flow). In these
two plants, PCE 11 concentrations in the effluents ranged
[rom 5 to 118 ng L™t In etfluents from the other plants, PCB
11 ranged from 0.0016 to 9.4 ng L=}, As noted above, the load
of PCB 11 from these two plants into the NY/NJ Harbor was
calculated to be on the order of 100 kg y~! (nearly 300 gd™)
at the time these samples were collected. In comparison, the
loads presented in Table 2 are small.

The main loads of PCB 11 to the harbor come [rom
wastewater treatiment plant effluents, stormwater, and the
Hudson River. In contrast, by far the main source of PCB 4
to the harbor is the Hudson River, which is known w be
contaminated with PCBs, mostly in the form of Aroclor 1242
(14). Indeed, the comelation coefficient between PCB 4 and
PCB 11 concentrations in the CARP data set is poor (R <
0.01). Extensive dechlorination of PCBs occurs in the Upper
Hudson, resulting in high concentrations of PCE 4 in these
waters. In samples from the Hudson River at Waterford, NY,
near the site of documented PCB dechlorination, PCE 4
concentrations range from 0.9 to 7.5 ng L7, and PCB 4
comprises about 20% of ZPCEs in the disselved plus particle
phases, despite comprising only about 4.7% of Araclor 1242
(26). PCB 11 concentrations at this location range from 0.016
to 0.073 ng L1, PCB 11 represents about 1.2% of ZPCBs in
these samples and =0.1% of Aroclor 1242 (268). The ratio of
PCB 11 to PCE 4 in these samples ranges from 0.004 to 0.2,
with an arithmetic mean of (.012 and a relative standard
deviation {RSD) of 54%. The values appear to be normally
distributed, and the geometric imean (0.011) s very similar
to the arittinetic mean. In these samples it is probable that
PCB 11 arises primarily from the dechlorination of higher
molecular weight PCBs,

Downstream of the Hudson River in the NY/N] Harbor
thiz pattern is not observed. For example, in the C50 and
stormwater samples, the ratio of PCE 11 ta PCB 4 is much
lacger and more variable, ranging from 0.2 to 2 with an
arithmetic mean of 1.7 (RSD = 110%). These values appear
to be log-normally distributed, with a geometricmean of 1.1
and a geometric standard deviation of 0.4. Absolute PCB 11
concentrations in these samples range from 0.071 to 2.1 ng
LY. The average and the maximum concentrations af PCB
11 in these samples are higher than the average and maximum
concentrations of PCB congeners that could potentially be
precursors to PCE 11 (PCBs 77, 126, and 169), Thus, in the
area of arguably the highest PCB dechloripation activity in
the world (the upper Hudson River), concenirations of PCE
11 are lower than in samples of stormnwater and G50 effluents
from the harbor dewnstrearn, It is difficult to imagine a
scenario in which extensive degeadation and dechlorination
of PCRs occurs in the stormwater—wastewater collection
system, resulting in PCB 11 concentrations that are higher
than those of a characteristic dechlorination end product,

PCE 4, and higher than those of the possible precursors of
FCEB 11. In fact, the TMDL model of the NY/NJ Harbor
assumes that degradation of PCBs in this system is negligible
(33). This suggests that PCB 11 in samples collected In the
NY/N) Harbor is not a product of dechlorination, and that
its sources are different from the sources of PCB 4,

The fact that the largest loading categorics for PCB 11 are
wastewater treatment plant effluents and stormwater is
consistent with a chernical that arises frorn nonpoint sources,
Maost of the sewers in the NY/NJ Marbor region are combined
sewers such that wastewater influents include debris that is
washed off of impervious surfaces. This debris can be
expected to include discarded newspapers and other printed
material. We hypothesize that PCB 11 could enter stormwater
and wastewater treatment plant influents via these types of
consimer goods, thereby contributing to the particle-phase
PCE 11 levels. We further hypothesize that PCB 11 desarbs
from these products and thereby enters the dissolved phase.
Because PCE 11 has a higher aqueous solubility (107! mol
m™?) and lower oclanol—watet partition coellicient (10500
L kg-') than heavier PCB congeners (33), 2 larger fraction of
its mass will exit the plant via the effluent.

PCE 11 in the Delaware River, Investigating PCB 11
dynamics in the NY/N] Harbor is somewhat problematic
because of the presenice of pigment manufacturers in the
watershed. In contrast, there are no known producers of
diarylide yellow pigments in the Delaware River watershed.
There are a few small pigment manufacturers in the area,
but none that are listed in the Toxics Release Inventory (34)
for releases of 3,3 -dichlorobenzidine, 3,3"-dichlorobenzidine
dihydrochioride, and 3,3'-dichlorobenzidine sulfate, the key
intermediates in the synthesis of pigments associated with
PCB 11. As in the harbor, the TMDL model for PCBs in the
tidal Delaware River assumes that degradation of PCBs in
this system is negligible (21), and the correlation between
concentrations of PCB 4 and PCE 11 in the Delaware River
is poor (R < 0.01), The ratio of PCB 11 to PCB 4 in the ambient
waters of the Delaware River ranges from 0.1 to 22, with an
arithmmetic mean (RSD) of 1.3 (167%) and a geometric mean
of 0.69. FCB 11 concentrations in the ambient waters of the
Delaware River ranged from nondetect te 0.2 ng L™, The
tributary loads of PCEs 4 and 11 (Table 3) generally [ollow
the tlows of the tributaries.

In samples from dischargers, a category which includes
wastewater treatment plants, PCB 11 concentrations ranged
from nondetect to 20 ng L™, Of the 75 discharger effluents
sampled, only vne contained the kind olhigh concentrations
of PCB 11 observed in the two planis from the NY/NJ Harbor
that receive wastewater from pigment manufacturers {L.e, =
§ ng L1, This one discharger was a paper mill south of
Philadelphia that produces tissue products and is permitted
for stormwater discharges. Two samples of stormwater from
this mill contained 5.4 and 20 ng L™ PCB 11, Excluding these
two samples, the highest PCB 11 concentration observed in
the dischargers was 1.7 ng L), The highest PCB 11 concen-
trations were generally measured ineffluents from industrial
outfalls, although a municipat outfall from the city of Trenton,
NJ, had one of the highest PCB 11 concentrations at 0.7 ng
L', As in the barbor, the concentrations of PCB 11 were
higher than the concentrations of its precursors (PCBs 77,
126, and 169) in more than 90% of the discharger samples.

The loads from the top 12 point dischargers (by flow)
total nearly 200 mg d™' for PCR 11, These 12 dischargers are
all wastewater treatrment plants, 4 of which treat industrial
effluents, with the other 8 being municipal plants. Most of
the discharger load of PCB 11 comes frotn the municipal
plants, largely due to their highet flow.

The estimated loads of PCB 11 to the Delaware River
presented in Table 3 do not include three loading categories
that were included in the TMDL madel for PCBs: CS30s,
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contaminated sites, and nonpoint sources, a category domi-
nated by stormwater inputs. Loads from these three categories
could not be estimated for PCE 11 because the necessary data
are not available. Thus the total load of PCE 11 to the Delaware
River is likely to be greater than the sum of all the estimated
loads presented in Table 3. Loads frnm contaminated sites and
neonpoint sources are significant for other PCBs, On the basis
of the stormwater load calculated for the NY/IN] Harbor, PCB
11 loads from stormwater are Ukely to be slgnificant in the
Delaware River as well. Even without these loads, the tatal of
the loads presented in Table 3 is about 740 mg d~!, which is
neatly twice the TMDL for the ¥PCBs in the Delaware River
(380 mg d~'). PCB 11 is therefore a significant problem in the
Delaware River, a watershed which is not known to harbor any
diarylide yellow pigment manufacturers, To the extent that the
Delaware River can be considered a typical urbanized water-
shed, we find this result suggests that PCB 11 maybe an obstacle
to Implementing PCB TMDLs in other regions of the United
States.

Discussion

Relatively little is known about the toxicity of PCB 11. Because
it is mot substituted in the ortho positions, it may exhibit
dioxin-like toxicity. FCB 11 reportedly produces neuro-
chemical effects in rat cerebellar gramude cells (35). Because
it is less hydrophobic than heavier PCE congeners, it may be
expected to have less bicaccumulation potential (36). It is
likely to be less persistent in the environment than heavier
PCBs because it is likely to partition to a greater extent into
the gas phase, where it is subject ta refatively fast reactions
with the hydroxyl radical (37). It is also iikely to be more
susceptible 1o agrobic blodegradation (38, 39). Nevartheless,
here we have provided evidence that loads of PCB 11 to
waterways in the United States are likely to be significant
and therefore must be addressed in order to implement PCB
TMDLs, We have also presented evidence that the main
source of PCB 11 in two typical urban watersheds is not
dechlorination of heavier congeners, and we have demon-
strated that PCE 11 is present in paper and cardboard
materials that may be easily shredded and therefore can
contribute to the particle-phase PCB 11 burden in ambient
waters. We hypothesize that PCB 11 can also be released
from these materials to the dissulved phase. Our resulis
suggest that the sources of PCB 11 in urban watersheds are
different [rom the sources of the Aroclor PCE congeners,
and therefore control strategies designed to lower the loads
of most other PCB congeners to urhanized surface waters
are not likely to be successful in lowering PCB 11 loads. We
recommend that monitoring programs should measure all
209 PCE congeners in at least a subset of samples and should
measure PCB 11 in all samples. Because PCBs in the United
States and in many other countries are regulated as the sum
of all 209 congeners, PCB 11 appears to be a significant
problem that will require further study.
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Figure 1. Map of the Delaware River Basin showing tributaries from (7).
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Figure 2. Map of the Hudson River and New York/New Jersey Harbor

Ver

]

MONT,

S

el [

A

P A

i ga .
L
o Lower
~  NY Bay
aritan Sand

& Hook
- Sandy Hook
epert L ﬂ'y

R Y ST




05
(2)

0.4

0.3

0.2

PCE 11/PCB 4 Ratio

masss s

0.1 4

S T

100

()

80 4 ) .
. .
€0 -
. .

40 -

PCBE 11/PCB 4 Ratio

20

+

I- -
cARP S0 | {ff-fmme ==e

i

CARP wastewater -

DE dischargers {E—_ -
DE ambient - %}-

CARFP Ambient*
CARP stormwater E—|'

CARP Upper Hudson A

Figure S-3. Box and whisker plots of the ratios of PCB 11 to PCB 4 in the various data
sets used in this work. Upper error bar, , uppet edge of box, line within hox, lower edge of
box, and lower error bar represent the 90™, 75%, 50™, 25™, and 10" percentiles,
respectively. The dots represent outliers (out31de of the 10™ or 90™ percentiles). CARP
refers to the Contamination Assessment Reduction Project in the NY/NI Harbor, CARP
Ambient refers to all locations within the NY/NJ Harbor except the Upper Hudson. DE
refers to the Delaware River Basin. Panel (a) is the same data as panel (b) with an
expanded y axis to lllustrate the differences between the Upper Hudson and the other

locations.



Estimate of uncertainty in loads of PCB 4 and PCB 11

In general, loads were calculated by multiplying 4 geometric mean concentration
by an average flow rate. The geometric mean concentration was used because the
concentrations tended to be log-normally distributed, while the average flow was used
because the average annual flows tended to be normally disiributed. In a case such as
this, uncertainty can not be propagated and calculated analytically. There is no accepted
analytical procedure for propagating error for the product of log normally distributed
paramneter with a normally distributed parameter. Thus our approach for characterizing
the uncertainty in loads was to multiply each available concentration by each available
flow rate and then report the 25™, 50, and 75" percentile loads of the resulting matrix.
When concentrations wetre available separately for aqueous and particle-bound phases,
the median, 25" and 75" percentile loads were calculated separately for each phase and
then summed. Our approach was therefore to rely directly on the full scope of all
available data to characierize variability in loadings estimates. The major drawback of
our unweighted full factorial approach may be a tendency to skew loads low because
uncommon extreme events are less likely to have been sampled, yet may comprise a
disproportionately large proportion of total inflows. For similar reasons, our approach
may also tend to underestimate variability. Qur approach was also not able to account for
auto-correlation in parameters, for example between aqueous concentrations and tributary
volumetric flow rate.

For rivers and their tributarics, the annual average discharge from the period 1980

— 2007 was used (http://waterdata.usgs. gov/nwis/sw). For wastewater flows into the

NY/NJ Harbor, flows reported for 2000-2007 by the Interstate Environmental



Commission (http://www.iec-nynjct.org/reports.ntm) were used. Estimated stormwater

flows into the NY/NJ Harbor for six years between 1988 and 2002 were taken from
reference (2). For the dischargers to the Delaware River, only daily flows for the period
9/1/2001 to 3/31/2003 were available, so these were used to estimate uncertainty. One of
the Delaware River dischargers provided only an estimated flow. In this case we
estimated the uncertainty in this flow by assuming that its uncertainty was similar to that
of the other dischargers, and used this to calculate a load distribution.

The flow of CSOs (combined sewer overflows) in to the NY/NJ Harbor 15 highly
uncertain, and we have no information on the magnitude of the uncertainty or the shape
of the CS50 flow distributiOn. In this case, the median, 25™ and 75" percentile loads
presented in Table 5-1 describe only the distibution of concentrations—uncertainty in

the flow is not included.
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