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Abstract

This thesis explores the fate of chiral compoundé environment, with
a focus on the utility of enantiomer measurememt&lucidating pollutant
sources.

The enantiomer distributions of several chiral pblgrinated biphenyls
(PCBs) were measured in the water column of thesbladRiver Estuary, and the
atmosphere above it, to provide evidence for tktive contribution of fresh
versus historical sources. Racemic distributiorsawobserved in air for all chiral
congeners detected, but nonracemic distributionB@B 95 occurred throughout
the water column. The results suggest that theceaaf this congener, and
potentially other congeners, to the local aquatadfweb is weathered historical
contamination. In contrast, the source of PCB&édocal atmosphere is likely
fresh releases from the surrounding dense urbanecen

The choice of peak integration technique and fiscéon the
measurement of chiral contaminants was studiee cbimmon valley drop
method was shown to bias calculated enantiometidrasto a greater extent than
a deconvolution method. Typical biases when uiegralley drop method were
shown to have a dramatic effect on environmentaltaions that employ the
enantiomer fraction.

The enantiomer distributions and concentration8@Bs in soil and air
were determined in the region surrounding a hazerdaste incinerator in
Alberta, Canada. Concentrations and homologuenpatshowed that the

incinerator was the primary source of PCBs to #ggan. Enantiomer



distributions in air were largely racemic, yet nacemic signatures were observed
in soil. This data suggests that atmospheric FG@B%e region likely originate
from recent emissions from the incinerator, andraweblatilization of historically
deposited contaminants from soill.

By examining concentrations, as well as isomeremahtiomer
distributions of perfluorooctane sulfonate (PFQ8&3éveral aquatic species, the
impact of precursor compounds on concentratiod®3F@S in the aquatic food
web of Lake Ontario was deduced. Racemic distiobgtwere observed in some
forage fish, but nonracemic distributions were obsé in invertebrate species as
well as lake trout. Since the biotransformatiompiEcursors to PFOS is known to
be enantioselective, the observed nonracemic sigggain some aquatic species
points to an influence of precursors on the logaladic organisms body burdens

of PFOS.
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Chapter 1: Sources of Persistent Organic Pollutast

A portion of this chapter has been previously @h#d as Martin, J.W., Asher, B.J.,
Beesoon, S., Benskin, J.P., and Ross, M.S. PF@®&610S? Are perfluorooctane
sulfonate precursors (PreFOS) important determénainfhuman and environmental
perfluorooctane sulfonate (PFOS) exposure? Joofrahvironmental Monitoring
(2010) 12, 1979-2004. Copyright © 2010 Royal Sgod Chemistry, reprinted with
permission. BJA'’s contribution to this paper igttaed in Section 1.3.5.



1.1 Persistent organic pollutants

The research in this body of work focuses on temasate chemical
compounds or classes of compound: polychlorinaiigidenyls (PCBs) and
perfluorooctanesulfonate (PFOS). While the molacstructures, physical and
chemical properties, biological effects, and histdruses of these compounds are
vastly different, both belong to a notorious gradghemicals, known
collectively agpersistent organic pollutanter POPs. POPs are considered high
priority chemical contaminants typically based emesal critical factors. These
include their resistance to degradation, theirgitib bioaccumulate in the tissues
of organisms, and their potential to have advarggcts on the health of humans
and the environment. Additionally, POPs have thiétg to undergo long-range
transport, leading to their distribution acrossgtebe, including the
contamination of remote regions far from where tasymanufactured, used, and
disposed. Due to concerns about these compoualitsy makers at both the
national and international level have committetht elimination of these
compounds from production and use, and to the temuof their concentrations
in the environment.

Most notably, the Stockholm Convention on Persistinganic Pollutants
is an international treaty that came into forcélisy 2004, and was ratified by
173 countries including Canada as of April 201 artieipating countries agreed
to eliminate or reduce levels of (initially) twelpeiority POPs, with 9 additional
pollutants (including PFOS) added in May 2009 [Ekamples of these

compounds include the pesticides DDT andndp-hexachlorocyclohexane



(HCH), industrial chemicals like PCBs, and uninieml byproducts such as
polychlorinated dibenzodioxins and polychlorinatédenzofurans (PCDD/Fs).
While production and use of many of these compotwadsbeen halted or
significantly restricted — some have been for desadmost are still widely
distributed in the environment. For example, paidun of PCBs was halted in
North America in the late 1970s, but existing swokthese compounds are
ubiquitous. PCBs are still present in transfornaard other electrical equipment,
as well as building materials in urban regions [].the environment, they are
bound to soil and sediment at contaminated sitesage still at significant
concentrations in flora and fauna around the wo8dnilarly, DDT, which was
also banned in North America in the 1970s, is pti#isent in significant
concentrations in Canadian and US agricultural soidl continues to contribute
to elevated atmospheric concentrations at siteshis@rical applications of the
pesticide [3, 4].

Eliminating existing stocks and “hot spots” of camination is not trivial.
For policies such as the Stockholm Convention teftective, these sources of
POPs must be identified. Scientists face manyl@hgéds in this regard, including
apportioning the importance of multiple point anffuse sources, distinguishing
historical contamination versus recent emissiond,determining the
contribution of related precursor compounds toentrcontaminant levels.
Knowledge of continuing sources of POPs will allpalicy makers to make

informed choices about how best to reduce enviroaheontamination.



Furthermore, a thorough understanding of where RiBiBmate from will enable
us to make more accurate predictions of futurearirtation levels.

This thesis describes the measurement of enantisigregitures of chiral
contaminants as a tool to help resolve some otthbkallenges. A multitude of
other techniques for determining sources of PORisdrenvironment have been
employed, and are briefly discussed in the follaysection. This is followed by
a brief discussion on the properties, and envirartaldate and effects of the two
classes of contaminants studied in this thesis—REBELFOS, and the role of
chirality for these classes. Finally, the outlofehe studies comprising this thesis

is detailed.

1.2 Methods of Source Determination
1.2.1 Temperature models

A continuing source of contaminants to the atrhesg is the
volatilization of previously deposited contaminafitsn environmental surfaces
such as soil and water [5, 6]. As a result, atrhedgp concentrations of
semivolatile contaminants frequently show a deperoed®n atmospheric

temperature, modeled by the Clausius-Clapeyrontegua

AHgp
RT

InP =ay+ Equation 1-1
where P represents the partial pressure of theaoonant, gis a constant
(intercept) AHsa is the contaminant’s enthalpy of volatilizatioorin

environmental surfaces to air, R is the gas cohstaa T is the air temperature.

Although the slope of the In P versus 1/T relatiopsbased on environmental



data, generally does not correspond to a thermadigadly meaningfulAHsa

(and is often reported simply as the Clausius-Glapeslope, ainstead), Wania
et al. suggested that such a slope has utilitgdarce determination [7]. Steeper
slopes (i.e. a greater dependence on temperatutieate a predominance of local
contaminant sources, via volatilization from enwimeental surfaces, while
shallow slopes indicate that atmospheric conceatraiare dominated by long-
range advective-diffusive transport [7]. Suchlatrenship has been shown to be
unreliable under various scenarios, including waeaignificant number of
measurements are at low (near-freezing) tempesgtwigen contaminant

concentrations are low, and when data sets ard gm&b) [8].

1.2.2 Contaminant ratios

Environmental chemical analysis most often prodwocegentration data
for several related analytes simultaneously, aedéehative concentrations of
these compounds are often used as evidence whermal@hg contaminant
sources. Specifically, the ratio of multiple compats of a commercial mixture,
such as the ratio of andy-HCH concentrations, have been used to differentiat
between recent and historical pesticide applicat{technical HCH formulations
are 70%u-HCH, while more recent-use lindane is >99%CH [9]). Thus, a low
aly ratio is indicative of a source comprised of redenlane use. For example,
Haugen et al. showed seasonal variation irutheatio in the air of southern
Norway, corresponding to usage patterns of lindaweestern Europe [10].

Likewise, Qiu et al. analysed the ratiomf-DDT to p,p-DDT to apportion the



DDT-impurity in the current-use pesticide Dicofal @ contributing source of
DDT to Chinese air [11]. More recently, De SilMaaé used isomer profiling to
distinguish between sources of perfluorooctand@kEOA) [12]. PFOA is
manufactured by two methods: electrochemical fhation (ECF), which
produces approximately 22% branched isomers, dochégization, which
produces exclusively linear compounds. In thadgtanalysis of the percent
branched compositions in polar bears was usedéo differences in the relative
contributions of ECF inputs between a Canadian@regnland location [12]. In
addition to different components of technical miety the ratios of parent
compounds to metabolites have been used to deteguimaminant sources. For
example, the ratio of DDT to its dechlorinated ldawvn product DDE can be
used to verify recent pesticide applications. Tasat al. used this principle to
deduce recent DDT application at some sites irSalhts Bay, Brazil [13]. One
difficulty in using contaminant ratios for sourcefling is that the compounds
that are subject to these ratios can have impodiffetences in their
environmental distribution as well as their rated@gradation, confounding the
interpretation of these ratios. For exampkJCH has a longer atmospheric
lifetime thany-HCH, possibly due to differences in rates of resctvith

hydroxyl radicals, resulting in skewed ratios ircée air [9].

1.2.3 Chemometrics
Chemometrics is a general term used to descrileé @ statistical

techniques used for extracting potentially usaftdimation from complex



chemical analysis data sets. Many environmentalitmiong studies collect large
amounts of chemical concentration data (sometimesrts or even hundreds of
different chemical species are simultaneously dfiad}, physical parameters
such as soil or water characteristics, and enviertal parameters such as
temperature data and wind speed. Several diffstatistical methods can be
employed to transform this large number of pararsetgo a greatly reduced
number of contributions. Chemometrics is a braadi lzurgeoning field which
has been extensively reviewed elsewhere [14, 1bjsaanly briefly discussed
here, in the context of environmental source apmament. Most commonly,
principal component analysis (PCA) is used to extoathogonal contributions,
called “principal components,” which can accounttfee majority of the variance
in the data. Interpretation of these principal poments can be used to deduce
both point and diffuse sources, particularly if tenpositions of the sources are
well characterized. For example, Harrison et alasured airborne polycyclic
aromatic hydrocarbons (PAHSs) along with metal speand used PCA followed
by multiple linear regression analysis to apporsemeral sources of these
compounds to Birmingham, U.K. air, including vekiemissions, and oil and
coal combustion [16]. The use of PCA for sourcecaponment is limited,
however, as the method has difficulty in handlinigsimg data and non-detects,
and the interpretation of the determined princguahponents (i.e. attributing
them to specific sources in the case of sourcertippment) is difficult [14].
More recent and robust chemometric techniques, asigositive matrix

factorization (PMF) [17], chemical mass balance etiog [18], and potential



source contribution function receptor modeling [h}e been applied to source
apportionment problems. For example, Du et ald iddF analysis to identify
several important sources of PCBs in the DelawarerRincluding sediment
resuspension, combined sewer overflows, and wasterweatment plants as
major contributors [20]. Li et al. applied the UESPA’s widely used chemical
mass balance receptor model and accompanying sef(@&B8.2) to apportion
sources of PAHs in lake sediment quantitatively|.[Hinally, the potential
source contribution function is a probabilistic rebthat divides up a study site
into grid cells, and uses receptor concentratiowsaar parcel back trajectories to
estimate source “hot spots,” which has been dematisstfor determining sources
of numerous POPs, including organochlorine pes&i@2] and PCBs [23]. A
significant advantage of chemometric techniquekasthey can be applied
quickly and easily with appropriate software. Hoee these techniques also
require a large number of samples to be effectiugrthermore, the resulting

mathematical models can often be complex, anduljes to misinterpretation.

1.2.4 Compound specific stable isotope analys&AL

This technique is based on the principle that $sbépe signatures of an
environmental contaminant will be reflective of gygecific conditions during its
manufacture. Thus, small differences in isotogeatures between
manufacturers can be used to “fingerprint” a comamt’s source. CSIA has
been used successfully to match duck samples tierilbusatonic River in

Massachusetts to the Aroclor mixture responsibiet$ocontamination [24]. In



addition,*C isotopes have been used to identify the induistiarce of PAHSs to
sediment from the St. Lawrence River [25]. Becafdbe high precision

required to acquire isotope data suitable for smapportionment, CSIA requires
the use of specialized instrumentation, namelysatope-ratio mass spectrometer,
capable of enhanced mass resolution. Unfortungtelyr sensitivity of CSIA
instrumentation (i.e., limits of detection of ngeated compared to pg and lower
for typical mass spectrometry for trace environrakahalysis) remains a major
drawback to its widespread application, and hagduhits use in all but the most

highly contaminated sites [26].

1.3 Background on two contaminants: PCBs and PFOS
1.3.1 Polychlorinated Biphenyls — Background, $esar and Properties

Owing to their heavy use throughout most of therttieth century, PCBs
are among the most prevalent and highly conceutatéhropogenic
contaminants worldwide. PCBs are a class of 2@i8rdint chemicals (referred
individually as “congeners”), based on the thecethumber of unique
combinations of chlorine atoms (between one angtkext can be substituted on a
biphenyl backbone (Figure 1-1). For simplicity, ’€ongeners are generally
referred to using the systematic numbering (1 @) 20nvention developed by
Ballschmiter and Zell (e.g. 2,2’,3,3',6,6’-hexastdbiphenyl is given the name
PCB 136) [27]. Among industrial uses, these compsuvere primarily used as
dielectric fluids in electrical transformers angbaeitors. PCBs were also used as

coolants and in heat transfer fluid applicatiorsswall as additives in inks and



pigments, sealants, and carbonless copy paperindbstrial utility of these
compounds is due to a number of important physindlchemical properties,
including high dielectric constants and significatzbility to thermal and
chemical degradation. In North America, PCBs wamarily manufactured by
Monsanto Chemical Company, and were sold, not es gampounds, but as
mixtures of dozens of congeners called Aroclordwérying weight percentages
of chlorine. Manufacturing of PCBs also occurneather countries, including
Russia, Japan, China, Germany, Czechoslovakiahandnited Kingdom. An
estimated 1.3 x £&xg were produced worldwide between 1930 and 1998 thie
majority (70%) of this amount composed of the tetra-, and pentachlorinated
congeners [28]. While Canada did not engage imtheufacture of PCBsa.
40,000 tonnes were imported, with about 24,000esractcounted for in in-use
applications, storage, and those destroyed byenairon. The remaining 16,000
tonnes were released by either direct disposalth@e@nvironment, or via
vapourization from transformers, capacitors, seaJand releases from other

PCB applications [29].

X X

(),

Figure 1-1: General structure of a PCB molecule with the gehfmamula
C12H10-nC|n

(Cl)

Like many environmental contaminants, some of tisgal and

chemical properties that made PCBs so useful hantilbuted to their global
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environmental problems. These compounds are hizgkmp — values of log &,
for PCBs range from 4 to 8, and generally increeigie an increased degree of
chlorination [30]. As a result, PCBs associatalilgavith soil, sediment, and
biological material. In addition, PCBs have bekoven to bioaccumulate,
increasing to higher concentrations at higher tiofgvels in food webs [31, 32].
In the environment, PCBs are resistant to phots)ysydrolysis, and
biodegradation, leading to their overall persiseenBCBs are also considered to
be semi-volatile, as their vapour pressure is bighugh to allow their long-range
transport to regions far from their manufacture, asel disposal. In addition, the
cold condensation effect has led to increased aglauion of semi-volatile
compounds with latitude in polar regions [33] anthvaltitudes in mountain

ranges [34], leading to significant contaminatidmce-pristine regions.

1.3.2 Health Effects of PCBs.

PCBs, while not considered to be acutely toxic,elaeen shown to cause
numerous adverse health effects in both human adtifevpopulations. Many
PCB congeners, particularly those that are coplar@ntaining zero or or@tho
chlorines — are well known to exhibit “dioxin-likeictivity. Along with
chlorinated dioxins and furans, these compoundaseagonists of the aryl-
hydrocarbon receptor in organisms, resulting initigieiction of CYP enzymes, a
mechanism believed to be responsible for carcineggnamong other toxic
effects [35]. Numerous case-control studies hankeet! PCB exposure to cancer,

including non-Hodgkin’s lymphoma in the occupatilbypaxposed [36] and in
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general populations [37]. Increased mortalityamesal cancers of the
gastrointestinal tract have been found in capaai@nufacturing workers [38]. In
addition, several Aroclors, when administered ts,ramduce liver and stomach
tumours [39, 40]. PCBs are considered a probalmeam carcinogen by both the
Environmental Protection Agency [41] and the In&tional Agency for Research
on Cancer. In addition to carcinogenicity, PCBs @@urotoxic, as demonstrated
by a study showing reduced intellectual capacitghihdren who had been
exposedn uterovia maternal ingestion of PCB-contaminated Lakegjan fish
[42] — a disturbing effect that has been replicateother studies [43, 44]. Other
toxic effects in humans include endocrine disrupeffects [45] and immune
system dysfunction [46]. Numerous studies haveatestnated the negative
health impacts of PCBs to wildlife as well. Exasgpinclude: a negative
correlation between reproductive output and PCR:entration (among other
organochlorine compounds) in Glaucous gulls [4ilcerine disrupting effects
in seals which were fed highly PCB-contaminatel [#3]; and reproductive and

endocrine effects in laboratory-exposed mink [49].

1.3.3 Perfluorooctane sulfonate — Background, Sesirand Properties
Perfluorooctane sulfonate (PFOS) has emerged dbal gontaminant of
significant research interest. PFOS was prodymécharily by the 3M Company,
throughout the latter half of the 2@entury, with an estimated global production
volume of 96,000 tonnes [50]. Synthesis of PFOS ganducted by means of

electrochemical fluorination, producing a mixtufeapproximately 70% linear
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and 30% branched compounds [51]. ApplicationsFD8 have utilized its
surface activity, as the surfactant molecule hak bgdrophobic and lipophobic
characteristics, with high chemical stability. Ys# PFOS include water and oil
repellant coatings on textiles and paper, metaingaand as a major ingredient
in fire-fighting foams. PFOS (GECF,);SOs) is part of a larger class of
chemicals generally referred to as perfluoroalkyhpounds (PFCs), which
include the prevalent PFOA, other perfluorocarbmxgtids, perfluoroalkyl
sulfonates of differing chain length, and sevelasses of precursor compounds
(compounds capable of transforming in the enviramnhe perfluorocarboxylates
and perfluoroalkylsulfonates, respectively). HoweWee focus in this section
will be on PFOS and its precursors.

The structure of PFOS is very different from legpojlutants, such as
PCBs, DDTs, and HCHs, leading to its unusual prtiggeand environmental
distribution compared to other POPs. In the emvitent, PFOS readily
dissociates into its anionic form, given its lowpKs a result, the compound has
essentially negligible vapour pressure and highenslubility. Since PFOS is a
surfactant, its k&, cannot be accurately determined using standarbdadst
However, several studies have shown that PFOSleeohbioaccumulative, with
elevated biomagnification factors measured in talboratory and field studies
[52-54]. PFOS is also extremely persistent inghe@ronment. To date, no study
has demonstrated measurable degradation (bio#biotic) of these compounds

under environmentally relevant conditions.
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1.3.4 Health Effects of PFOS

Human blood samples from around the world have lf@end to contain
PFOS, usually at concentrations higher than akof#Cs [55, 56]. Since PFOS
is not metabolized, and undergoes significant ehtgpatic recirculation as well
as binding to blood proteins, long elimination Hales in humans (in excess of 5
years) have been observed [57]. Chronic toxiditgies on monkeys resulted in
observed immune system dysfunction, reduced bodyhtyencreased liver
weight, and disruption in serum levels of choledtand triiodothyronin [58]. In
addition PFOS has been shown to be capable of igerog proliferation [59], as
well as inhibit gap junction cellular communicatimnrats [60]. PFOS has also
been implicated as a developmental toxicant, asepgtosed prenatally had
significantly reduced survival after birth [61].in8lar developmental effects have
also been observed in wildlife including reducetthability of white leghorn
chicken eggs [62], reduced survival in quails [&8]d delayed metamorphosis

and reduced growth in frogs [64].

1.3.5 PFOS and “PreFOS”

Numerous studies have confirmed that PFOS is diotaitributed,
having been detected in wildlife around the woild]uding in foodwebs close to
urbanized centres, as well as remote locations asithe arctic [53, 65, 66]. Yet
despite this ubiquity, the sources of PFOS to hunaeand wildlife, are not fully
understood. Similar to other PFCs, PFOS can éimeegnvironment via either

direct emission through the manufacture and enatB&OS-containing
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products, or via indirect sources such as the degian of PFOS precursors.
PFOS precursors, referred to here as “PreFOS,” asich
perfluorooctanesulfonamide (PFOSA), are higher mdé weight derivatives
that can degrade, biotically or abiotically, to F=Q’hese compounds are widely
detected in the environment, and several studies damonstrated their
transformation to PFOS, which have been comprehelyssummarized
elsewhere [67]. For example, PFOS was shown forpged from a sulfonamide
PreFOS molecule via aerobic biotransformation tivated sludge [68]. The
formation of PFOS from PreFOS has also been obd@meétro with rat liver
slices [69] andn vivowith female rats [70].

These findings lead to an important debate: Totwkeent do precursors
contribute to the levels of PFOS in humans andliféfdl To answer this question
as it relates to humans, Vestergren et al. perfdrexposure modeling to estimate
the contribution of precursors and concluded timatew a “high” exposure
scenario, precursors may account for a large ptigooof PFOS exposure [71].
However, thus far, empirical evidence for the eswmental importance of
PreFOS has come in the form of monitoring studigs;onsidering the relative
concentrations of PFOS and PreFOS in environmseataples, temporal trends in
these concentrations, and their statistical caiogia. These studies are discussed

in the following sections.
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1.3.5.1 Relative concentrations of PFOS and Preoty

PFOS and its precursors have been detected woddwiskeawater, river
water, air, soil, sediment, and precipitation.otder to elucidate sources of PFOS
in the open environment, analysis of the relatmecentrations of PFOS and its
precursors may provide some insight. Relativeceatrations of other PFCs
have been used previously to differentiate contanmtisources. For example,
Simcik et al. [72] found that the concentrationaatf perfluoroheptanoic acid to
perfluorooctanoic acid increased with increasirgjatice from non-atmospheric
sources, and concluded that such a ratio can litasse tracer of atmospheric
contributions of perfluorinated carboxylates. Heew an analogous trend for
perfluorinated sulfonates was not assessed. Gbne&@centrations of PFOS
exceed those of PreFOS by one or more orders ofitodg. Concentrations of
PFOS in open ocean seawater samples are, as ekdactewer (by 2-3 orders
of magnitude) than those of water bodies near udmanindustrial regions (e.g.
[73]). However, some exceptions to this trend has@urred. Ahrens et al. [74]
detected PFCs along a longitudinal gradients inNloeth and South Atlantic
Ocean and observed detectable concentrations foSRFbut no other PFCs,
south of the equator, including latitudes as fartls@s 4° S. In this case, the
authors suggested that the role of atmospherispanof this precursor may be
important to its detection in this region. Genlgrdiowever, PFOS is found to be
far more prevalent in water samples than its psarst namely PFOSA. Reasons
for this overall trend are likely due to severaitéas, including greater production

volumes (although the quantities of precursors peed are largely unknown
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[50]), and significantly different environmentakgosition (sulfonamides are far
more likely to volatilize, and to sorb to sedimetitan sulfonates [75]). Finally,
the greater prevalence of PFOS relative to itsypsers suggests that oceanic
transport, as a mechanism of long range transpahiet arctic, is a greater
contributor of direct PFOS emissions than precstsor

PFOS and PreFOS have been detected in air sampiielvide. The
prevalence of perfluorinated contaminants in ag bacome a subject of
considerable importance, given the compounds’ tietet remote regions such
as the Arctic and Antarctic, and the need for adbgh understanding of their
long-range transport mechanisms. As a resultehtyligible volatility of PFOS,
most studies of PFCs in air fail to detect PFO®iengas phase, although Kim et
al. [76] detected measurable concentrations in th@tlgas and particulate phase
of air from Albany, NY. In air, PFOS, if measuresi primarily detected in the
particulate fraction of air samples, and is gemgtagher in concentration than its
precursors. For example, Barber et al. found aeecancentrations of 46 pg/m
in particulate phase samples from Manchester, Udhdr than the sum of
FOSA+FOSE precursors (30 pg)ni77]. Detection of both PFOS and PreFOS
on particulate matter in that study, as well ago#tudies [78-81] suggests that
airborne transport of particulate matter may betlaromeans of direct long range
transport that warrants further consideration. Mbgdies, however, consider the
movement of PreFOS in the gas-phase to be the m@mspheric transport
route, as their volatility dictates that they exigmarily in the gas phase [75]. In

addition to PFOSA, other precursors suciNddeFOSE andN-EtFOSE are
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regularly detected in gas-phase air samples. Begléor the long-range transport
of PreFOS in air is further supported by measurésneinthese compounds in the
arctic atmosphere. Shoeib et al. [78] found avegas-phase concentrations of
8.30 and 1.87 pg/frfor N-MeFOSE andN-EtFOSE, respectively, for cruise
samples in the Canadian Archipelago and North Attadcean, with similar gas-
phase concentrations observed in Toronto, Candueg\dly urbanized centre.

In contrast to abiotic samples, the relative cotregions of PFOS and
precursors in biological samples are far more wégiaHoude et al. [82]
summarized concentrations of PFCs including PFQSP&OSA in biota for
studies up to 2006. Numerous studies have founderdrations of PFOS
exceeding PFOSA by one or more orders of magnisidelar to the abiotic
samples discussed above, including in mink sanfpdes the United States [54],
polar bears from the Hudson Bay [83] and Green[84H numerous bird species
from Japan [85], and harbour seals from the norsthwéantic [86]. There are,
however, several studies that have detected caatiemis of precursors at
approximately equal or greater amounts to thog&F@S. Martin et al. [87]
observed higher proportions of PFOSA, and indeglédrioverall PFOS
concentrations, among benthic organisms suchpaseia (280 ng/g PFOS, 180
ng/g PFOSARNd slimy sculpin (450 ng/g PFOS, 150 ng/g PFO®Mmared to
higher trophic organisms (e.g. Lake Trout, 170 iff®S, 16 ng/g PFOSA) in a
food web of Lake Ontario. This evidence may inthaagreater contribution of
sediment-bound precursors to the levels of PF@sase organisms. Greater or

similar concentrations of precursors compared tighparent PFOS have also

18



been found in Minke whales and long-finned pilotatds from Greenland [84]
and bottlenose dolphins from the Adriatic Sea [88grtainly, the presence of
high concentrations of precursors in biologicahbiotic samples can be taken as
evidence that precursors are relatively importantaminants (potentially
influenced by localized sources of precursors)eesly given precursors’ ability
to be biotransformed into PFOS [69]. Conversellyigh concentration of
precursors relative to PFOS in biological samplay mdicate an organism’s
lack of ability to biotransform the precursor. dddition, relative concentrations
of PFOS to precursors in biota may be affectechbypresence of local sources,
and the dynamics of the local food web. As a tesalition should be exercised
when drawing conclusions on the importance of s based on the

interpretation of concentration data alone.

1.3.5.2 Temporal Trends

Analysis of temporal trends of PFOS and PreFO&@mmental
concentrations provide some clues as to the relatmportance of direct and
indirect sources of PFOS. Much of this evidenaae®s from studies of
biological samples in the Arctic. Butt et al. [88)served significant increases
over time in PFOS concentrations in liver samptemfringed seals at two sites
in the Canadian arctic, Resolute Bay (1972- 2080 @&fold increase) and Arviat
(1992-1998; ca. 4-fold increase). This was folldvag a rapid decrease in both
PFOS and PFOSA concentrations in the following yeg@runtil 2005, which

corresponded with the phase-out of POSF produttyo®M in 2001. Such a
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rapid decline (half lives of 3.2+0.9 and 4.6+9.2nrsfor PFOS in Arviat and
Resolute Bay, respectively) after the phase-ostiggestive of a strong
atmospheric source contribution (i.e. volatile prsors) to body burdens of
PFOS in local ringed seal. Similarly, northern ettars in Alaska showed a
decrease (by approximately an order of magnitual® fpeak concentrations) in
PFOS and PFOSA concentrations in the years follgwhe phase-out, with
PFOSA concentrations at or above PFOS concentsaitiotihe mid to late 90s,
and dropping below detection limits (<1.7 ng/gjhe sampling years 2004 to
2007 [90]. This data suggests a cut-off of premussurces, followed by rapid
elimination of PFOSA, via biodegradation to PFOS.

In contrast, several other studies of biologicahgkes in the Arctic and
elsewhere have observed temporal trends that faldémonstrate a similar
expected decrease in PFOS and/or precursor coattent. PFOS
concentrations in peregrine falcon eggs in Sweééhghowed ten-fold increases
in PFOS concentrations in the ‘70s and ‘80s cooedmg to increases in PFOS
and PreFOS production during that time, but noiBa@nt post-2000 decrease in
concentration of these contaminants was obseriveghnwhile, Bossi et al. [92]
found concentrations of PFOS in ringed seal liverlsast Greenland continue to
increase after the phase-out. Likewise, Dietz.g98] observed concentrations of
PFOS (but not PFOSA) in East Greenland polar baarsase significantly in the
years following the phase-out. This observed “tlagg in PFOS concentrations

was explained by a greater importance of slow dcdemsport of PFOS for this
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region of the arctic, and a far lesser source dmution of atmospheric transport

of precursors.

Recent changes in PFOS and precursor concentrétawesbeen observed
in nonpolar regions as well. Ahrens et al. [94)s@rved decreasing
concentrations of PFOS and the precursors PFOSABRQSI in harbour seals
from the German Bight (1999-2008), with similamgiation half-lives (5.6+18.9
and 2.8+0.9 years for PFOS and PFOSA, respectit@hyjose observed by Butt
et al. [89]. Furdui et al. [95] observed an inse& PFOS and PFOSA
concentrations from 1979 to 1993 in Lake Ontarke laout, followed by a
decline. A similar trend was observed by Martiale{87], who suggested
changes in food web structure by invasive zebrasglasn Lake Ontario may be
responsible for the concentration change. Howestahle nitrogen isotope
analysis by Furdui et al. [95] indicated that raptric changes in lake trout were
observed over this time period. The use of tempgoeads in assessing the role of
atmospheric inputs of precursors at nonpolar (rewnete) regions is problematic,
since changes in contaminant levels are primafigcted by local sources of
PFCs, and thus the rapidity of these changes amaply affected by changes in
their local usage and disposal. Furthermore, séM's phase-out was relatively
recent, the majority of temporal trend studiesdtechave a limited number of
time points post-phase-out, reducing the statistiedainty of any observed
concentration increase or decrease. Future studllesmproved temporal
resolution may provide a clearer picture of PFCtaornation trends and the role

of precursors as a source of PFOS.
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1.3.5.3 Correlations between PFOS and PFOSA

Numerous studies have attempted to correlate ctratems of PFOS
and PFOSA on an individual sample basis to inferitfportance of PFOSA, and
by extension precursors in general, to the bodgdns of PFOS. Such
correlations are generally performed for PFOSA, raoidwith other precursors,
since PFOSA is the most frequently analysed anected precursor compound.
A list of these correlations, with the type of lmigical sample (as well as
correlations involving abiotic samples), its locati and the details of the
statistical correlation is listed in Table 1-1. most cases, the existence of a
correlation between PFOS and PFOSA has been usegbtypthat atmospheric
deposition of precursors plays an important rolthalevels of PFOS. Strictly
speaking, correlations between PFOS and PFOSA doetessarily mean that
PFOS concentrations are due to biodegradation ©fS2Fand/or other
precursors. Rather, such correlations may simmppty a similar source for the
two compounds. This rational has been used preljida suggest that the
sources of PFOS are similar to the sources of PE@APFNA in specific
locations, such as in cormorants from Sardiniant$la the Mediterranean Sea
[88], and in fur seals from Antarctica [96]. Cautis advised when interpreting
such correlations. Wang et al. found correlatwith several other
organohalogen contaminants such as PCB congengns [@aterbird eggs from
South China. This may be indicative of a commaypaif contaminant sources in

general, driven by proximity to pollution sourcegls as urbanized centres.
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Correlations may therefore be most useful whenylikeurces of PFOS are
remote, such as studies of biological samplesarChnadian arctic. For
example, temporal trends that were suggestiveRye&OS source were also
supported by observed correlations between PFOBAEA in ringed seals in
the Canadian arctic [89] and northern sea otters fAlaska [90]. However, as
evident in Table 1-1, the outcomes of these caiogla are often difficult to
interpret, further complicated by a multitude ohtaiminant sources and various
capacities for biotransformation of precursors aghand within different food

webs.
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Table 1-1: Statistical correlations (least squares linear regsions) of PFOS and
PFOSA in select studies.

Medium Location Statistical significance Ref
Mink, Fox Canada — var. upper | Positive, p<0.05* [98]
latitude locations
River otter Oregon Positive, p<0.05* [53
Alewife, smelt, sculpin Lake Ontario Positive, p8®. [87]
Coastal water samples China, Hong Kong Positive, i< [99]
Harbour seal Northwest Atlantic Positive, p<0.05 6][8
Minke whales Korea Positive, p<0.001 [100]
Yangtzee and Pearl River | China Positive, p<0.001 [101]
water
Herring Gull eggs Great Lakes Positive, p<0.0001 5] [6
Northern Sea Otters Alaska Positive, p<0.01 [90]
Melon-headed whales Japan Positive, p<0.01 [102]
Ringed seals Arviat, Nunavut, Positive, p<0.05* [89]
Canada
Bottlenose dolphins Gulf of Mexico, Positive, p<0.005 at three sites, [103]
Atlantic Ocean not significant (p>0.05) at one
Polar bear, loon, ringed seal Canada — var. UppeNot significant, p>0.05* [98]
latitude locations
Mink, river otter USA, var. locations Not significk p>0.05* [53]
Seawater German bight Not significant, p>0.05 [1p4]
Trout, mysis relicta Lake Ontario Not significant, p>0.05 [87]
Adélie penguin eggs Antarctica Not significant 9. [96]
Common dolphins Korea Not significant, p>0.05 [100]
Cormorant eggs Japan, Korea Not significant, p>0.05 [105]
Polar bears Greenland Not significant, p>0.05 [106]
Grise Fjord ringed seal, Canada — var. Upper | Negative, p<0.05* [98]
various fish latitude locations

* Denotes that a statistical significance, or |#oéreof, was reported, but the p-value was
not. Therefore, a significance value of 0.05 suased.

1.4 Chirality

Chirality is a geometric property which arises wigemolecule lacks an

internal plane of symmetry, creating two distirmtnfis callecenantiomers

Enantiomers are nonsuperimposable mirror imageghwbtate plane-polarized

light at equal magnitude, but in opposite directioChirality commonly occurs

when an organic molecule possesses a chiral cenirk,as when a carbon atom

is attached to four different groups, although o#ieds of molecular geometries

can result in asymmetry, as discussed below. Eoraats have identical physical
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and chemical properties, but differ in their int#@n with asymmetric
environments, such as with other chiral compouimdsyding biomolecules.
Biological systems are highly asymmetric — the moars of some of life’s
“building-block” molecules, such as amino acidsgleic acids, and sugars, exist
in all-D or all-L forms. In fact, this asymmetra$i been regarded as an essential
ingredient for the existence of life in the univeef&07]. Furthermore, the
interactions of the enantiomers of chiral xenobiatiolecules with biological
systems can be vastly different, resulting in défe rates of biodegradation and
different toxicities. The study of chiral compousnd therefore of great interest
and utility to environmental scientists.

Chirality is common among environmental pollutanB®ne quarter of all
agrochemicals are chiral [108], including the gtiopollutant pesticides,p’-
DDT anda-HCH. Other chiral pesticides include current-beebicides
mecoprop and metolachlor, both of which are commeald as single-
enantiomer formulations, as only one of their refige pairs of enantiomers
(more accurately “diastereomers,” in the case dbhaehlor)possesses herbicidal
activity. Chirality occurs in several pharmacealsc(e.g. ibuprofen, propanolol)
and industrial chemicals such as the flame retarddexabromocyclododecane.
Finally, several forms of the compounds that aeeftitus of this thesis, PCBs
and PFOS, are also chiral.

PCB congeners exhibit chirality by way of atropigsism — conformers
that cannot easily interconvert due to hinderedtion about a single bond. Of

the 209 PCB congeners, 19 exhibit asymmetric dwitisth of chlorine atoms
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about their long axis, as well as 3 or 4 chlorit@es in theortho position,
causing restricted rotation about the molecule’€@Gingle bond, and stable
atropisomerism under environmental conditions [1(®tational energy
barrier’s for PCBs with 3and 4ertho-chlorines have been estimated tache
180 and 250 kJ/mol, respectively [110], correspogdo half-lives at
environmental conditions of >1§, confirming negligible racemization. The
environmentally relevant PCB atropisomers inclu@BP 45, 84, 91, 95 (Figure
1-2-B), 132, 136, 149, 174, 176, 183, and 196caimrast to PCBs, the chirality
of PFOS isomers occurs due to the existence oiral dentre at the site of
branching. Of the 89 theoretical PFOS isomerd)d@& at least one chiral centre
[111]. However, in practice only a handful of taesomers were produced in
sufficient quantities to permit their facile enviraental measurement. These
isomers arerh-, 3m, 4m-, and $n-PFOS, where ‘" refers to the numerical
position of the singly-branched €§roup, relative to the sulfonate moiety

(enantiomers of i+-PFOS are shown in Figure 1-2A).
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Figure 1-2 Ball and stick models showing spatial arrangemédirihe
enantiomers of 1m-PFOS (A) and atropisomers of BEBB). A white asterisk
indicates the chiral centre for PFOS. Dashed limeicate mirrored planes.
Relative sizes of PFOS and PCB molecules are rexdle.
1.4.1 Quantitation of chiral pollutants

A variety of techniques and instrumentation screhsve been used in
the separation of chiral environmental pollutaitsluding gas chromatography,
liquid chromatography, and capillary electrophaseand have been reviewed

elsewhere [112]. Most techniques require the tigeahiral stationary phase

which interacts preferentially with one enantioroeer the other. Among the
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most common chiral stationary phases used in gaggonmental analysis are
those based on cyclodextrin molecules, cyclic dageharides that can be
chemically modified to be suited to a wide variefychiral analytes. Over two
decades ago, Konig et al. demonstrated the sepau@iti-HCH, among dozens
of other chiral compounds, using modified cyclodiest, and suggested that this
separation may be used to study environmental gradation processes [113].
Since then, separation methods using commerciadifable columns have been
published for numerous chiral contaminants. Wamd) @arrison successfully
separated all 19 stable PCB atropisomers by gasndtography [114]. Oehme
et al. used two capillary columns in series to ttgve single method that
simultaneously separates the enantiomers of sest@iral organochlorine
pesticides, including all chiral chlordanegy’-DDT, oxy-chlordane, and
heptachlor exo-epoxide [115]. More recently, Heehl. reported the separation
of eight stereoisomers of hexabromocyclododecaijding three pairs of
environmentally relevant enantiomers, using a pdmtated cyclodextrin HPLC
column [116].

The measurement of chiral compounds requires aawehich permits
comparison of the relative concentrations of tressmtiomers between samples
and among studies. Initially, studies relied ugmnratio of the two enantiomers,
named thenantiomer ratiqER). By convention, the ER is defined as therat
of the respective concentrations (or more pradticpkeak areas) of the (+)-

enantiomer divided by the (-)-enantiomer, basedawh enantiomer’s direction
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of rotation of plane polarized light. Harner et[afL7] improved upon this by

introducing the enantiomer fraction (EF), depidbgdhe following equation:

EF = A% Equation 1-2
whereA andB represent the concentrations of the (+) and (ahgomers,
respectively, when the elution order of the enanéics is known, or respectively
as E1 and E2, the first and second eluted enantsoumeler defined
chromatographic conditions when the elution ordeamknown. The EF is
preferred to the ER, since it produces values of pnantiomers bound by zero
and one (rather than zero and infinity), permittingre facile comparison of
values and graphical depiction [117]. The EF esghevailing metric for

reporting enantiomer signatures in current litemtand is used throughout this

body of work.

1.4.2 Enantiospecific biological interactions

Since biological systems are highly asymmetridremvnents, the
interactions of organisms with the enantiomershifat xenobiotic compounds
are usually different. This principle has had imgnt and wide-ranging
implications, including marked effects on the refatoxicities of enantiomers to
pests, non-target organisms, and humans. For dgathp R-stereocisomer of
the pyrethroid cycloprothrin is several times mtac to insect larvae than the
racemate [118]. Likewise, chronic toxicity of thlearmaceutical propranolol to
fathead minnows is greater for tt-enantiomer compared to its antipode [119].

Enantiospecific toxic effects have been observedPPs as well. Both the

29



cytotoxicity and growth stimulation to rat hepattes/are more prevalent for (+)-
a-HCH versus (-)x-HCH. In addition, inhibition of Cd sequestration by rat
cerebellum microsomes — an indicator of neurottyxieiis more prevalent for the
racemate of PCB 84 compared with either of the pausntiomers [120].

Beyond toxic effects, the analysis of enantionignatures has proven to
be useful for revealing processes in the envirortrtiext would otherwise be
difficult to detect using achiral techniques, partarly forin situ observations.
The presence of nonracemic enantiomer signatusebden used as evidence for
the biotransformation of environmental contaminatdsmicrobial degradation as
well as metabolism of these pollutants by a widgety of organisms, from
invertebrates to mammals. Nonracemic signatuneseeeral chiral PCB
congeners have been detected in the sediment ofilrg&cted water bodies,
including the Hudson River in New York and Lake tdaell in South Carolina
[121]. These Lake Hartwell sediments were furitadied in a microcosm study
which confirmed, by monitoring concentration dese=ain spiked PCBs and the
formation of metabolites, that nonracemic signawvere due to microbial
reductive dechlorination [122]. Nonracemic EFs@diment have also been
found for other contaminants, suchoaslCH [123],trans-chlordane [124], and
hexabromocyclododecanes [125]. Microbial degradais likely responsible for
the nonracemic EFs detected in other environmeotapartments as well, such
as soil [126] and seawater [127].

Nonracemic signatures of chiral contaminants eeguently found in

biota, since organisms metabolize, uptake, andredita these compounds
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enantioselectively, although determining the relatmportance of these
processes can be challenging. Several laboratiodies, where organisms were
exposed to the compound of interest and concemtigtEFs, and metabolite
formation were monitored, have provided evidencenantioselective
biotransformation. Warner and Wong observed namac signatures of PCBs
andtrans-chlordane in exposed mysids, along with the mdii@boxychlordane,
providing the first conclusive evidence of enargiestive biotransformation by
an invertebrate [128]. Other laboratory experiraédrave confirmed nonracemic
signatures of organochlorine contaminants in asipecies, including exposed
rainbow trout [129] and rats [130, 131]. EFs hbeen determined in multiple
species across several different food webs, inetudh the arctic [125, 132-134].
Results of these and other studies confirm thaakbilgy of an organism to
enantioselectively biotransform a pollutant vasagificantly from species to
species, suggesting that the presence of biotranatmn-related enzymes also
varies among species. However, analysis of prega®y relationships alongside
enantiomer analysis is useful in determining tlerensformation capacity of
individual species, including the ability to calaté biotransformation rates

guantitatively [133].

1.4.3 Chirality as a tool for source elucidation
Abiotic environmental processes that relate toféibe and transport of a
chemical in the environment — partitioning processgch as volatilization and

deposition, and degradation processes such asliigidrand photolysis — affect
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each enantiomer equally. Thus, the enantiomenilolisions, which have been
previously altered by biochemical weathering, inevasediment, or other media,
will be preserved when these abiotic processesmt the chemical.
Enantiomer distributions can therefore be usecasitve tracers or
“fingerprints” to track sources of a contaminanthe environment. Beginning in
1997, a handful of key studies introduced this epi.c Finizio et al. measured
distributions of several chiral pesticides in sl overlying air in agricultural
land in British Columbia [135]. Enantiomer ratiosair, both racemic and
nonracemic, closely matched those of soil for hifal pesticides studied.
Furthermore, ERs far-HCH in air, which were significantly nonracemicsail,
exhibited a clear decreasing trend towards raceigiatures with increasing
sampling height above the soil [135]. The usgRS$ as tracers of air-surface
exchange was also applied by Ridal et al. who egéichthe contribution of
volatilization ofa-HCH from Lake Ontario water to the regional atnivese

[136]. Bidleman and Falconer later derived a maidwgcal relationship for
determining the respective contributions of tworses to a receptor sample,
based simply on the enantiomer ratios of the twoes [137], which was later

updated to replace ER with EF [117]:

_ EFmix—EFp

F
A EF,-EFp

Equation 1-3

whereF, is the fraction of total contaminant from sourceEka and Elg are the
enantiomer fractions of source A and B, respeatj\ahd Elyx is the enantiomer

fraction of the receptor compartment or sample.
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Enantiomer distributions have also been trackegteally, ultimately
being correlated with important changes and eviententaminant source history.
Notably, Bidleman et al. measured EF<isf andtrans-chlordane in Arctic
Canadian and Scandinavian air and compared themthase of archived air
samples from the early 1970s, finding a shift fnr@memic signatures in archived
samples to nonracemic signatures in modern sampliesig with an analogous
trend in dated lake sediment core, these resudtsarsistent with a diminished
influence of fresh chlordane sources over time,agdeater influence of
emissions of older contaminants from soil [124]ikewise, Buser et al. observed
a rapid change from racemic to nonracemic signatiarethe current-use
pesticide metolachlor in Swiss lakes between 19@B1899, corresponding to a
“chiral switch” — the introduction of enantiomerilseenriched product and
corresponding phase-out of the racemate [1384 recent study of atmospheric
HCHs in the Canadian Archipelago, Jantunen etteerved a shift in the EF of
atmospheria-HCH towards nonracemic signatures, correspondirigeg summer
ice break-up and subsequent increase in open axzdable for volatilization
[139].

In addition to organochlorine pesticides, sevethépchiral contaminants
have been targeted in source apportionment stuélebson and Harrad
measured nonracemic EFs for several PCB congemélK soil while measuring
racemic signatures in overlying air, suggesting ftesh racemic sources, such as
volatilization from in-use transformers, dominatexhtributions of PCBs to air

[140]. This study was significant, in that it ccadted with the previously held
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assumption that the primary atmospheric sourceaidPwas volatilization from
historically deposited contamination in soils. &y, Fono and Sedlak [141]
demonstrated that source apportionment can beegjpjainonvolatile
pharmaceuticals as well, measuring EFs of the lbleizker propranolol in treated
and untreated wastewater and surface water. Tdundfthat water bodies
impacted by treated wastewater had nonracemicliEsvere reflective of the
weathered drug found in wastewater treatment @Hhtent, while water bodies

impacted by untreated sewage had EFs for proprhcloker to racemic values.

1.5 Thesis Outline

The following chapters of this thesis are computiséfour original studies
that focus on the use of enantiomers for deterrginontaminant sources in the
environment.

In Chapter 2, the enantiomer distribution of saV®CB atropisomers in
the atmosphere and throughout the water columheohéavily impacted Hudson
River estuary is discussed. Comparisons of theselditions are used to
distinguish the PCB-impacts of the historically taominated Upper Hudson River
and fresh releases from the metropolitan New YoekvNersey urban area.

Chapter 3 focuses on the quantitation of enantiatata, by comparing
the traditional “valley-drop” integration techniquath a deconvolution peak-
fitting approach for the accurate determinatioem@intiomer fractions, using real

and simulated chromatographic data. Bias and dejibility associated with
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these quantitation methods are compared and teetefbf these errors are
applied to calculations that utilize EF, employnegl-world data.

In Chapter 4, concentrations and enantiomer digions of PCBs
surrounding a hazardous waste treatment facilgyirarestigated over several
seasons. Differences in the enantiomer signahetgeen air and soil are used to
determine the relative impact of historical verseent emissions from the plant.

In Chapter 5, the enantiomer distribution of a BR€bmer, along with
concentrations and isomer distributions, are meassur several species of fish
and invertebrates from Lake Ontario. These daaised to infer the contribution
of precursor compounds to the PFOS body burdetisest organisms.

Finally, Chapter 6 presents the specific and bamatlusions of this body

of work, as well as a discussion of future diracsidor research in this area.
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Chapter 2: Chiral Source Apportionment of Polychlainated
Biphenyls to the Hudson River Estuary Atmosphere ath Food
Web

A version of this chapter has been previously @higld as Asher, B. J.; Wong, C. S.;
Rodenburg, L. A., Chiral source apportionment dfgalorinated biphenyls to the
Hudson River estuary atmosphere and food web. &mviental Science & Technology

2007, 41(17), 6163-6169. Copyright © 2007 Ameri€remical Society, reprinted with
permission.
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2.1 Introduction

The New York-New Jersey (NY/NJ) Harbor Estuary hasn heavily
impacted by numerous current and historical inpéifsolychlorinated biphenyls
(PCBs). Historically, the major source of PCB#$tte region was the release of
large quantities of PCBs into the Upper Hudson Rir@n General Electric
capacitor plants between ca. 1947 to 1977 [1].e&dwmajor inputs of PCBs to
the estuary have been identified, including conteateéd sediment from the Upper
Hudson [2-4], storm water runoff and wastewatemftbe surrounding densely
populated NY/NJ urban area [3, 5], and atmospldsEposition of airborne PCBs
from urban and industrial releases in the NY/NJaedb6, 7]. Understanding the
relative importance of fresh vs. historical relsasePCBs, and Upper Hudson
versus local sources to atmospheric and biotic B@®entrations can have
tremendous impact on the future direction of remealn activities in the region.
If contamination of the local aquatic food web painity occurs due to
atmospheric sources, then reduction in atmospleerissions would be effective
in reducing the impact on aquatic organisms. Craakhg, if transport of
contaminated Upper Hudson sediment controls foda ea@centrations, then
mitigation of these contaminated sites would bentlost appropriate control

measure.

While mass balances have shown that approximhtfyof PCB loadings
to estuarine water are from Upper Hudson Rivertsf, 9], the degree to which
the various PCB sources contribute to contaminaifdhe estuary’s aquatic

ecosystem is still unknown. Some studies haveesigd that the role of local

60



urban and industrial atmospheric sources to th&l flood web may be significant,
despite contributing only a small amount to ovenadter column loadings [7, 10].
Brunciak et al. found a correlation in congenetgras between the atmosphere
and the aquatic dissolved phase, highlighting itiq@oirtance of PCB air-water
exchange in the estuary [7]. Yan used a dynamideiio infer that
concentrations of higher chlorinated (>5 Cl) PCBgphytoplankton were
controlled by air-water exchange [10], thus imptythat desorption from
sediments is slower than phytoplankton uptake fabmospherically-derived
PCBs. Rapid phytoplankton growth can deplete cainaBons of aqueous-phase
hydrophobic pollutants via bioconcentration, rasglin increased absorptive
flux from the atmosphere [11, 12]. However, ihid clear to what extent air-
water exchange controls PCB uptake in the estaaigy,a more definitive method

of determining sources is needed.

Recently, the use of chiral signatures has bepheato the identification
and characterization of pollutant sources [13-17the sources of an optically-
active chemical have different enantiomer signatuiteen the chemical’s
enantiomer composition at the receptor would rétlee respective contributions
of each source. Such differences in enantiomeipogsitions may arise from
biological processes, such as stereoselective tigdwtechlorination of PCBs by
sediment microbes [18]. However, physical and dhahprocesses, such as
volatilization and deposition do not alter enanteordistributions [19]. As a
result, a comparison of enantiomer compositiordgiffierent phases can indicate

whether the contaminant load in one phase is piiyrdue to fresh racemic

61



sources, or old biologically weathered ones, askeas previously demonstrated
[13-17]. For example, chlordane chiral signatunesorldwide atmospheric
samples shifted from racemic to nonracemic oved gear span, indicating the
increasing importance of nonracemic emission frozativered soils in recent
years [13]. The contribution efhexachlorocyclohexane volatilization to the
atmosphere over the Arctic Ocean [14] and Lake @nfa5] waters was

similarly deduced. Chiral signatures for the phareutical propranolol were
used to distinguish between discharges of racentreated wastewater compared
to nonracemic treated effluent to surface wate$. [T his technique has also
been applied to PCBs, as racemic atmospheric sigrgain the U.K. West
Midlands were attributed to fresh sources, rathanfpreviously deposited
nonracemic weathered sources such as soil [17{veMer, to date there has been
no attempt to use enantiomer analysis to delife@® sources to an aquatic

ecosystem.

The objective of this study was to use PCB clsigihatures in air, water,
sediment, total suspended matter (TSM), and phgtdgbn to determine the
relative importance of recent and historical PCIBases to the local atmosphere
and its aquatic food web. This approach is likelpe effective in the Hudson,
because nonracemic signatures of several PCB cergggnHudson River
sediments have been observed [20]. Phytoplankemamalysed in this study
due to its important position at the base of tledfaveb. Phytoplankton appear to
lack the capacity to degrade PCBs, enantioseldgtireotherwise [21], and

accumulate PCBs by passive diffusion from the dv&tbphase [22]. Thus, chiral
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signatures found in these organisms are expectetch closely those of the
water. To our knowledge, this is the first studyrtvestigate chiral PCB
signatures in the estuary, and to use chiral tectes to determine sources of

PCBs to an aquatic food web.

2.2 Materials and Methods

2.2.1 Sampling

Air, water, phytoplankton, and sediment were sachffégure 2-1) during
five intensive cruises from 1999 to 2001 at twesithe nearshore Hudson River
estuary (HRE, 40.38, 74.05W) and the Coastal Atlantic Ocean (CAO, 4080
73.58W) aboard the research vesgélford Additional air samples were
collected on land at Jersey City (40N174.05W) and Sandy Hook (40.48,
74.00W). Morning (08:30-12:30) and afternoon (13:00a0):samples were
taken during October 20 and December 3 of 1999il Apr21, August 21-23 and
October 25-27 of 2000; and April 24 of 2001. Aduhtl sampling details,
including meteorological data, are presented indab2-1, A2-2, and elsewhere
[23]. Briefly, modified high-volume air samplerigch Environmental, Cleves,
OH) sampled air over 4 hour intervals at 03nmim™. Gas phase was collected on
precleaned polyurethane foam (PUF), and particplaése was captured on
precombusted quartz fiber filters (QFFs, WhatmaWater was collected using
Infiltrex 100 sampling units (Axys Environmentalssgms, Sidney, BC, Canada)

at ca. 300 mL min, yielding final sample volumes of 18-60 L. Wateas passed
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through precombusted Oumn glass fiber filters (Whatman) for suspen
particulate matter (TSM) collection, while dissalvyehase material was captul
with XAD-2 resin (Amberlite) Phytoplankton were sampled with a 6%
plankton net, and filtered onto glass fiber filtprgor to extraction. Surficie

sediment samples (1 kg) were collected using Pgradr sampling

Coastal Atlantic Ocean

Sandy Hoo

Adapted map courtesy of The National Atlas, USGS

Figure 2-1: Map of coastal New Jersey showing the Hudswer estuary ant
the locations of the four sampling sites. Shadedsindicate regions with den
urban populations.

2.2.2 Extraction

Details of sample preparation and extraction haenlpreviousl|
published [7, 24] . Briefly, PUF plugs were prexied b’ successive Soxhli
extraction in acetone and petroleum ether, andldmeler vacuum. Quartz fib

filters were precombusted at < C for 6 hours. After sampling, PUFs and QI
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were spiked with surrogate standards (PCB 23,1t ,186) and Soxhlet extracted
in petroleum ether and dichloromethane, respegtivEediment was dried with
anhydrous sodium sulfate, spiked with surrogatedsteds, and Soxhlet extracted
in dichloromethane. XAD-2 resin was precleanedigcessive Soxhlet
extraction in methanol, acetone, hexane, acetarkethanol, followed by
rinsing with nanopure water. Both XAD and TSM w&axhlet extracted in 1:1
acetone:hexane and then liquid-liquid extracte@OmL nanopure water with 1 g
sodium chloride. Aqueous fractions were back ex#dthree times with 50 mL
hexane. All extracts were concentrated by rotad/&, evaporation and

fractionated using a 3% water-deactivated alumaianon.

2.2.3 Analysis

Achiral analysis was performed after extractisrpeeviously described
[23] using an Agilent 6890 gas chromatograph (G@hwa DB-5 capillary
column (60 mx 0.25 mm i.dx 0.25um d, Agilent, Santa Clara, CA) and*i
electron capture detector (ECD). Enantiomer aiglyas performed on these
archived extracts, stored at’€4in glass vials with Teflon-lined caps. Long-term
sample storage is not expected to affect enanticrnemposition [25].
Enantiomers of chiral PCB congeners 91, 95, 136,149 were quantified using
a Waters Quattro Micro tandem quadrupole GC/MS/M & Chirasil-Dex
capillary column (25 nx 0.25 mm i.dx 0.25um d, Varian, Walnut Creek, CA)
under previously described GC temperature condit[@b]. Briefly, oven
temperatures were set at®@ith a 2 minute hold, 13/min to 150C, and

1'C/min to 250C, with a 20 minute hold. Helium carrier gas wesat 1mL/min
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constant flow, and the injector temperature wass260C. Multiple reaction
monitoring mode was employed, with [MAnd [M-2CIT as precursor and
product ions, respectively. These four congenenewnonitored as they were
present in sufficient amounts [23] in the samptesshantiomer quantification.
Sample chiral signatures for each congener weegmated by calculating the
enantiomeric fraction (EF; Equation 1-2) [26], defil as the (+)-enantiomer
concentration divided by the sum concentrationathlenantiomers for PCBs 136
and 149, and as the first-eluting enantiomer comagon divided by the sum
concentration of both enantiomers for PCBs 91 @tbBwhich elution order is

unknown [27].

2.2.4 QA/IQC

Surrogate standards were used to correct PCB cengencentrations for
extraction recoveries: PCB 23 for congeners elubefpre PCB 45 on DB-5,
PCB 65 for those eluting from PCB 45 to PCB 110+&f@ PCB 166 for all
subsequently eluting congeners. Average percentegies (+tSD) determined by
GC-ECD for PCBs 23, 65, and 166 were: PUF, 92198412%, and 91+11%,
respectively; QFF, 87+9%, 84+8%, and 99+8%, respelgt XAD, 97+10%,
105+9%, and 103+£11%, respectively; TSM, 98+9%, @]l and 102+15%,

respectively; phytoplankton, 95+5%, 96+9%, and 8%, respectively [23].

For EF determination, additional criteria were eoypd for quality
assurance/quality control. First, standard saohgticollectively containing all 209
PCB congeners [28] were analysed by GC/MS/MS pasample analysis, to

ensure that no interferences with the target cR€B congeners were present
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[25]. Interferences were defined as the coelutiba target congener’s
enantiomers with another homologous congener, thétexception of congeners
that are not environmentally relevant (i.e., nom@or congeners) [25, 29].
Secondly, measured signals for each peak were abdee the limit of
quantification. Thirdly, chlorine isotope ratid®{ * to [M-2]") were to be within
+10% of standards. Peak area quantification fangamer analysis was
determined using PeakFit v4.06 (Systat Softwara,J8ae, CA), with fitting

procedures described in detail in Chapter 3, asediere [30].

2.2.5 Analytical Performance

Enantiomer quantification was done by GC/MS/MS tiuis potential for
lower detection limits and its relative lack of lswic interferences that could
significantly alter the measured EF, compared witigle-MS techniques [31].
As a result, our conservative criterion, used ivpus studies [21, 32], of £0.032
for classifying a measured EF as nonracemic wasised here. Instead, EFs
were considered to be non-racemic if they weressizlly different from mean
EFs of racemic standards: 0.498+0.003 (xSD), 0.098¥%, 0.499+0.003, and
0.497+0.004 for PCBs 91, 95, 136, and 149, respagti The EF precisions of
standards ranged between 0.4 and 0.7% RSD favalitarget chiral congeners.
Detection limits for PCBs 91, 95, 136, and 149 wikefe 1.3, 1,3, and 1.2 pg on

column, respectively, based on a signal-to-noitie od 3.

2.2.6 Statistics
All EFs are presented as mean+SD unless othemiiesited. Statistical

significances of differences in EFs among sampbege and standards were
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determined using ANOVA and Tukey Honestly-Signifit®ifference post-hoc
tests. Concentrations among the four samplingossasere compared using
paired t-tests. Unless otherwise noted, a confidéevel of 95% was used for all

statistical tests and linear regressions.

2.3 Results and Discussion

2.3.1 Concentrations and fluxes.

The achiral evaluation of PCB concentrations anavater fluxes in this
study is presented in detail elsewhere [23]. Brj&f0 congeners were quantified.
Mean gas phasePCB concentrations were 1420 pd/amd 1670 pg/fiin August
and October 2000, respectively. Higher temperatdiging these months were
the most likely reason why vapour ph&$8CB were significantly different than
the mean of ca. 600 pgfrabserved in October 1999, December 1999, ApriD200
and April 2001. Other potential reasons for eledlair concentrations include a
low mixing height and a stable air mass, as ingastid by MacLeod et al. in a
study of semivolatile contaminant variability im aver 24 hour periods [33].
Mean dissolved phasd?CB concentrations at the nearshore HRE were qunsta
throughout the year and were significantly gret@00+240 pg/L) than at
offshore CAO (420465 pg/L). Particulate phase emiations averaged
160G:1200 pg/L, varied throughout the year, and wergiaantly correlated to
total suspended matter and particulate organicotacbncentrations. A net

volatilization of lower chlorinated6 CI) PCBs throughout the year was
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calculated using the two-film model [34-36] in tHRE (+170 ng rif d*) and
CAO (+37 ng rif d%). Fluxes for higher chlorinated PCBs5(Cl) were not
determined, but are likely a minor fraction of aléflux because of slower mass
transfer coefficients and lower dissolved phasecentrations. Observed
congener patterns (not shown) for all phases shaaedh proportion of lower
chlorinated (tri through penta) congeners, and seasistent among air, water,

TSM, and phytoplankton.

2.3.2 Enantiomer analysis and chiral signatures.

Atropisomeric PCBs 95 and 149 were the most delettieal congeners
at 90% and 70% frequencies, respectively. The d#ngeted chiral congeners,
PCBs 91 and 136, were infrequently detected (238280, respectively). This
discussion will therefore focus on the former tvamgeners. Although isobaric
PCB 93 coelutes with the first-eluting enantiomeP€@B 95 on Chirasil-Dex
[25], it is a non-Aroclor congener [29], not presenthese samples [23] and is
therefore unlikely to be an interference. Furthamemall non-racemic EFs for
PCB 95 were < 0.5. If PCB 93 was present, it wiade biased EFs in the

opposite direction (i.e., > 0.5).

2.3.3 Atmospheric sources.

Atmospheric gas-phase EFs for PCBs 91, 95, 136148dvere all
racemic: 0.492+0.011, 0.496+0.012, 0.497+0.008,(aBA83+0.014, respectively.
No significant differences in any atmospheric EEsenobserved among the four

sites. Nor were there any temporal EF differermas the four sampling dates.
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This is likely caused by an overwhelming year-roungian racemic source, as

described below.

These signatures indicate that atmospheric soofgesnta- and hexa-
chlorinated PCBs to the airshed were racemic, agre Vikely to be unweathered
contamination originating from nearby urban andustdal sources. Previous
work found higher atmospheric concentrations of BCEl| and PAHs [37] at
locations in close proximity to areas of dense nidzgtion in this region. Similar
results have been found for other urban locatimdyding PCBs in the UK West
Midlands [38], Baltimore Harbor, and the northeimeSapeake Bay [39]. The
atmospheric sample collection sites are all wiB0rto 40 km of New York City,
Newark, and Jersey City. Thus, they should refleetchiral signatures of these
urban centres. The signatures of urban air havgetdeen assessed, but are
likely to be racemic given observations of exclegpracemic PCBs 95, 136, and
149 in urban U.K. air [17, 38]. The other possitteirce of PCBs to the regional
atmosphere is volatilization from estuarine watees 30 kg/yr) [40] occurring
year-round [23, 34]. However, this source is likélyarfed by localized urban
sources of at least 300 kg/yr [40], as evidencethbgmic atmospheric signatures
for PCB 95 that were significantly different froimetnonracemic signatures of
this congener in the water column (Figure 2-2a)isTvas true regardless of the
higher volatilization in the summer months [23] aindid not change

atmospheric chiral signatures.
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Figure 2-2: Enantiomeric fractions (EFs) for PCBs 95 (a) an®18) in
racemic standards and five environmental compartmenthe estuary. Points
indicate mean value, while error bars indicate stard error. EF distributions
sharing a letter designation (a, b, c) are not stiatally different. Dotted line
represents theoretical racemic EF (EF = 0.5).
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Our conclusions about atmospheric sources of REB® estuary are
similar to results reported by other chiral souapportionment studies at different
locations worldwide. Robson and Harrad observedmac signatures for PCBs
95, 136, and 149 in U.K. air, but nonracemic amsuimtopsoil at adjacent sites
[17]. Thus, atmospheric PCBs arose predominantiy fprimary sources [40],
rather than volatilization of weathered PCBs franit. sSimilarly, Gouin et al.
observed racemic signatures of chlordane in aierurban areas of Toronto and
Chicago, and non-racemic atmospheric signaturasra and remote regions
[41]. Ridal et al. observed generally racemic atgres foru-
hexachlorocyclohexane in air above nonracemic [@keario and Niagara River
waters [15]. In that study, however, chiral sigmes in air varied seasonally, and
reflected the nonracemic character of the wateemdren temperatures, and
consequently volatilization, were at their highelst.contrast, the dominant
source of legacy organochlorine pesticides to thmsphere today is weathered
sources, such as agricultural emissions, evidebgeaignificantly nonracemic
signatures observed for both soil and the overlgiing19, 42], as well as over
long-range transport [43]. Our results clearlywhbat while the potential for
nonracemic airborne PCB signatures exists dueetgitinificantly weathered
output from the estuarine waters, the actual atimersp EF is overwhelmed by a

strong output of racemic local urban sources.
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2.3.4 Water column sources.

In contrast to air, PCB 95 was significantly nomadc in water, TSM,
phytoplankton, and sediments (Figure 2-2a), witlamgFs of 0.472+0.015,
0.477+0.014, 0.478+0.010 and 0.475+0.002 respdgtiwdater column EFs
were nearly all from the nearshore HRE, as few sasrpom CAO were taken,
and were mostly nondetects in GC/MS/MS analysig,(enly 3 TSM EFs). The
near-identical EFs for phytoplankton and TSM aresuwprising, as most of the
TSM was phytoplankton based on visual inspectiangd sampling. Measured
YPCB concentrations in phytoplankton and TSM codldcit the same time and

location were highly correlated (p<0.01) [10].

The most likely source of nonracemic PCB 95 indbeiary is weathered
sediments from the Hudson River, where extensivahial reductive
dechlorination has occurred [44], likely stereostely [20]. This is consistent
with the nonracemic signatures for this congenevipusly found in Upper
Hudson River sediment. The direction and approtemaagnitude of PCB
enantiomer enrichment observed here was simildraiat four sediment
locations in the Upper Hudson [20], with a meandEB.452+0.014 converted

from enantiomeric ratios [26].

There were no significant differences among PCHEBS in water,
phytoplankton, TSM, and sediment (Figure 2-2a)is Dibservation implies a
close association of contaminant exchange amorsg tioeir components of the
water column, distinct from atmospheric sourcerévspecifically, it suggests

that water concentrations of PCB 95 are influernoede by sediment sources
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than by atmospheric sources. Inputs of weathe@l $5 from the Hudson River
to estuarine waters are likely to be much gre&t@n racemic atmospheric

absorption fluxes.

A similar but less obvious trend was found for PGB (Figure 2-2b).
Although nonracemic signatures were observed fgtgughankton, TSM, and
sediment, only the sediment was significantly défe from air. While PCB 149
in water exhibited a wide range of EFs (Figure 2-#tese were not significantly
different from EFs in air or racemic standards.e Tdck of statistical significance
is likely because EFs for PCB 149 in Upper Hudssiraents were closer to
racemic values (0.518+0.018) [20] than those foBPG. The differences
between EFs in the two considered sources (Uppdsttusediment and
atmospheric deposition) were small, so source digponent assessments are
difficult to make. In addition, Hudson River sedints contain dechlorinated
Aroclor 1242 [44], so the proportion of hexa congrsn including PCB 149, is
low compared to lighter congeners. As a resuhtér congeners have higher
Hudson River inputs to the estuary compared toglod$CB 149. The smaller
weathered fluvial non-racemic PCB 149 flux to tstuary is therefore more
similar to the racemic PCB 149 gas absorption fliee]y to be low as previously
discussed [23]. For these reasons, the influehtpper Hudson contamination
on PCB 149 phytoplankton uptake compared to atmeygphlources is lower than

for PCB 95.
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2.3.5 Phytoplankton Sources.

The rate at which phytoplankton accumulate contantscan vary
greatly and consequently can play a significarg molthe contaminant
distribution of the compartments around them. iByiperiods of significant
growth, particularly during the summer months, pipjankton can uptake
contaminants from surrounding waters faster thaliegum conditions would
dictate [22]. Furthermore, high degrees of coiectiptake by these organisms
can result in depletion of contaminants from tresdived phase, resulting in a
loss of air-water equilibrium, and more absorptdmgas phase contaminants into
the water [11, 12]. Hence, phytoplankton shouldlngect to increased uptake of
atmosphere-originating contaminants. While thiy i@ the case in the estuary
for light PCB congeners(4 Cl), it was not the case for PCB 95 and to ades
extent PCB 149. For these congeners and posdiidy oongeners in the penta
and hexa homologs, PCBs from the Upper Hudson daisuindissolved phase
concentrations in the estuary, via desorption sugspended sediment transported

downstream, and dwarfed the effect of air-wateharge on phytoplankton.

2.3.6 Trends in EFs.

The similarity in EFs throughout the estuarine watdumn to those of
Upper Hudson sediment [20] suggests that the rared,not the atmosphere, was
the predominant source of PCB 95 (and likely otit@mologous congeners) to
the estuary and its food web. This hypothesisijiperted by correlations of EFs
with Hudson River flow. The U.S. Geological Survagnitoring station
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hydrograph at Waterford, NY was used to estimagzage streamflow in the
Upper Hudson. Monthly volumetric discharge for A@000, August 2000,
October 2000, and April 2001 averaged 594, 244, 46d@ 641 s, respectively
[45], representing high flow over spring runoff doder flow in summer and
autumn. The EFs for individual samples were categl with five-day average
river discharges at Waterford 30 days prior to esarhple’s sampling date, based
on the calculated residence time between Watedoddthe HRE site. For PCB
95, river discharge significantly correlated with #r TSM and dissolved phase
at 95% and 90% confidence, respectively (Figur8a 2nd 2-3b). In addition, a
small, non-significant correlation between riveniland EFs for PCB 149 in
TSM samples was observed (Figure 2-3c). A sinadarelation was not
calculated for dissolved phase PCB 149 given ingefft data. Generally, the
high flow rates observed in the spring, when cobotions from the Upper
Hudson to the estuary were high, correspondedmgie nonracemic EFs in the
water column. This effect is also evident betwP@B 95 TSM EF as a function
of ZPCB concentrations at 90% confidence (Figure 2-8)ring high flow
conditions, contributions from the Upper Hudsonatréheir highest, resulting in
both higher estuarine concentrations and more acenic EFs. Similar results
were observed for scenarios with one-day to thorig-day average discharges,

suggesting that these results are robust.
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Figure 2-3: Relation of Upper Hudson River volumetric dischaag&Vaterford
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as a function of total PCB concentration (sum ot8@geners) (d). Dotted line
represents theoretical racemic EF (EF = 0.5).

These trends in EF data are consistent with a @ue\study performed on

this data set [46]. Gigliotti used Positive MatFactorization to determine three

factors influencing PCB concentrations in the estudwo of the three factors

represented the dissolved and particulate phagée @fpper Hudson, and
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contributions from these two factors were highesemvdischarge in the Upper
Hudson River was also high. Transport of contateithgediments to the estuary
is significant, with an estimated 300,000 metrigsigr of new deposits in 1998
and 1999, and were highest following the springtiet [47], consistent with our
observations. The correlations between Hudsorhdige and PCB 95 EFs in
both the dissolved phase and TSM are consistehtsttidies suggesting PCB
desorption from resuspended Upper Hudson sedineMs] . Following
resuspension, desorption into the dissolved phagpédns quickly, over the
course of several days [4]. Thus, estuarine waeolmes nonracemic, and

weathered PCB 95 is bioconcentrated by estuarigmplankton.

2.4 Conclusion: Implications for the local aquatidood web.

For both PCB 95 and 149, chiral signatures for gpiginkton closely
matched those of sediment in the estuary. Thévelamportance of sediment
and air in determining phytoplankton concentratioas be quantified using the

following chiral two-source apportionment relatibis[26, 49]:

fa = (ERuix- ER)/(EFa- ER) Equation 2-1

wheref, is the fraction of total contaminant from sourceEk, and ER are the
enantiomeric fractions of source A and B, respetyivand Elgx is the
enantiomeric fraction of the affected compartmenthis case phytoplankton.
For PCB 95, 86% of the phytoplankton PCB load oatgd from contaminated

sediment. Likewise, for PCB 149, a high proport{é8%) was sediment-
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derived, although the value for this congener sihdel regarded as inconclusive
due to the larger error associated with these E&saorements resulting in the lack
of significant difference in EFs between air angtppblankton. Nevertheless, it is
clear that atmospheric sources do not significartytrol phytoplankton uptake
of PCBs 95 and 149, and by extension penta- and-R&Bs. Consequently, air-
water exchange may have little effect on the estaaquatic food web for these
homologs, although its effect on other homologs tmagignificant. Therefore,
future efforts to reduce PCB contamination and tizdiion in the Upper Hudson
should be effective in reducing contamination i@ #stuarine aquatic food web,

as well as human exposure via ingestion of locdl. fi

2.5 References
1. U.S. Environmental Protection Agency, "HudsoweRiPCBs Site New

York. Record of Decision" 2002.

2. Connolly, J. P.; Zahakos, H. A.; Benaman, kghr, C. K.; Rhea, J. R.;
Russell, K., A Model of PCB Fate in the Upper Hud&iver.Environmental

Science & Technolog®000,34, (19), 4076-4087.

3. Bopp, R. F.; Simpson, H. J.; Olsen, C. R.; Kbsly., Polychlorinated-
biphenyls in sediments of the tidal Hudson RivesywNY ork. Environmental

Science & Technology981,15, (2), 210-216.

4. Schneider, A. R.; Porter, E. T.; Baker, J. Bly€hlorinated biphenyl
release from resuspended hudson river sedirienironmental Science &

Technology007,41, (4), 1097-1103.

79



5. Durell, G. S.; Lizotte, R. D., PCB levels atl4éw York City and New
Jersey WPCPs that discharge to the New York/Negeydrarbor Estuary.

Environmental Science & Technolo$998,32, (8), 1022-1031.

6. Totten, L. A.; Gigliotti, C. L.; VanRy, D. A.; fienberg, J. H.; Nelson, E.
D.; Dachs, J.; Reinfelder, J. R.; Eisenreich, SAtimospheric concentrations and
deposition of polychorinated biphenyls to the HudRiver Estuary.

Environmental Science & Technolog§04,38, (9), 2568-2573.

7. Brunciak, P. A.; Dachs, J.; Gigliotti, C. L.; Nen, E. D.; Eisenreich, S. J.,
Atmospheric polychlorinated biphenyl concentratiansl apparent degradation in

coastal New Jersestmospheric Environme2001,35, (19), 3325-3339.

8. Totten, L.A. Present-day sources and sinks dbrghlorinated biphenyls
(PCBs) in the Lower Hudson River Estuary; Rutg&éhge State University of

New Jersey: New Brunswick, NJ, October 2004, 2004.

9. Farley, K. J.; Thomann, R. V.; Cooney, T. FDiamiani, D. R.; Wands,
J.R. An integrated model of organic chemical tatd bioaccumulation in the

Hudson River Estuary; The Hudson River Foundatiarch 1999.

10. Yan, S. Air-water exchange controls phytoplanktoncentrations of
polychlorinated biphenyls in the Hudson River EsguMaster's Thesis, Rutgers

University, New Brunswick, NJ, 2003.

80



11. Dachs, J.; Eisenreich, S. J.; Baker, J. E.;/K&.; Jeremiason, J. D.,
Coupling of phytoplankton uptake and air-water exaje of persistent organic

pollutants.Environmental Science & Technolo§999,33, (20), 3653-3660.

12. Jeremiason, J. D.; Eisenreich, S. J.; PateMod,; Beaty, K. G.; Hecky,
R.; Elser, J. J., Biogeochemical cycling of PCB#akes of variable trophic

status: A paired-lake experimehtmnol. Oceanogr1999,44, (3), 889-902.

13. Bidleman, T. F.; Wong, F.; Backe, C.; SodergfenBrorstrom-Lunden,
E.; Helm, P. A.; Stern, G. A., Chiral signaturexbfordanes indicate changing
sources to the atmosphere over the past 30 y&Ene®spheric Environme2004,

38, (35), 5963-5970.

14. Harner, T.; Kylin, H.; Bidleman, T. F.; Strach&V. M. J., Removal of
alpha- and gamma-hexachlorocyclohexane and enagrsoof alpha-
hexachlorocyclohexane in the eastern Arctic OcBarironmental Science &

Technologyl 999,33, (8), 1157-1164.

15. Ridal, J. J.; Bidleman, T. F.; Kerman, B. RaxPM. E.; Strachan, W. M.
J., Enantiomers of alpha-hexachlorocyclohexanesasnts of air-water gas
exchange in Lake Ontari&nvironmental Science & Technolo§997,31, (7),

1940-1945.

16. Fono, L. J.; Sedlak, D. L., Use of the chifadpnaceutical propranolol to
identify sewage discharges into surface watensironmental Science &

Technology2005,39, (23), 9244-9252.

81



17. Robson, M.; Harrad, S., Chiral PCB signatuneaii and soil: Implications
for atmospheric source apportionmdsvironmental Science & Technology

2004,38, (6), 1662-1666.

18. Pakdeesusuk, U.; Jones, W. J.; Lee, C. M.;isaarrA. W.; O'Niell, W.
L.; Freedman, D. L.; Coates, J. T.; Wong, C. Sar@fes in enantiomeric
fractions during microbial reductive dechlorinatiohPCB132, PCB149, and
Aroclor 1254 in Lake Hartwell sediment microcosiaavironmental Science &

Technology2003,37, (6), 1100-1107.

19. Bidleman, T. F.; Jantunen, L. M.; Harner, Tip&/g, K.; Wideman, J. L.;
Brice, K.; Su, K.; Falconer, R. L.; Aigner, E. leone, A. D.; Ridal, J. J.;
Kerman, B.; Finizio, A.; Alegria, H.; Parkhurst, \3/; Szeto, S. Y., Chiral
pesticides as tracers of air-surface exchaBgeironmental Pollutior1998,102,

(1), 43-49.

20. Wong, C. S.; Garrison, A. W.; Foreman, W. ThaBtiomeric composition
of chiral polychlorinated biphenyl atropisomersaguatic bed sediment.

Environmental Science & Technolog®01,35, (1), 33-39.

21. Wong, C. S.; Mabury, S. A.; Whittle, D. M.; Bass, S. M.; Teixeira, C.;
DeVault, D. S.; Bronte, C. R.; Muir, D. C. G., Ongechlorine compounds in
Lake Superior: Chiral polychlorinated biphenyls datransformation in the

aquatic food wekEnvironmental Science & Technolog®04,38, (1), 84-92.

82



22. Skoglund, R. S.; Stange, K.; Swackhamer, DALkinetics model for
predicting the accumulation of PCBs in phytoplank®nvironmental Science &

Technologyl 996,30, (7), 2113-2120.

23. Yan, S.; Rodenburg, L. A.; Dachs, J.; Eiselme®& J., Seasonal air-water
exchange fluxes of polychlorinated biphenyls in thelson River Estuary.

Environmental Pollutior2008,152, (2), 443-451.

24. Gigliotti, C. L.; Dachs, J.; Nelson, E. D.; Baiak, P. A.; Eisenreich, S. J.,
Polycyclic aromatic hydrocarbons in the New Jeis@gstal atmosphere.

Environmental Science & Technolog§00,34, (17), 3547-3554.

25. Wong, C. S.; Garrison, A. W., Enantiomer sefpamaof polychlorinated
biphenyl atropisomers and polychlorinated bipheaténtion behavior on
modified cyclodextrin capillary gas chromatogragisjumns.Journal of

Chromatography £000,866, (2), 213-220.

26. Harner, T.; Wiberg, K.; Norstrom, R. J., Enanter fractions are prefered
to enantiomer raios for describing chiral signasureenvironmental analysis.

Environmental Science & Technolog§00,34, 218-220.

27. Wong, C. S.; Hoestra, P. F.; Karlsson, H.; Bacls. M.; Mabury, S. A.;
Muir, D. C. G., Enantiomer fractions of chiral ongechlorine pesticides and
polychlorinated biphenyls in standard and certifieldrence materials.

Chemospherg002,49, (10), 1339-1347.

83



28. Frame, G. M., A collaborative study of 209 P&igeners and 6 Aroclors
on 20 different HRGC columns .1. Retention and wi@h databasd=resen. J.

Analytical Chemistry1997,357, (6), 701-713.

29. Frame, G. M.; Cochran, J. W.; Bowadt, S. Sm@lete PCB congener
distributions for 17 aroclor mixtures determineddMRGC systems optimized
for comprehensive, quantitative, congener-speatfialysis.J. High-Resol.

Chromatogr.1996,19, (12), 657-668.

30. Ulrich, E. M.; Hites, R. A., Enantiomeric raiof chlordane-related
compounds in air near the Great Lakesvironmental Science & Technology

1998,32, (13), 1870-1874.

31. Bucheli, T. D.; Brandli, R. C., Two-dimensiomgs chromatography
coupled to triple quadrupole mass spectrometryiferunambiguous
determination of atropisomeric polychlorinated kdpyls in environmental

samplesJournal of Chromatography 2006,111Q (1-2), 156-164.

32. Morrissey, J. M.; Bleackley, D. S.; Warner A, Wong, C. S.,
Enantiomer fractions of polychlorinated biphenyighree selected Standard

Reference Material€hemospher2007,66, 326-331.

33. MacLeod, M.; Scheringer, M.; Podey, H.; Joe<.; Hungerbuhler, K.,
The Origin and Significance of Short-Term Variatyilof Semivolatile
Contaminants in AirEnvironmental Science & Technolog®07,41, (9), 3249-

3253.

84



34. Totten, L. A.; Brunciak, P. A.; Gigliotti, C.;LDachs, J.; Glenn, T. R;
Nelson, E. D.; Eisenreich, S. J., Dynamic air-waterthange of polychlorinated
biphenyls in the New York - New Jersey Harbor EstuBnvironmental Science

& Technology2001,35, (19), 3834-3840.

35. Nelson, E. D.; McConnell, L. L.; Baker, J. Biffusive exchange of
gaseous polycyclic aromatic hydrocarbons and pdyctated biphenyls across
the air-water interlace of the Chesapeake Bayironmental Science &

Technologyl 998,32, (7), 912-9109.

36. Gigliotti, C. L.; Brunciak, P. A.; Dachs, J.le@n, T. R.; Nelson, E. D.;
Totten, L. A.; Eisenreich, S. J., Air-water exchamd polycyclic aromatic
hydrocarbons in the New York-New Jersey, USA, Haistuary Environ.

Toxicol. Chem2002,21, (2), 235-244.

37. Gigliotti, C. L.; Totten, L. A.; Offenberg, Bl.; Dachs, J.; Reinfelder, J.
R.; Nelson, E. D.; Glenn, T. R.; Eisenreich, SAlmospheric concentrations and
deposition of polycyclic aromatic hydrocarbonshe Mid-Atlantic East Coast

Region.Environmental Science & Technolog§05,39, (15), 5550-5559.

38. Jamshidi, A.; Hunter, S.; Hazrati, S.; Harfad,Concentrations and chiral
signatures of polychlorinated biphenyls in outdaod indoor air and soil in a
major UK conurbationEnvironmental Science & Technolog®07,41, 2153-

2158.

39. Bamford, H. A.; Ko, F. C.; Baker, J. E., Sead@nd annual air-water
exchange of polychlorinated biphenyls across BalterHarbor and the northern

85



Chesapeake Bafenvironmental Science & Technolo2§02,36, (20), 4245-

4252.

40. Totten, L. A.; Stenchikov, G.; Gigliotti, C.;LLahoti, N.; Eisenreich, S. J.,
Measurement and modeling of urban atmospheric R&Bantrations on a small

(8 km) spatial scalédAtmospheric Environme2006,40, (40), 7940-7952.

41. Gouin, T.; Jantunen, L.; Harner, T.; Blanch&d,Bidleman, T., Spatial
and temporal trends of chiral organochlorine sigrest in Great Lakes air using
passive air sampler&nvironmental Science & Technolog§07,41,(11), 3877-

3883

42. Finizio, A.; Bidleman, T. F.; Szeto, S. Y., E&sibn of chiral pesticides
from an agricultural soil in the Fraser Valley, g ColumbiaChemosphere

1998,36, (2), 345-355.

43. Bidleman, T. F.; Jantunen, L. M. M.; Helm, P; Brorstrom-Lunden, E.;
Juntto, S., Chlordane enantiomers and temporalisrefichlordane isomers in

arctic air.Environmental Science & Technolog§02,36, (4), 539-544.

44, Bedard, D. Q. I., J.;, Microbial reductive diecmation of polychlorinated
biphenyls. InMicrobial Transformation and Degradation of Toxicganic

ContaminantsYoung, L. C., C.;, Ed. Wiley-Liss: New York, 1995 127-216.

45, U.S. Geological Survey, http://waterdata.uspgmyvis. Accessed

February 3, 2007.

86



46. Gigliotti, C. L. Environmental origin, chemida&nsport, and fate of
hazardous pollutants in atmospheric and aquatiesysin the Mid-Atlantic

region. Ph.D. Thesis, Rutgers University, New Bmg, NJ, 2003.

47. Woodruff, J. D.; Geyer, W. R.; Sommerfield,kC; Driscoll, N. W.,
Seasonal variation of sediment deposition in thdddua River estuarylarine

Geology2001,179, 105-119.

48. Butcher, J. B.; Garvey, E. A., PCB loading freatiment in the Hudson
River: Congener signature analysis of pathw&ysironmental Science &

Technology2004,38, (12), 3232-3238.

49. Bidleman, T. F.; Falconer, R. L., Enantioméiosafor apportioning two
sources of chiral compoundsnvironmental Science & Technolo§999,33,

(13), 2299-2301.

87



Chapter 3. Comparison of Peak Integration Methods dr the
Determination of Enantiomeric Fraction in Environmental
Samples

A version of this chapter has been previously @iigd as Asher, B. J.;
D'Agostino, L. A.; Way, J. D.; Wong, C. S.; Harynuk J., Comparison of peak
integration methods for the determination of er@anéric fraction in
environmental samples. Chemosphere 2009, 75,@82-1048. Copyright ©
2009 Elsevier, reprinted with permission.
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3.1 Introduction

The measurement of individual enantiomers of emvirental
contaminants is a current area of significant gger Numerous compounds of
environmental concern are chiral, including orgdnacne pesticides such as
hexachlorocyclohexane, 19 of the 209 polychloriddtghenyl (PCB) congeners,
hexabromocyclododecanes, and many pharmaceutigdisas propranolol and
fluoxetine. Enantioselective analysis of a cho@npound can provide valuable
information about its environmental fate, includihg occurrence and extent of
biotransformation [1, 2] and the proportions of oninant originating from
multiple sources [3-5]. This also has potentialliogiions for ecological risk
assessments given the differential toxicities eféhantiomers of many chiral
environmental contaminants [6-8]. The preferredriméor quantifying these

relative concentrations is the enantiomeric fracieF) [9], defined as:

EF = A Equation 3-1
A+B

whereA andB represent concentrations of the (+) and () eoardrs,
respectively, or of the first- and second-elutedrgiomers under defined
enantioselective chromatographic conditions ifehgion order is unknown.
Pure enantiomers have EFs of 0 or 1, while racesrtatee an EF of 0.5 [9]. EFs
are commonly used in environmental calculationsiwperforming source
apportionment [9] and when calculating minimum taasformation rate

constants [10]. These calculations are sensitiatight errors in EF.

89



Consequently, the accuracy in determining enantigraak areas is especially

important.

While the complete chromatographic separation ahg@omers is
desirable; in practice, the quantification of eomimental chiral contaminants is
often performed when the two enantiomers are oalttiglly resolved. Complete
separation of enantiomers is often impracticarfmtine analyses, such as those
guantifying several pairs of enantiomers at ondg [2]. The most commonly
used technique for integrating partially resolvadoenatographic peaks of
environmental analytes is thalley drop metho@vDM). In this process, which
can be performed using standard chromatographiwad, a perpendicular line
is dropped from the valley between the two peakbedaseline (Figure 3-1).
This method will always result in biased peak afé8} except when the peaks
are equal in size (EF = 0.5) and symmetrical [M/hen these conditions are not
met, a significant portion of the area of one elwaner's peak will inevitably fall
under the peak of its antipode in disproportiorsat®unts (Figure 3-1).
Enantioselective chromatography, which often saffesm slower mass transfer
kinetics and more frequent non-linear isotherms 18], can result in more

severe peak tailing, causing even larger biases whimg the VDM.
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Signal

Retention time

Figure 3-1: Integration of partially resolved enantiomers by thalley
drop method. Dashed lines indicate the peak trat¢@sdividual enantiomers.
Shaded regions indicate the peak area of each @maat that is erroneously
attributed to its antipode, resulting in a calcuddtEF that is too small. The
example shown has a true EF=0.6, Rs=1.0, and As=1.5

Biases associated with the VDM have been previatsigied by Meyer
[17], who showed that errors in area can be as &sgh0% when working with
pairs of peaks having appreciably different siz¥ed ratios of 10 to 1) and
significant tailing (asymmetry of 2). Bicking sted four different integration
techniques, including the VDM and a “Gaussian skin&thod, where true peak
areas are estimated by adding a skimming lineapptoximates a Gaussian
function under each peak, and adding the area kattie skim line and the

baseline to the parent peak [18]. In that stuide,Gaussian skim method
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produced errors that, in most cases, were sinolasrteven worse than the VDM.
A less commonly used but potentially more accuirgtgration technique is the
deconvolution metho©M). Here, a least squares method is used tbdit
chromatographic data to the sum of two indepen@anissian-based
mathematical functions via commercially availalibé\gare. Since each peak is
fit to its own function, the algorithms account foak overlap (including tailing
when appropriate models are used). This resulpe@k areas that are not subject
to the biases of the VDM. Peak deconvolutiontbeen used successfully in the
determination of environmental contaminants, inciggolybrominated diphenyl
ether congeners [19], pesticides [20], and thean&nmerization energy barriers
[21], and an automated deconvolution method has deeeloped [22]. This
analysis has also been applied to comprehensivlinvensional gas

chromatographic (GCxGC) data [23].

Although the variability in error associated withditional integration
technigues has been established, details assowrdtedeak integration have
been absent from the experimental sections of loinaronmental literature,
with a few exceptions [5, 24, 25]. The potenitiaprovement in the accuracy of
enantioselective environmental analyses by usingdaanced integration
technique, such as the DM, has not yet been asse€se& objective is to
compare the errors in EF determination betweeVigl and the DM, utilizing
commercially available software for both techniquBsth instrument-generated
(hereafter referred to as “real”) and simulatedofatograms were analysed to

assess the accuracy and precision of each integnagéthod, and to investigate
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the effects of true EF, signal-to-noise ratio, heon, and peak asymmetry on the
performance of each technique. The implicationsugh errors (having
magnitudes observed in this study) on environmeratigiulations that utilize EF,

using published environmental data, is also dissliss

3.2 Materials and Methods

3.2.1 Preparation of enantiomerically enriched stards

PCB 132 (Figure 3-2, inset) was chosen as a mashepound for the real
chromatograms because its enantiomers can beysagihrated and collected by
high performance liquid chromatography (HPLC), aad be baseline-resolved
by gas chromatography (GC) [26], providing a mdangstablishing a true EF.
A method for isolation of individual PCB 132 enamtiers has been previously
published [27]. Briefly, seven 5@k aliquots of 15ug mL™* racemic PCB 132
were injected into an Agilent HPLC 1050 system vaitNucleodex3-PM column
(200 mm x 4.6 mm i.d. x pm particle size, Macherey-Nagel, Duren, Germany).
A flow rate of 0.5 mL mift and a 75:25 methanol:water isocratic mobile phase
was used. The eluent fractions containing indialdenantiomers were collected,
combined, transferred to hexane via liquid-liguxdraction, and evaporated to
approximately 1 mL under nitrogen. Solutions vdthapproximate EF = 0.3,
0.4, 0.6, and 0.7 were generated by combining laateomerically pure solutions

in appropriate proportions.

93



3.2.2 Chromatographic conditions for instrument-gerted data

Analysis was performed with a HP 5890/5971 GC/Mfagiglectron
impact ionization in selective ion monitoring mdde m/zof 358, 360, and 362.
A Chirasil-Dex column (30 m x 0.25 mm i.d. x 02% d, Varian, Walnut
Creek, CA) was used for the separation. Sevemuwagraphic resolutions (R
calculated as the difference in retention timethefpeaks divided by the mean of
the peak widths measured at the base of each pea&)achieved using the
following column conditions: injector and MS tréasline temperatures of 280
and 25C°C, respectively, He carrier gas at 1 mL thzonstant flow, initial oven
temperature of 6@ with a 2 minute hold, & min™ to the final temperature,
and hold until 2 minutes after the second-eluteghdomer. Final temperatures
employed were 175, 180, 185, 190, 195, 205, and@16r R; of 1.57, 1.35,
1.16, 0.98 0.84, 0.62, and 0.48, respectively.ti&gtuimes ranged from 21 to 63
minutes. Asymmetric (tailing) peaks were generdtgdttaching a 1/16”
Swagelok tube fitting between the injector and ooiuo act as a mixing
chamber, resulting in an average peak asymmet2y7of Identical oven
conditions were employed to yield average resahgtiof 0.85, 0.72, 0.61, 0.51,
0.43, 0.33, and 0.20, respectively. Example chtograms of the separation of
PCB 132 atropisomers for both symmetric and asymenetnditions are
presented in Figure 3-2. Results for all real olatographic data are based on
the mean of 3 separate analyses of each mixtudehaah signal-to-noise ratios
with a range of approximately 40 to 80 (based @nldingest peak), depending on

the elution time and the extent of peak broadefongach temperature program.
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Figure 3-2: Sample chromatograms of racemic PCB 132 standadeun
symmetric (As=1.0) and asymmetric (As=2.7) separationditions. Inset:
Chemical structures of PCB 132 atropisomers.

3.2.3 Generation of simulated data

The simulation of chromatographic data was empldgethtegration
comparisons, as simulations allow for precise admver individual peak
parameters that cannot be achieved using real e@togmams. This simulated
data approach has been used previously to lookak integration methods [17]
as well as other aspects of quantitation [28, ZO}-parameter generalized
exponentially modified Gaussian (GEMG) function wassen to simulate
chromatographic peak shapes. This function isywred by convolving a
Gaussian function with a hybrid function of a h@l&ussian multiplied by an

exponentially modified Gaussian , shown here [30]:
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1(x—a1)2J ax-a,)
a,exp —— 1+erf

’ ;{ 23, +a,’ J2a,\a,’ +a,’
\/E\/a:+a,22

Equation 3-2

y:

where x and y represent the retention time andoresgy respectively, and, &,

&, and g represent the peak area, centre, width, and dmtqrarameters,
respectively. It effectively describes chromatqipia peaks, including those
exhibiting significant asymmetry, and is descriloedetail elsewhere [31, 32].
Chromatograms were generated by summing two GEM@Gifans, simulating an
enantioselective separation. Using Mathcad 14ffvace (Parametric
Technology, Needham, MA, USA), the functions weskvad at intervals of 1/94
s to simulate a data acquisition rate of 1.57 ldmaéto that of our real

chromatograms.

Instrumental noise was simulated by adding nornailiiributed random
numbers with a chosen mean and standard deviatignq the data. The mean
acted as a signal offset, ensuring no negativasitievalues were recorded. The
standard deviation was used to control S/N. EFaeasrolled by adjusting the
areas of each peak, according to Equation 3-1erfiden times of the simulated
peaks were varied to adjust RPeak asymmetries {Awere calculated as the
width of the tailing half of the peak divided byetlvidth of the leading half of the
peak at 10% of the maximum peak height. Asymnmetsiere modified by
controlling the distortion parameter of the GEM@dtion, and were kept

invariant among the peak pairs. Peak resolutisymanetry, S/N, and EF were
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varied with all possible combinations of parametisted in Table 3-1. Ten
replicate chromatograms for each set of parameters generated, creating a

total of 590 chromatograms.

Table 3-1: Chromatographic parameters used for the generadiosimulated
data.

Ag S/N for EF Resolutior
Largest Peak
1 20 0.2,0.4,0.5,0.6,C 0.5
0.5, 0.6, 0. 0.7
3, 10, 2 0.t 0.7
1t 10 0.4, 0.45, 0.5, 05, 0.€ 0.9, 0.7, 0.
20 0.2,0.4,0.5,0.6,C 15,1.3,1.1,0.9,0.7, (
75 0.4,0.5, 0. 0.5

3.2.4 Data handling and peak integration

All chromatograms were integrated using both théeWénd the DM.
Integrations of the former were performed with 8D Chemstation Integrator
(version E.01.00.237; Agilent Technologies, Misaigg, Canada). Division of
the peak pair was performed manually by placingothendary between peaks at
the centre of the valley. Simulated chromatogragasgerated as text files by
Mathcad, were converted to .CDF format using GC@@d/S File Translator
Pro 5.0 (ChemSW, Fairfield, CA, USA) software. dPittio integration using the

DM, real chromatograms were converted to ASCII (TJ ¥ormat using GC and
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GCMS File Translator Pro, based on the sum totgdaese of the three ions

monitored.

Integrations using the DM were performed using Péakl.06 (Systat
Software, San Jose, CA) software. Peakfit's noapetric digital filter option,
which simplifies the data set, was not employetie TAutofit Peaks I:
Residuals” mode, which determines initial peak tmceand parameters by
minimizing evaluated residuals, was selected fakpietection and fitting [30].
The 4-parameter GEMG model was chosen as the matloatmodel for fitting
both real and simulated chromatograms [5, 24, B&cause the simulated data
was generated using the same function, errors iadsBciated with the DM fit of
simulated data should be solely due to the adddfamandom noise, thereby
providing a baseline for error when comparing ®WbM. This point was
verified by the fact that fits of simulated chrowgitams without added noise
using Peakfit, produced zero error in EF and’af unity. Real and simulated
chromatographic data was sectioned to exclude @ssacy parts of the
chromatogram. Peakfit’s fast Fourier transfornefihg option was employed to
determine initial peak placement. Additional pé&#kng options of “Vary
Widths” and “Vary Shape” were employed, except wehetherwise noted.

Fitting was iterated until thé yielded a stable maximum value.
Biases in EF were determined according to the viofig equation:

BIAS = EFmeasured_ EFtrue Equatlon 3'3
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whereEFmeasuredS the enantiomeric fraction as determined by eategration
method, according to Equation 3-1. For symmeteaks EF;,. was based on the
measured EF of the same mixture fully resolvedaralysed on the same day, as
determined by manual integration. For asymmeinixifi\g chamber) trials,

EFw.e Wwas determined by taking the average of threeyaaalof each mixture
under conditions where the enantiomers were basedisolved before the
addition of the mixing chamber. Peak shapes fort@&( in the absence of the
mixing chamber were near Gaussian, with asymmetaieging from 1.01 to 1.06.
For simulated chromatograntsk,. was determined based on the relative peak

areas input into the peak generation algorithm.

3.3 Results and Discussion

3.3.1 Comparison of integration methods with instemt-generated data

The EFs of fully resolved chromatograms showed gapdement
between the VDM and DM, with a mean EF different8.605 (Figure 3-3),
indicating our choice of “true EF” values was adedte. The DM produced
small biases in EF when analyzing symmetric pealb, averages less than 0.01
for all EFs and resolutions (Figure 3-3a). Nod®m bias with changes in EF or
increasing resolution were apparent. Enantiomgars¢ions even at very poor
resolutions (B=0.48) showed reasonably low systematic errorthistresolution,
mean biases for nominal EFs 0.3, 0.4, 0.5, 0.6wer# 0.01, 0.004, —0.005,
0.007, and 0.003, respectively. The success ddMen this case is significant,

as no valley between the peaks was present aeguodution; thereby precluding
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the use of the VDM. Application of the DM may all@nantiomer analysis of
chiral compounds that are poorly resolved chronragycally, provided that
some minimal peak resolution is obtained and psgkanetry is not extreme. In
addition, the DM (with the GEMG-4 function) prodacacceptable fits of the
chromatographic data, with ah> 0.997 for all chromatograms, and randomly

distributed residuals (Figure 3-4).
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Figure 3-3: Mean biases in EF as a function of resolution fgnmetric (As=1)
and asymmetric (As=2.7) peaks using DM and VDM odlogies for real
chromatograms of PCB 132 atropisomer separations.

In contrast, the biases produced by the VDM forsatnic peaks were
significantly increased in magnitude as resolutienreased (Figure 3-3b).
Racemic standards (EF=0.5) expectedly produced swelage biases.

However, EFs greater than 0.5 produced positivielgeal results to a maximum

of +0.057, while EFs less than 0.5 produced negBtiviased results to a
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minimum of —0.038. The source of this bias isni@/ement of the valley
towards the smaller peak. This overall effectossistent with previous analyses
of symmetric peak pairs [17], and results in a &y for samples of nonracemic

composition to be reported as more extreme values.

The modified mixing chamber was intended to appmate asymmetric
conditions which are encountered under poor chrogmaphic conditions. This
asymmetry produced an increase in biases withibtglgration methods.
Integration with the DM yielded negatively biasegults (—0.035 at the most
extreme) which tended towards zero and a slighabjtiye value with decreasing
resolution (Figure 3-3c). The DM could not produeeaningful EFs at the worst
chromatographic conditions, failing at 20 and 0.33, and at 0.43 for EF of 0.7,
as the model treated the peak pair as a single peak GEMG fit of the highly
asymmetric data was poor compared to that of symorseaks, with large
nonrandom residuals (Figure 3-4b) similar to theswiously reported [32]. The
poor fits may be due to the fact that the asymmetay generated by a mixing
chamber that ideally produces an exponential dituéffect on peak shape. The
GEMG function is ideally applied to chromatograppeaks that are asymmetric
due to typically observed non-linear sorption alogvsstationary phase-mobile
phase mass transfer effects that are difficultetoegate artificially. Indeed, other
peak models, such as the empirically transformaas&an function [34], may
provide better fits in this particular case. Hoeewa comparison of

chromatographic peak models is beyond the scoffeso$tudy.
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Figure 3-4: Chromatograms showing fits and residuals of the @EMnction
for symmetrical (a) and asymmetrical (b) chromatogs of PCB 132
atropisomer separations. Examples shown haveeatii of 0.4.

While the DM performance with asymmetric peaks aeseptable, at
least at the higher resolutions, the VDM perforneawas exceptionally poor. All
VDM integrations resulted in severely negative egsvith averages ranging
from 0.054 to 0.197 (Figure 3-3d). The magnitutlthis bias increased with
decreasing resolution. When using the VDM, thigrasetry can result in gross
misinterpretations of enantiomer data. For exampleemic PCB 132, with an
EFue Of 0.50, produced calculated EFs ranging from @042.30. These EFs

would lead the analyst to conclude erroneouslydhaicemic EF is non-racemic.
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3.3.2 Comparison of integration methods with sirredadata

Biases when using the DM were relatively low, watrerages ranging
from —0.013 to +0.008 for peaks with an asymmefry.6 and S/N of 20 for the
largest peak (Figure 3-5). This range in biasigdod agreement with those
obtained with the real symmetrical chromatogras.with the real
chromatographic data, no trend was observable ihi&-with either resolution
or EF. In contrast, the VDM produced biases thatevsignificantly higher,
ranging from —0.058 to +0.052 (Figure 3-5a). B&aere positive for EFs below
0.5 and negative for EFs above 0.5, and increasathgnitude with decreasing

resolution.
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Figure 3-5: Mean biases in EF as a function of EF for varioealpresolutions
using the VDM and the DM, based on simulated d&@N=20 for largest peak,
As=1.5.

The S/N had no effect on average biases for eitleeDM or DM. The S/N did,
however, affect the precision of EF measurements moth the VDM and DM,

as shown for 10 replicates at ad® 0.68 and Aof 1.5 (Figure 3-6). As expected,
precision worsened with decreasing S/N, an efferterpronounced for the DM
(Figure 3-6). In the worst case tested,was greater than 0.07 for an EF of 0.4
and S/N of 10 (limit of quantification) when usitige DM. This effect highlights

the dangers inherent in attempting to model no&wg,cand suggests that with a
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skilled analyst, the VDM is capable of better pseam at low resolution and S/N
compared with the DM. It is hypothesized that $tidhe data rate be increased
above 1.57 Hz (i.e. by using a more modern fasttsiog quadrupole) that the
performance of the DM would be improved due toitteeeased number of
available data points to perform the fitting. luislikely that there would be as
great an improvement in performance for the VDMd#&idnally, the occasional
poor precision of the DM can be improved if simiphtions are made to the
fitting model. By disabling the “vary widths” arfdary shape” options in the
Peakfit software, the number of parameters in tBMG function is reduced.
Under those conditionsgr (the standard deviation of the EF) improved
dramatically for a set of symmetric peaks aOR. The initial values fosgr
improved from 0.008, 0.010, and 0.05 to 0.003, 9.@nd 0.02 for S/N of 20, 10,
and 3 respectively. This technique for improvihg DM fit can be applied to
most enantiomer separations, particularly thoseopaed by GC, where the peak
widths and shapes for a pair of enantiomers ardynié@ntical. This may,
however, introduce more error in EF determinatmmnskeparations where
differing peak shapes and widths are observedrifan&gomers, as is the case for

many enantiomer separations performed by gradiéhid-
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Figure3-6: Standard deviation of EF measurements{R.68, A= 1.5) as a
function of EF for the VDM and DM at three diffetrasmgnal-to-noise ratios. All
precisions are based on ten replicate measurements.

3.3.3 Applications of EF and the effects of bias

Biases in EF that are apparently “small” (+0.05) ba reflected and indeed
magnified when they are used in environmental ¢almns. For example, the
relative importance of two sources of a chiral cloafrto a receptor can be

estimated [4, 9]:

fA = (EF|\/||X— EFB)/(EFA— EFB) Equation 3-4
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wheref, is the fraction of total contaminant from sourceEk, andEFg are the
enantiomeric fractions observed in sources A anceghectively; an&Fyx is the
enantiomeric fraction of the affected compartmergite. By analyzing a
previous study of enantiomer signatures in the aphere and water column of
the Hudson River estuary [5], the effect of biaE&@d can be demonstrated. In
that study it was estimated that 86% of PCB 95hyt@plankton originated from
contaminated sediment and 14% was from atmospbeticces. A relatively
small error in EF is assumed, as that study emgitlye DM for peak integration.
For simplicity, zero bias is assumed for the atrhesigc contribution, as it is close
to racemic [5] and unlikely to be biased by the Vksuming symmetric peaks.
A negative bias is applied to the reported phytotan and sediment EFs
sequentially in 0.01 intervals (Table 3-2). Witbias of —0.05 in the two
nonracemic compartments, the proportion of PCBt@thatable to the

atmosphere dropped significantly, from 14% to 4%.
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Table 3-2: The effect of biases on the enantiomeric fractafnshytoplankton,
air, and sediment and the resulting source appartient fractions attributable to
air and sediment in the Hudson River Estuary. ®@afdata was produced using
the DM integration technique [5].

original | bias bias bias bias bias
data -0.01 -0.02 -0.03 -0.04 -0.05

phytoplankton EF 0.478 0.468 0.458 0.448 0.438 .42
air EF 0.496 0.496 0.496 0.496 0.496 0.496
sediment EF 0.475 0.465 0.455 0.445 0.435 0.425
calculated fraction
from air 0.14 0.10 0.07 0.06 0.05 0.04
calculated fraction
from sediment 0.86 0.90 0.93 0.94 0.95 0.96

A more extreme example of the magnification o$ thias is the
calculation of minimum biotransformation rate cams from EFs. Based on
initial racemic proportions and the assumption thatlegradation occurs for only

one enantiomer, the rate constant for either eoiaueti ) Or ko)) is [10]:

1

(Kp(+) ~Kn(-) )t

EF =

= Equation 3-5
1+e

whereEF is the enantiomeric fraction of the compound sample, andis the
time. This calculation was recently applied taB30n dated sediment cores
from the highly contaminated Superfund site in Lategtwell, SC [35]. Table 3-3
shows the effect of +0.01, —0.01, +0.05, and —®i@Ses on the calculated

minimum biotransformation rates and half lives @83 132 and 149 in two of
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these sediment cores. PCB 132 had a half-lifgppfaimately 81 years, based
on the original data (which employed the DM foreigration). Biases in EF of

+0.01 and -0.01 yielded moderately erroneous catledlhalf lives of 95 and 71
years, respectively. However, a larger bias 00%§ielded a calculated half life

of 296 years. Further bias to +0.06 resultedaalaulated half-life of 626 years.

Table 3-3: Effect of bias on the EF and calculated minimuotransformation
rates and half-lives for PCB 132 and 149 in twoedib$ediment cores from Lake

Hartwell, SC. Original data was produced using DM integration technique
[35].

PCB 132, 1987 sediment depth, G47 core

original
data bias -0.01 bias +0.01 bias -0.05 bias +0.05
EF 0.431 0.421 0.441 0.381 0.481
k 0.00855 0.00981 0.00730 0.0149 0.00234
half-life 81.1 70.7 95.0 46.4 296
PCB 149, 1987 sediment depth, G30 Core
original
data bias -0.01 bias +0.01  bias -0.05 bias +0.05
EF 0.497 0.487 0.507 0.447 0.547
k 0.000571 0.00473 0.00255 0.0193 0.0171
half-life 1210.0 147 272 35.8 40.4

In contrast, PCB 149 exhibited little enantioselextiegradation in the original
data set, with a half-life of 1210 years. Bias8€% and —0.05 resulted in
calculated half-lives of 40 and 36 years, respettiMncorrectly implying
relatively fast biotransformation of PCB 149. Ria®f this magnitude, however,
would be unlikely in this situation, as close-taeaic values have small biases
except when the peaks are significantly asymmetridavertheless, the distorted
results of these calculations underscore the reethploy highly accurate
methods for EF determination. The VDM may be sigfit in cases where peak
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resolution is adequate {R 1) and peak shape is close to Gaussian. Enantiome
separations with lower resolution and/or significasymmetry require a more

robust integration technique, such as the DM, toueate EF determination.

3.4. Conclusions

The effect of integration method on the determorabf EF was
investigated using simulated and instrument-geadrdata. The deconvolution
method was shown to impart relatively small biathecalculated EF, whereas
the valley drop method suffered significant biag&determination, especially
when applied to enantiomers which are poorly resblnd/or have high
asymmetry. As a result of these biases, erroeswronmental calculations that
use EF can be severe, potentially leading to eaasmeonclusions about the fate
of chiral contaminants. While complete separatibanantiomers is always the
preferred method to avoid quantitation biasesases where incomplete
separation of enantiomers is unavoidable, a peatrd®Iution method is
recommended when determining EF. Furthermoresithplification of peak
deconvolution models (elimination of model param®tevhen used
appropriately, can allow EF determination thatathbaccurate and precise, even
when signal-to-noise ratios suffer. In additioretsuring that each enantiomer is
free from chemical interference (i.e. no “hiddeohtgounds are present under
the peaks of each enantiomer), we suggest thahtbiee of integration technique
be included as part of a comprehensive QA/QC podtimec EF determination in

future studies. Because the actual chromatogragareameters achieved are
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rarely reported in studies of chiral contaminangsjtion should be exercised
when interpreting and comparing EFs, especiallymdqgplying them to

environmental calculations.
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Chapter 4. Characterization of Recent and Historich Emissions
of Chiral and Achiral Polychlorinated Biphenyls from a
Hazardous Waste Treatment Facility

A version of this chapter has been submitted tar&nmental Toxicology and
Chemistry as Asher, B. J.; Ross, M.S.; and Wong;.CTracking chiral
polychlorinated biphenyls sources near a hazardasse incinerator: Fresh
emissions or weathered revolatilizatidd@mitted Septembef 52011.
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4.1 Introduction

Canada, as a signatory country to the Stockholnmv@uaion on Persistent
Organic Pollutants, has committed to destroyingfits remaining stockpiles of
polychlorinated biphenyls (PCBs) by the end of 208 This included recent
requirements for the removal of all in-use equiphtamtaining high
concentrations of PCBs (>500 mg/kg) by the end0®2[2]. As of 2005,
Canada’s national inventory of PCBs reported 11®%and 8.09 x 10kg of
stored and in-use PCB wastes, respectively [3}e mhjority of Canada’s high
concentration PCB wastes are treated at the SwinTHeatment Centre (SHTC,;
formerly the Alberta Special Waste Treatment Cgnag@ermanent incinerator
facility designed to destroy up to 40,000 tonnebadardous waste per year [4].
The treatment plant is located near the town ofrSiidls in central Alberta,
Canada, 180 km northwest of Edmonton, and is thepmint source of PCBs to
the region [5]. The SHTC processes PCB wastesot@ay kiln incineration, and
regularly reports destruction and removal efficieedDRE) greater than the

minimum legal requirement of 99.9999% [4].

Despite the high DRE, significant PCB contaminatias been shown in
the region immediately surrounding the treatmeanpl|5, 6]. This may, at least
in part, be due to a single fugitive emission egésthat occurred in 1996 where
kilogram quantities of PCBs and polychlorinatededibodioxins and furans
(PCDD/Fs) were released into the atmosphere atranaformer furnace

malfunction [7]. As a result of this fugitive relge, a fish and wild game

118



consumption advisory (30 km radius around the SHi&3)been in effect, as well
as a long term human exposure assessment progfam [gandful of studies
have investigated PCB contamination in the regimmyever only one of those
has been published in peer-reviewed journals. sital. investigated PCBs in
snow, vegetation, and sediment, around the SHT€saggested long term
fugitive emissions were the major source of PCBthéoregion, rather than the
accidental release [5]. However, the relative ingrace of the plant’s historic
and recent contamination to the region’s PCB |saabi fully understood. Nor is
it clear if fugitive emissions continue to playaerin contributing to PCB

contamination in the local surroundings in the diecsince the Blais et al. study.

The distinction between historical and recent dsanay be effectively
made by studying the enantiomer distribution ohaat contaminant [9]. Freshly
released PCB contaminants are expected to gergeratemic signal, i.e., equal
concentrations of both enantiomers. In contrastpbical weathering (e.g.
microbial reductive dechlorination) has been shtovalter the enantiomer
distribution of a contaminant in an environmentadim such as soil or
sediment, leading to a significantly nonracemic position [10, 11]. Since
abiotic processes such as volatilization and dépasaffect enantiomers equally,
comparison of a chiral compound’s distribution inta its distribution in
weathered sources such as soil or sediment camdprevidence of the air-bound
pollutant’'s source. For example, racemic distidng of chiral PCBs in air have
been used to reveal fresh racemic sources as tjoe coatributor to atmospheric

PCB loadings at urban and rural sites in the U1R] ps well as the historically
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contaminated Hudson River estuary [13]. Atmosphsources of organochlorine
pesticides such as chlordane [14] and hexachlolologgane [15] have also been

guantified using enantiomer distributions.

The objective of this study was to use soil andpasair sampling in the
area immediately surrounding the SHTC to determagent trends in PCB
contamination of the region. Passive samplers wieosen as they offer
significant advantages over traditional high-voluacéive samplers for source
elucidation. Numerous samplers can be deployedl&neously to reveal spatial
trends, and passive samplers can integrate atmosgbatamination over longer
periods relative to active samplers (weeks versusd), permitting a robust and
versatile sampling strategy [16]. Here, individaabpisomers (hereafter, simply
referred to as “enantiomers”) of chiral PCB congsmeere quantified in PUF
discs as well as soil to determine whether recehtstoric emissions dominate
the region’s atmospheric PCB load. Sampling wakpmed over several
seasons from 2005 to 2008 to assess temporal trém@sldition, enantiomer
distributions in soil were used to reveal evideoteéiodegradation of PCBs over
the course of the plant’s operation in the regaswell as to estimate degradation
rates [17]. To our knowledge, this study is thstfio use enantiomer analysis to
examine emissions from a known single point sour@n otherwise remote and

thus relatively uncontaminated region.
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4.2 Materials and Methods

4.2.1 Sampling

Air and soil were sampled at a total of 25 sitesited various distances
(0.53 to 12 km) from the SHTC (Figure 4-1) overrfsampling seasons. For
each site, geographical coordinates (latitude/kowlgi), distances from the SHTC,
sampling seasons, and the compartment samplean@or soil) are presented in
Table 4-1. Polyurethane foam (PUF) passive aipéans [16] were deployed in
each sampling season. Samplers consisted of anptivane (PUF) disc (14.0 cm
diameter; 1.27 cm thick; surface area 364;amass 4.60 g; volume 196 &m
density 0.0235 g ctf) Pacwill Environmental, Beamsville, ON) housedin
stainless steel domed chamber, similar to thoseritbesl elsewhere [18]. Air
samplers were hung in trees at approximately 2 fersérom the ground.
Sampler PUF discs were precleaned by Soxhlet éxiraim pesticide grade
acetone (24 h) followed by petroleum ether (2 hR4ried in a vacuum
desiccator, and stored in precombusted glass janshwflon-lined lids until
deployment. The first deployment was for a 5 mgehod (August 2005 to
January 2006) to assess semi-quantitatively theaspéstribution of PCBs
around the plant. This sampling period cannotdezluo estimate actual air
concentrations, since sampler deployments of émgth resulted in uptake
profiles for mid-sized congeners that approachedlibgum, rather than the
linear uptake that is desirable for accurate samgpfite determination [16].
Three additional 8-week deployments were performigia estimated uptake rates

taken to be 3.8 fiday, as determined previously [19]. A certain amtof
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uncertainty is expected to be associated with thpsske rates [20], therefore

calculated air concentrations are expected to kapproximation.

Enantiomer

distributions, however, are unaffected by thesenesed uptake rates. A soil

corer (AMS Inc., American Falls, ID) was used tmpée surface soil with a

depth of 0-5 cm, after the removal of the litteyda At each site, soil was

sampled within 10 meters of the PUF deployment.
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Figure 4-1: Map of sampling locations around the Swan Hillsalneent Centre
(SHTC). Inset: Location of Swan Hills within {@vince of Alberta, Canada.
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Table 4-1: Coordinates of sampling sites and seasons for P&Hsipe air and
soil samples. Numbers indicating sampling seagamBUFs are as follows: 1)
August 2005 to February 2006, 2) June to July 2@)&Jay to July 2007, 4)
December 2007 to February 2008. Numbers indicasengpling for soil are as
follows: 1) August 2005, 2) May 2007, 3) August&00

Distance from PUF Soil
Latitude Longitude SHTC (m) sampling sampling
1 54.78103 | -115.19240 1905 1,2,34 1,2
2 54.78457 | -115.15838 4106 1 1
3 54.75268 | -115.13621 5906 1 1
4 54.78791 | -115.11957 6618 1,2 1
5 54.77025 | -115.17724 2781 1,2,3 1
6 54.77190 | -115.19539 1600 12,34 1,2
7 54.77374 | -115.21171 530 12,34 1,2,3
8 54.77569 | -115.22994 663 12,34 1,2
9 54.77318 | -115.25558 2306 1,2 1
10 54.77685 | -115.28303 4075 1 1
11 54.77016 | -115.30527 5520 1,2,3 1,2
12 54.75029 | -115.38682 11082 1,2 1
13 54.76733 | -115.15202 4436 1 1
14 54.81338 | -115.12788 7323 1 1
15 54.80215 | -115.14442 5739 1 1
16 54.75947 | -115.20833 1836 1,2 1
17 54.76608 | -115.20968 1147 12,34 1,2
18 54.79933 | -115.25723 3659 1 1
19 54.72743 | -115.40756 13175 12,34 1,2
20 54.73036 | -115.38583 11764 2 1
21 54.77285 | -115.20371 1054 2 1
22 54.77493 | -115.22167 126 2,34 2,3
23 54.77939 | -115.26584 3009 2,34 2
24 54.77687 | -115.24030 1343 2,34 2
25 54.76987 | -115.21023 809 2,34 2
SHTC 54.77457 | -115.21982 - - -

4.2.2 Extraction
Sample and field blanRUF discs were Soxhlet extracted in petroleum

ether (16 h), solvent exchanged into hexane, atady@vaporated to 1 mL.

123



Samples were subsequently fractionated by columonaiitography using 3% by
weight deactivated silica gel (70-230 mesh, Signhdrigh, St. Louis, MO) and
8.5% by weight deactivated aluminum oxide (80-2@3im Fisher Scientific,
Fairlawn, NJ), with the PCB fraction being eluteitha80 mL hexane. Finally,
extracts were concentrated via nitrogen evaporati@pproximately 25QL and
spiked with PCB 159 as an internal standard. $woilples were homogenized
with anhydrous sodium sulfate (Fisher Scientifigirwn, NJ) and Soxhlet
extracted as above with dichloromethane. Activatgaper (99.90% ACS
reagent grade, Sigma-Aldrich, St. Louis, MO) wadeatito soil extracts for sulfur

removal.

4.2.3 PCB congener and enantiomer analysis

Total PCBs as well as hexachlorobenzene (HCB) curatons were quantified
with either a Hewlett Packard 5890, or Agilent (&a@lara, CA) 6890 gas
chromatograph, each equipped witf{\i electron capture detector.
Chromatographic separation was achieved using &DB<olumn (5% diphenyl
dimethyl polysiloxane, 30 m x 0.25 mm i.d. x 0.5 ggnJ&W Scientific) with
injector and oven conditions as presented elsewBéje For PCB congener
analysis, a total of 82 chromatographic peaks wasstified, representing 95
congeners. Enantiomers of PCBs 91, 95, 136, a@idvide quantified using a
Thermo Scientific (Waltham, MA) DSQ Il single qua@ble GC/MS operated in
electron impact mode. These chiral congeners alawsen for analysis as they

were present in sufficient concentrations in sasifite enantiomer quantitation.
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A Chirasil-Dex column (30 m x 0.25 mm i.d. x 0.2% @, Varian, Walnut

Creek, CA) was used for the separation of PCB4.9@, and 149. The presence
of a non-PCB isobaric interference in soil sampievented reliable
guantification of PCB 95 on the Chirasil-Dex column a Cyclosil-B column (30
m x 0.25 mm i.d. x 0.5 um,dAgilent) was used for enantiomer analysis of this
congener. For both columns, GC oven and injeetmiperature conditions were
applied as described in Chapter 2 and elsewheie P&nhtachlorinated (PCBs 91
and 95) and hexachlorinated congeners (PCBs 13@48)dwvere quantified by
summing the total of three monitored chlorine ipet® (/zvalues) 324, 326, 328
and 358, 360, 362, respectively. To quantify eioamtr distributions, the
enantiomer fraction (EF) was used [23]. The Edfeined as the (+)-enantiomer
concentration divided by the sum concentrationathlenantiomers for PCBs 136
and 149, for which the elution orders are knowr e first-eluted enantiomer
(E1) concentration divided by the sum concentratibboth enantiomers (E1 +
E2) for PCBs 91 and 95, where the elution ordezsuaknown. Detection limits
on the DSQ Il were 3.0, 2.5, 2.9, and 2.7 pg (daoroa) for PCBs 91, 95, 136,

and 149, respectively.

4.2.4 QA/IQC

PCBs 30 and 204 were added to each sample préetttaction to assess
extraction recoveries. Average percent recovéti®) for PCB 30 and 204
were PUF, 84+18% and 109+31%, respectively; and 88+32% and 87+34%,
respectively, excluding the August 2005 PUF depleym Field and laboratory

blanks for air and soil samples consisted of peewde PUF discs and
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precombusted sodium sulfate, respectively. Sangmddield blanks were
transported to and from sampling sites in glassyath Teflon lined lids, and
kept at —20C until extraction. Analyte concentrations in b#id and

laboratory blanks were low (e.g. field blanks w@r@6+0.04 ng/g total PCBs; 5%
of mean sample concentrations for samples > 2km B8HTC and 0.09% of the
mean concentration for all samples, based oniealyp0 g samples size for sail),

therefore no blank corrections were made.

To ensure reliability in enantiomer analysis, éiddal quality assurance
measures were employed, similar to those presetdged/here [13] and are
briefly described here. Nine standard mixturegaomg all 209 PCB congeners
were analysed on each enantioselective columndorerthat no interferences
(i.e. coelution of another homologous Aroclor camgg with the four target
chiral congeners were present. EF data was réj#dtee signal-to-noise ratio of
at least one of the compound’s two peaks was Iess 10, or if the chlorine
isotope ratios were not within £10% of standards.avoid bias in the
guantitation of partially resolved enantiomers,aemlution of overlapping
peaks was performed using Peakfit v4.06 softwaystés Software, San Jose,

CA) using previously published fitting procedur@g]

4.2.5 Statistics

All EFs are numerically presented as mean + stahdaviation. Statistical
differences between sample groups were determisiad @ one-way analysis of
variance (ANOVA) and the Tukey Honestly-Significddifference post hoc test.
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Sample groups were considered nonracemic whenwhsey found to be
significantly different from racemic standards, P@8(0.496+0.003), PCB 91
(0.49810.004), PCB 136 (0.499+0.004), and PCB D4804+0.004). A

minimum confidence level of 95% was used for atistical tests.
4.3 Results and Discussion

4.3.1 PCB spatial distributions and congener paite

Concentrations of PCBs in air were highest at sargpbcations closest
to the SHTC, and rapidly decreased as proximityhéotreatment centre decreased
(Figures 4-2 and 4-3). This spatial distributidiP@€B concentrations is
consistent with the typical profile of a point sogrand is similar to previously
measured spatial distributions of PCBs in vegetaditothis site [5] as well as
other point sources of PCBs [25, 26]. While estadaair concentrations
decreased with increasing distance from the tre@tcentre XPCBs (95
congeners, Figure 4-2) were elevated at Site 1i®jmihe Town of Swan Hills,
with an estimated concentration of 110+30 pty/potentially influenced by PCB
sources within the town. A similar spatial distriion was observed during the
initial sampling season, based on PCB 95 (FiguBg 4Estimate®PCB air
concentrations for samples closest to the SHTG (lesn 1 km) averaged 430
pg/nT, similar to ambient gas-phase concentrations &$@easured near major
populated centres, such as Jersey City [27] anda@bi[28]. Total PCB
concentrations in air at sampling sites >5 km ftbe SHTC averaged 58+49
pg/nT, similar to mean background concentrations ircampiled for multiple

sites in North America (mean: 79 pgjni29].
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scale on the y-axis).
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Figure 4-3: Mass of PCB 95 collected on PUF discs duringfétiéwinter of
2005 as a function of distance from the Swan Hitsatment Centre (logarithmic
scale on the y-axis). PCB 95 masses are basedamtiemer analysis by GC-
MS, as described. Unfilled squares indicate datiafs that were measured
below the limit of detection.

Similar to air,XPCB concentrations in soil were highest at sitesast to
the SHTC, 10.8+11.6 ng/g dry weight for sites <ni fkom the treatment plant.
Concentrations dropped off exponentially with iragiag distance from the plant
(Figure 4-4) and reached background levels at site&km away, with a mean
concentration of 0.18+0.14 ng/g d.w, on the lowsd ef previously determined

background soil concentrations in North Americagmé.3 ng/g d.w.) [29].
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Figure 4-4: YPCB concentration in soil as a function of distafreen the Swan
Hills Treatment Centre (logarithmic scale on thexs).

Air at sampling sites close to the treatment p{ar2 km) was dominated
by penta- and hexachlorinated congeners. Theselbgoe patterns, as
exemplified in Figures 4-5 and 4-6, were genenalbyre variable from site to site
than those for soil (e.g. fraction of total PCBex&: 0.27+0.12; penta: 0.26+0.09;
tetra: 0.16+0.05 for sites within 2 km from theatt@ent plant). Congener
patterns in soil (Figure 4-6) were dominated bydutorinated biphenyls,
followed by penta- and hepta-chlorinated congeimerslative abundance.
Homologue patterns in soil varied only slightly algssampling locations, as the
variance in relative abundance among sites closigettreatment plant (< 2 km)
was small (e.g. fraction of total PCBs; hexa: 0GR86; penta: 0.20+0.06; hepta:
0.18+0.04). The greater variability in homologudt@@ns in air versus soil may
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be explained by the fact that the PCB soil loatheregion likely reflects a long-
term accumulation, effectively averaging wind dif@es and the variable
congener profiles from the multiple Aroclors proses at the SHTC over a period
of years, rather than weeks for PUF samples. ©hgener pattern in soil at site
19, the furthest from the SHTC, had a greater predance of tri-, tetra-, and
heptachlorinated congeners than at other sitesdylileflecting background
sources, or possibly localized sources within tventof Swan Hills, rather than
emissions from the SHTC. While air and soil hadlveen studied at this site
previously, Blais et al. found hexa- and heptadhlied congeners to be
dominant in vegetation and snow at sites withimB8dad to the east of the
treatment plant. They similarly showed a signifitya different pattern at sites far
from the SHTC compared with those close to thetpladicating a distinct PCB

source [5], likely background contributions via ¢prange atmospheric transport.
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Swan Hills Treatment Centre, sampled in May, 2007.
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Hills Treatment Centre, sampled during the sumni@007.

4.3.2 Chiral PCBs in soll

Of the four target chiral congeners, only PCB @S wignificantly
nonracemic in soil (Figure 4-7) with significantpdetion of the E2 enantiomer
(EF = 0.434+0.034). The magnitude and directiothefenantiomer depletion
observed here are similar to those in previousesuaof this congener in soil in

the U.K. [12, 30], Czech Republic [31], and Torgr@@nada [32]. Nonracemic
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distributions of PCBs have been shown to be intleatf significant
biodegradation taking place in the local soil, ljkeia aerobic microbial activity
[33]. EFs of PCB 95 in soil showed significantiaiion, with a range of 0.363 to
0.489 (near-racemic). This suggests a high degfreeal variability in the soll
microbial consortia’s ability to process persisterganic pollutants
enantioselectively. Greater variability has bebgenved previously for other
organochlorine contaminants in soil, even amongpsesrtaken a few meters
apart [34]. Such variability has been explainediifferences in a soil’s ability to
sustain viable and active microbial communitieq,[35 trends in EF with soll
components such as humic acid and ash have beem shde closely related
[36]. EFs of all target congeners in soil did ootrelate with the distance from
the treatment plant (p=0.53). This is consisteiti & lack of correlation of EF
with total PCB concentrations (also p=0.45), aniddicative of the importance
of local soil conditions on microbial populationsdatheir resulting ability to

biotransform these compounds.

In contrast to PCB 95, PCB 149 showed only slighthpugh
nonsignificant) enrichment of the (+)-enantiomeF #&0.516+0.023), while
PCBs 91 and 136 were essentially racemic, withdPs498+0.014 and
0.497+0.018, respectively. Statistically, all g®n@ngeners were not significantly
different from racemic standards (p>0.05). The paratively weaker ability of
PCBs 149 and 136 to undergo enantioselective datjoacas compared with
PCB 95 observed in this study is consistent witlasneements of these congeners

in soil in previous studies [12, 32]. This obséimais also consistent with the
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fact that resistance to aerobic microbial degradatias been shown to be greater
in congeners with a greater degree of chloringail. The racemic distributions
observed for PCB 91 in soil diverges from this theand illustrates that
enantioselective transformation is compound speacifith similar

regioselectivity observed previously [38].
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Figure 4-7: Plot of meansstandard error EF of Swan Hills aigilsand racemic
standards for PCB 95 and 149. The dashed linecatds a theoretical racemic
composition of EF = 0.5. The asterisk indicatestatistical difference was found
at >95% confidence.

4.3.3 Chiral PCBs in air and source elucidation

While theXPCB concentrations vs. distance profile and thiidigion of
PCBs homologues in PUF samples around the treatphamttclearly indicates
that the SHTC is the prevailing source of PCBhtolocal atmosphere, this

spatial information alone cannot imply that the teomnation was recently
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emitted. Indeed, the fugitive emission incideotir1996, in the absence of
subsequent releases, could generate a similaakggtiribution today, via
revolatilization of PCBs from historically contaratied soil. However, the
enantiomer fraction data observed here, partigufarithe PCB 95 congener,
provides compelling evidence that the current lobidapour-phase PCBs is from
recent effluence from the treatment plant. Thisabasion is supported by the
observation that PCB 95, was found in racemic prtogas in air (mean for all
sampling seasons combined), with no significarfedénce from racemic
standards. In contrast, PCB 95 was found to ba&fgigntly nonracemic in soil,
and with a mean EF statistically different fromttimaair samples (p<0.001).
This suggests that, over the sampling period, Wiziation of older, biologically
weathered deposits from the local soil was nogaifcant source of this
congener to the atmosphere. Rather, fresh relea$¥3SB 95 by the treatment
plant, and by extension other homologous congearegossibly other
congeners, were dominant. Similarly, PCB 149, evhibt significantly
nonracemic in soil, had an enantiomer distributioair that more closely
matched the EF of racemic standards, rather tha(Fsgure 4-7). Racemic
distributions in air were also found for PCBs 91 4136, although a source
distinction could not be made for these congersrsheir enantiomer distribution

in soil was also racemic.

Interestingly, a literature review of enantiomestidbutions for PCBs in
air showed them to be nearly exclusively racemig. (@2, 13, 30]). As with this

study, this phenomenon has been generally expléipedprevalence of fresh,
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racemic sources of PCBs overwhelming any nonracdistdbutions from
historically contaminated environmental surfaceshsas soil. Here we consider
some alternate explanations. One possibilityas ¢éimly a portion of the solvent-
extractable PCB load within the entire soil matsbavailable for volatilization
[12]. If there is an inverse correlation betwdes proportion of soil-bound
PCBs available for volatilization and the likelircbof microbial degradation that
would lead to nonracemic EFs, we may in fact beeohisg racemic EFs being
emitted from predominantly nonracemic PCB soil. t&st this hypothesis, we
removed topsoil from high concentration sites closthe SHTC (sites 7 and 21)
and placed it in glass sealed chambers with 2 gaeeld PUF discs per chamber
(Figure 4-8b). This chamber experiment was desigosimulate a PUF-air-soill
interaction in the absence of fresh PCB sourcaswas performed with two
separate soil-containing chambers and repeatede3 tior periods of 16 to 18
days per replicate. In addition, a chamber witlemiltwas also employed as a
control to assess potential contamination from fatooy air, yielding non-detects
for target analytes. As expected, nonracemiciligions of PCB 95 in PUF
discs in the chambers (Figure 4-8a) were similawib PCB 149 also showed
EFs for PUF discs that were closer to soil thaemac standards (Figure 4-8a).
These results suggest that, in the absence of $msices, volatilization of
nonracemic PCBs from soil indeed yields nonracatistributions in air. This
result is further substantiated by the observaticseasonal variation of PCB EFs
in air. Significantly nonracemic distributions lBCB 95 were observed in air

during the summer 2007 sampling season, statiltidéderent (p=0.0036) from
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the winter 2007 and summer 2006 air samples white \wominated by racemic
distributions (Figure 4-9), and not statisticallfferent from the enantiomer
distribution in soil (p>0.05). In contrast, no seaal variation was observed for
PCB 149, although this is likely due to PCB 14%ai having EF values that
were far closer to racemic. The seasonal variatid®CB 95 EFs could possibly
be explained by reduced PCB-processing activitiggd that sampling period,
allowing greater reflection of the nonracemic disitions from volatilized soil-
bound PCBs. HoweveEPCB concentrations in air were not lower during the

summer 2007 compared with other sampling seasons.
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Figure 4-8: A) Enantiomer distributions of PCBs 95 and 149 wHRliscs and
soil after a 16 to 18 day enclosure in a sealedgglehamberAsterisks indicate a
significant difference from racemic standards (3%). B) Experimental setup
of chamber experiment.

138



0.60+

PCB 95
0.55-
a
L 0.50 "-"lp : b i
L 0504 -~ S0 oo f T
0.45-
) ) T T
0.56
PCB 149
0.54~
0.52-
i 0504 ---F------ S | S I
0.48-
0.46-
0.44 ' ' : :
© © >
N N N 3
g ¢ & ¢
N N S ‘ &
& % 2 $\°
>

Figure 4-9: Enantiomer fraction of PCBs 95 and 149 in PUF disgsampling
season. In the upper plot (PCB 95), sample gronasked with the same letter
have no statistical difference. All sample groftgprsPCB 149 are not statistically
different. The dashed line indicates a theoretreakemic composition of EF =
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Another alternative explanation to the racemicrdistions in air is that
only a thin upper portion of the forest floor isaélable for air-surface exchange,
and therefore racemic distributions of PCBs in ty&r will be reflected in the
bulk air even if the bulk soil is nonracemic. Mkeket al. showed that the
continuous deposition of vapour-phase PCBs to béwesst vegetation and the
subsequent fall of tree needles and shedding oésvesxan important source of
PCB:s to the forest floor and soil [39]. This ntegd to uncertainty in our
assessment of the PCB contamination responsibt&dédoad of PCBs in local
air, as the litter layer may represent a significaurce of PCB to the air.
However, average age of the litter layer (Oi Homzbas been estimated to be 2.8
years [40], based on typical decomposition raté$ [Fhus, PCB contamination
emitted from the treatment plant in 1996 wouldrerporated into the soil layer
prior to our soil sampling (10 years later). Irdeidn, the PCB load deposited to
soil in 1996 is expected to be mixed beyond thesupgyer of soil available for
air-surface exchange. This could not be diredbigesved in this study, as
limitations in analytical sensitivity made studyitige enantiomer distributions
with high depth resolution in soil impractical. Wever, McLachlan et al.
highlighted the importance of vertical mixing oé#e compounds in soil via
transport of sorbed phases by considering biotimbatryoturbation, and the
transport of particles into macropores [41], rati@n simple diffusion through
soil-gas and soil-liquid, which was exclusively satered in earlier models [42].
The movement of contaminant through the soil caagbenated by calculating

diffusion length:
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Ax = /2D At Equation 4-1

whereAx is the mean diffusion lengtBys is the effective diffusivity, andt is
time. Applying a conservative estimate of effeetdiffusivity of 2 cnfyr
(similarly applied in [41], and calculated basedtio@ modeling of carbon
transport in soils [43]), the PCB will travel dowawdly approximately 2 cm in 5
years. This suggests that PCBs emitted from thECSiH 1996, a decade prior to
soil analysis, have had adequate time to mix beyoadpper soil layer. When
considered alongside the enantiomer distributida,dhis demonstrates that the
single fugitive emission incident in 1996 hasditithfluence on recent local
atmospheric PCB concentrations. Again, the obsiervaf nonracemic
distributions in air during the summer of 2007 segjg that racemic distributions

during the other sampling seasons are due to reoaissions from the SHTC.

It is important to note that the nonracemic disttibns in soil may not be
exclusively the result of microbial degradatiorsoil. Recently, the
biotransformation of PCB 95 was reported in labmmaexposed poplars,
demonstrating that plants have the capability eméinselectively biotransform
PCBs [44]. In light of this, some nonracemic digitions observed in Swan Hills
soil may be, in part, due to biotransformation tees and the subsequent
incorporation of nonracemic PCBs into soil. Tphassibility, however, does not
impact our source apportionment conclusions, asnnacdistributions in air show
a lack of influence of volatilization from enviroremtal surfaces, regardless of the

enantiomer distribution in leaf litter.
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The relative lack of importance of the 1996 incidem the region’s
current atmospheric PCB load suggested here isstenswith data from
previous studies that have highlighted the impagaof continual emissions.
Blais et al. showed similar deposition patternsriow and new-growth spruce
needles near the SHTC between March 1997 (the mimlitewing the 1996
incident) and March 1998 [5]. In addition, incrie@sconcentrations of PCBs and
PCDD/Fs in wildlife were found in the years priorthe 1996 incident [8]. These
two results each point to long term fugitive enossi as the major source of
contamination. In contrast, PCB concentrations dated sediment core of
nearby Chrystina Lake did show higher levels in6L88d 1997 [5], although this
may simply be due to increased quantities of harerdvastes being processed at
the facility, with 10,013 tonnes of PCBs treated 896, compared to annual
amounts from 1988 to 1995 of 1548, 2057, 1092, 128&0, 1664, 6698, and

2939 tonnes per year, respectively (personal congation - SHTC).

While the accidental release episode of 1996 igheotnajor contributing
factor, more recent emissions during plant proogsare likely the cause of the
fresh releases responsible for the largely racemamtiomer distributions
observed here in air. These fresh releases dami@r one of two categories: i)
stack emissions, which comprise expected reledsasimcinerated material due
to inherent limitations in the incineration procéas determined by DRE); and ii)
fugitive emissions, which are unexpected releasesa leaks and other
malfunctions. Fugitive emissions have been sugdess the cause of airborne

PCB concentrations at another smaller PCB incir@rdacility in Canada [26].
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Some evidence for this can be obtained by mongad@B, commonly used as
an indicator of incomplete and low-temperature costion of organochlorine
compounds, and the production of PCDD/Fs [45].réysorted previously in other
compartments [5], HCB was found at concentrationsiti (12.1+0.7 pg/r)
similar to other Canadian rural locations [46], aadtrend or correlation (p=0.48)
was observed with either distance from the SHTEREB concentrations,
suggesting that low temperature combustion is sag@ificant contributor of
PCB emissions. Fresh PCB releases in the regigraiea be due to release of
unincinerated PCBs, even when the treatment ptappeérating at the minimum
required DRE. At 2x10kg per year processed at the facility and a 90999
DRE, 2 kg of PCBs will be released annually vixktamissions, although it is
unclear what this mass would translate to witheesfo observed air
concentrations. Given uncertainty in our air conicion data, it is difficult to
generate a reliable estimated air concentratioedarparison purposes. It is
worth noting, however, that this value of 2 kg pear is approximately half of
that released by the fugitive emission episode9®61(4.9 kg of total PCBs [7]).
As the 1996 episode caused an observed incre&seairPCB concentrations in
snow, vegetation, and sediment (and air, by infee®[b], the similarity in
magnitude between annual estimated stack emisaihthe single fugitive
emission episode suggests that stack emissiond conteivably account for the
concentrations observed in air. Considerably i@iEs would eliminate stack

emissions as a possible cause of the fresh releasesved in this study.
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4.3.4 Minimum biotransformation rate

In addition to the qualitative assessment of PC@atdation by
enantiomer distributions, enantiomer fractions also be used to estimate
degradation rate constants. Such a techniquedssused previously to estimate
biotransformation rates of PCBs and other orgarmutid contaminants in
laboratory-exposed rainbow trout [17] and PCB-comiteated sediment from

Lake Hartwell, SC [47], using the following equatid7]:

EF = — : Equation 4-2

oo km(+)~km(-))t
1+ e

where(+)o and(-)oare the initial concentrations of the (+) and (rauetiomers
prior to degradation, respectiveksu ) andkm-) are the first order rate constants
for the biotransformation of the (+) and (-) enamters, respectively, ands

time. To estimate biotransformation rates in Swéls soil from observed EFs, a
number of assumptions must be made. First, weoapptely assume that initial
concentrations of the (+) and (-) enantiomers gtk as PCBs are expected to
be in racemic proportions following release fromadiotic environment such as a
treatment plant. Secondly, we must assume tha&rebks changes in EF are due
to degradation of one enantiomer only, while thgrddation rate of the other
enantiomer is zero. Thirdly, we assume that aolditif more racemic PCBs (via
emission from the SHTC) to the soil after the dedirstart time is negligible. As
it is likely that both enantiomers are being biogfrmed (observed EFs are due
to differential degradation rates between the tmanéiomers) and some quantity

of PCBs has been emitted to soil in recent year the second and third
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assumptions will likely lead to an underestimatdithe true biodegradation rate,
hence this calculation determinesmimumbiotransformation rate constant in

soil, km, with the following simplified equation:

ke =

ln(l—EF)/EF|

- Equation 4-3

Here, a value forof 17 years was used, which corresponds to the
approximate time between the commencement of PG8epsing at the SHTC
and the sampling of soil in this study, hence aohalie minimum rate. Minimum
biotransformation rate constants and half livesH@Bs 95 and 149, the
congeners that showed measurable enantioseleegradhtion, were calculated
to be 0.015V (i, = 47 y) and 0.0387V (t, = 180 y), respectively.

Alternatively, we may assume that all PCB contatndmais due to the 1996
incident ¢ = 9 y), yielding half lives of 25 and 97 years REBs 95 and 149,
respectively. These biotransformation rates andlai to other estimates of PCB
degradation in soil, although the assumptions nii@de cause the degradation to
appear slower. For example, half lives of 6.4Qo/8ars for tetra to hepta-
chlorinated PCBs were found in boreal forest ssiihg a mass balance approach
[39]. Similarly, using the same enantiomer-bing@rmation rate approach, half
lives for PCB 95 ranged from 6.6 to 86 years, aB&8R49 ranged from 42 to
1400 years, in Lake Hartwell sediment cores, dejpgnoh the core analysed and
the calculation scenario. The biotransformatiolfi-lnges determined here
provide evidence that PCB concentrations in theoregre expected to gradually

decline, in the absence of fresh inputs from SHT/gies. Apart from human
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activities such as incineration, this natural efiation process represents another
important contribution to the reduction of Canadaisironmental burden of

PCBs.

4.4 Conclusions

PCB concentrations and enantiomer distributionsweeasured in air and
soil samples in the region immediately surroundimgSHTC. PCB
concentrations in both air and soil were foundedlghest for samples collected
closest to the SHTC, with concentrations decreaskpgnentially with increasing
distance from the treatment plant. Enantiomeryamalielded racemic signals
for all target PCB congeners in air and signifitanbnracemic distributions for
PCB 95 in soil, suggesting that the primary sowfcinis congener, and likely
other PCB congeners, is due to recent and contieledses from the SHTC, and
not old, biologically weathered sources such aatitaation from soil,
originating from historical releases. In additisignificant biodegradation of
some PCBs is occurring in local soil, with calcathtninimum biotransformation
half -lives. Results of this research suggedtrénductions in fugitive releases
from the treatment plant may be the most effecatrag of reducing atmospheric

PCB concentrations in the region.
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Chapter 5: Enantioselective Analysis of a PFOS Isoen:
Evidence for the Source Contribution of Precursorgo a Great
Lakes Aquatic Food Web
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5.1 Introduction

Perfluorooctane sulfonate (PFOSFGZSOs) is a widely studied and
environmentally prevalent member of a larger cté#ssenobiotic compounds
called perfluorochemicals (PFCs). PFCs have bederlywused in a variety of
applications, due to their oil and water repell@mperties and their remarkable
stability, with historic production peaking at téied of the 28 century in North
America and Europe [1]. PFOS has attracted coradatleattention as an
environmental contaminant in recent years, owinigstglobal ubiquity [2],
ability to bioaccumulate in wildlife [3, 4], anddHact that it has not been
reported to degrade, biotically or abiotically,denany environmental
conditions. Chronic toxicity studies in monkeyyéahown PFOS to cause
reduced body weights, increased liver weights,disdiption in serum
cholesterol and triiodothyronin [5], while rat stesl have shown PFOS to have
significant developmental effects [6]. Furthermd?&OS inhibits gap junction
intercellular communication in mammals [7], andrdps the endocrine systems,
reproduction, and development in fish [8]. As suteof these concerns, PFOS
was recently added to Annex B of the Stockholm @oition on Persistent
Organic Pollutants. Nonetheless, manufacturingrF® and its precursors is still

permitted for the majority of their historical pwges [9].

PFOS is known to have entered the environmentttijrbg emission
through the manufacture and end use of PFOS-camggimmoducts, either as an
intentional ingredient or residual impurity. Howeyvemissions of

perfluorooctane sulfonyl fluoride (POSF)-derivedbstances that were order-of-
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magnitude higher than those of PFOS have beenagstinfil]. Such substances
are also known as PFOS precursors (hereafter edftoras “PreFOS”) and are
typically substituted perfluorooctyl sulfonamidesving the general formula
CsF17SONRR’. These can degrade to PFOS by various pathvpayscularly by
metabolism. Thus, there is great potential thaF®® emissions are responsible
for some of the PFOS body burden measured in huarashsvildlife [10]. For
exampleN-ethyl perfluorooctanesulfonamidoethanstEtFOSE,
CgF17SO:N(C,Hs5)C,H40OH) degrades to PFOS in rat liver slices, via thble
intermediate metabolite perfluorooctanesulfonanjfRiEOSA, GF17;SONH,)

[11]. The conversion from PreFOS to PFOS has la¢en showm vivo, with

at least 32% of PFOSA converting to PFOS in expostd[12].

Various forms of PreFOS are commonly detectedeéretivironment [10],
including in ocean, lake, and river water [13-i6¢oor and outdoor air [17, 18],
aquatic organisms [15, 19] and birds and their ¢2@s21]. Moreover, positive
correlations between the concentrations of PFOSAREOS have been found in
numerous biological samples [15, 21, 22], suggedhat PFOSA, and possibly
other PreFOS molecules, may be important contrisutobody burdens of PFOS
in wildlife [10]. However, because most commelgiaélevant PreFOS
compounds have never been analyzed in the envinohared because the
biotransformation yield of each is also poorly kmpwhere is great uncertainty in
the relative importance of both PFOS and PreFGfiiman and environmental
exposure scenarios. New analytical methods thdtiqgmoavide empirical

evidence, to differentiate direct and indirect.(ifeom PreFOS) source of PFOS
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would therefore be valuable, particularly in compleodwebs where the feeding

relationships are difficult to ascertain.

Of 89 theoretical PFOS isomers, 66 have at leastcbival center [23],
including several environmentally relevant isonm®iesh as monomethyl-branched
isomers in-, 3m, 4m-, and In-PFOS where “#” refers to the carbon position
of the branched GFyroup. Wang et al. showed that the biotransfaonaif a
model PreFOS molecule was enantioselective, yiglgignificantly non-racemic
proportions of the starting material after incubatwith human liver microsomes
[24]. This important result indicated that biotsé&rmation of PreFOS will likely
yield non-racemic proportions of product, suchhesultimate metabolite, PFOS.
Conversely, if exposure is only to direct sourceBBOS itself, it is anticipated
that the enantiomer fraction (EF) will be racentics], due to the fact that
manufactured PFOS enantiomers exist in equal ptioporConsequently, the
measurement of the enantiomeric proportions ot FOS isomers in biotic
samples might be used to apportion direct verdiisact (precursor) sources of
these pollutants. Similar principles have beermusdrack sources of other chiral
environmental contaminants, such as hexachlorobggiane (HCH) [25] and
polychlorinated biphenyls (PCBs) [26]. The enamigo separation offtPFOS
was recently reported, along with enantiomer distions in human blood [27],
however, to date there have been no reports ots@pportionment to PFOS in

aquatic food webs.

In this study, PFOS concentrations, isomer pattenng enantiomer

fractions (EFs) of i-PFOS, were determined in various fish and inveatieb
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species from Lake Ontario. PFOS concentrationgsorder patterns in Lake
Ontario fish have been determined in previous stufii5, 28, 29], but PFOS EFs
have never been examined in wildlife. The novekotiye of this study was to
establish whether there was evidence for non-racproportions of d+PFOS in

a well-studied aquatic food web, and if so, toteetae EF to PFOS and PreFOS
concentrations or PFOS isomer patterns. The etdemhich PreFOS contributes
to PFOS concentrations has implications on our tstaeding of the fate of
PFOS in the environment, including the predictibfuture PFOS concentrations,
the assessment of human and wildlife exposuresthenpotential bias of
calculated biomagnifications factors. Applyingstenantiomer-focused
technique may lead to a better understanding ofdleeprecursors play in our

ultimate exposure to PFOS.
5.2 Materials and Methods

5.2.1 Materials

The PFOS isomer standard (mixture of branched iaedd isomers;
>98% purity), the PFOSA standard (> 98% purity)] &#ic-labelled PFOS
internal standard (>98% chemical purity, >98%.,, >99% linear) were obtained
from Wellington Laboratories Inc. (Guelph, ON, Cdap HPLC-grade solvents,
water, tetrahydrofuran, triethylamine, and formicavere purchased from Fisher

Scientific (Ottawa, ON, Canada).
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5.2.2 Sampling

Various methodologies were employed for sampliogifvarious
locations in Lake Ontario in 2007 and 2008. Additibdetails are presented in
Tables A5-1 and A5-2. Collection methods includédngtting for lake trout
(Salvelinus namaycughbottom trawling for alewifeAlosa pseudoharengus),
slimy sculpin Cottus cognatys round goby leogobius melanostomuand
rainbow smelt@smerus mordgxuse of an epibenthic sled for myshMy(sis
relicta) andDiporeia spp sampling; and use of a 150 um net for zooplankton
Surface sediment was collected by Ekman dredgewartetr was collected by

grab sampling (1 to 10 m depth).

5.2.3 Sample preparation

Individual lake trout were analyzed as whole fisimogenate. All other
fish and invertebrate samples were extracted apaosite samples of multiple
whole organisms. Following homogenization, samf0e25 to 0.3 g, wet weight)
of fish and invertebrate were extracted twice (2kpmith acetonitrile by
shaking for 10 min, followed by centrifugation &00 rpm. The supernatants
were combined, blown to dryness under nitrogenrandnstituted in 1 mL

methanol.

Sediment was similarly extracted, but with a pbase digestion step.
Briefly, 2 mL of 200 mmol/L sodium hydroxide wascdadl to ca. 0.2 g of
sediment. The mixture was sonicated for 30 mim theutralized with 2 mL of
100 mmol/L hydrochloric acid, extracted successisl shaking with 20 mL and

10 mL methanol, and concentrated and reconstiageabove. All samples were
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then cleaned up through a preconditioned solidg@kasaction column (Waters
Oasis WAX, 6 cry, 150 mg, 3Qum). Water was similarly extracted and cleaned
up using a previously published method [30]. Aftleranup, samples were blown
down to dryness and reconstituted in 1:1 methamilEgrade water prior to

analysis.

5.2.4 Isomer Analysis

PFOS isomers were separated by HPLC and quanti§ied) a previously
published method [31]. Instrumentation consistedroAgilent 1100 liquid
chromatograph paired with an API 5000 triple quadta mass spectrometer
(Applied Biosystems) operating in negative ion mod&ultiple reaction
monitoring was employed, using previously reporteabs transitions [32].
Quantitation of PFOS and PFOSA isomers were basddeir relative response
to *C-labelled PFOS internal standard, spiked pri@xtwaction to account for
any recovery losses. Recoveries of PFOS for fighveater samples were
assessed by spiking known concentrations of PF@SJuplicate samples,
yielding recoveries (mean+SD) of 101+16% and 1204Xar fish and water,
respectively. Due to a lack of branched stand®8&SA isomer distributions
(percent linear) were based on the peak area dinda isomer relative to the
total peak area (sum) of all isomers (based od#8> 78 transition), rather than

actual concentrations.
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5.2.5 Enantioselective separation and quality eassce

Im-PFOS (Figurés-1A; inset) was chosen as ttaegeted chiral PFO

iIsomer because its chiral centre is closest tstifenate moiety. The-position

of the chiral centre was desirable because thesymnably, increases t

likelihood that the biotransformation of its anadog Im-precursor(s) wilbe

enantioselective, as demonstrated previously foodel ‘:m-PreFOS molecul

[24].

A

racemic standard - 1m-PFOS

Rs = 0.763
EF = 0.498

CFa
Jooo
FiC /CFZ\ _CFy_ /CF\ //
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) ) ] ]
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Rs = 0.777 Rs = 0.877
] EF = 0.572 EF = 0.463
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Figure 5-1: Example chromatograms showing the enantiomer séparand
distribution for ImPFOS: A) Racemic standard, Inset: Structure c-PFOS
with asterisk at cinal center. B) Diporeia, and C) lake trout, fronake Ontaric
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As previously described [27],ntPFOS enantiomers were separated on
two Chiralpak QN-AX columns (150 x 2.1 mm »ufn d, each) in series, using
an isocratic mobile phase of 70% THF, 20% 0.2M foratid, 10% water, and
0.05% triethylamine at 120 pL/min. Quantificatiohboth 1m-PFOS
enantiomers employed the unique MRM transition,2@99, which is free from
interference from other PFOS isomers under our acketionditions [31]. For this
study, the EF form-PFOS was defined as the area of the first-elutatittomer,
divided by the sum concentration of both enantiai@8], because the elution
order is unknown. Due to limited column lifetinteat limited the number of
samples that could be analyzed, only samples wdfiolwed a minimum signal-
to-noise ratio of 20, based on the aforementiosecher analysis, were selected

for enantiomer analysis.

Deconvolution of enantiomer peak areas was perfdtmeletermine EF
accurately using Peakfit v4.06 software (Systatvane, San Jose, CA) as
previously described (Chapter 3) [34], with theeption that the “vary widths”
parameter was employed to account for differemigak broadening between the
enantiomers, a side effect of the significantlygeatention times required for
1Im-PFOS enantiomer separation. Long retention tassresulted in
significantly wide peaks (greater than 5 minutesgeak in most cases). This
substantially reduced signal to noise ratios, tegyln a relatively high but
adequate on-column detection limit of 4.6 pg (sdrbath enantiomers) formt
PFOS, compared to 0.36 pg with the isomer method.
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Adding to the analytical challenge here was tmPIFOS makes up only
about 1.6% of total PFOS in ECF mixtures [35], ¢fiere additional nitrogen
evapoconcentration was performed, and injectionmels (20 puL) were doubled
(relative to the isomer method) to ensure adecsat®le signals. Except where
noted, EFs were rejected if the peak signal toen@tio was less than 10. EFs
were considered nonracemic if they were statidyichfferent from the mean EF
of racemic standards (based on five injections /L Im-PFOS standard).
Statistical differences among sample groups andlatas were determined using
ANOVA and the Tukey Honestly-Significant-Differenpest-hoc test, with a
minimum confidence level of 95%. The integrity ola@tiomer signatures was
assessed and verified by performing standard addspikes with ai-PFOS
standard, to rule out the presence of matrix effeMatrix effects were calculated
by subtracting the individual peak areas of ea@ngamer after spiking from
those areas before spiking, then calculating thé&3ed on the difference [36].
Samples of lake trout (x2), slimy sculpDiporeia (x2), and zooplankton
samples (x1) were assessed, yielding a range ih&$ed on this peak area
difference of 0.493 to 0.513 (meanzS.E.= 0.502tD, 0@t statistically different
from racemic standards alone) for all samples,iooirig no significant matrix
effects. The @-PFOS isomer was not detected in any blanks, arefibre EFs

were not affected by blank subtraction.
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5.3 Results and Discussion

5.3.1 PFC concentrations and isomer pattern

PFOS was detected in all samples at similar weglhteioncentrations
(Table 5-1) to those reported by Houde et al. [28Joncentrations in lake trout in
the current study (2008 sampling) were also natiBagantly different from those
measured in 2004 [29], presumably due to a lonigease time of PFOS in Lake
Ontario, which may moderate significant changessiage and emission of PFOS

in the region.

Table 5-1 Concentrations (meantSD) of PFOS and PFOSA irel@ktario
aguatic organisms (ng/g wet weight).

species n PFOS PFOSA
concentration concentration

lake trout 10 58+13 0.49+0.18
slimy sculpin 8 141462 8.845.9
alewife 8 2917 1.7+0.8
goby 8 21+10 1.5+0.5
smelt 10 38+11 3.7+2.3
diporeia 7 10021 3.5%1.2

zooplankton 8 6.5+1.7 0.20+0.13
mysids 8 7.846.1 2.5¢1.6

Consistent with previous analyses [15, 28], thdanégl) concentrations of
total PFOS were observediporeia and slimy sculpin, not in lake trout, the top
predator. Martin et al. hypothesised that thisngimeenon may be due to possible
high concentrations of PFOS, or PreFOS, in sedinaewt thus a source to
benthic feeders such Bsporeia, and in turn, slimy sculpin [15]. Consistent with
this hypothesis, in the current study high conaitns of PFOSA were also
observed in sculpin arfdiporeia (Table 5-1). Furthermore, concentrations of
PFOSA were strongly correlated to PFOS in someispgEigure 5-2), including
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sculpin (p=0.000507+0.89) and smelt (p=0.0033+=0.69), suggesting a link
between PFOS and one of its known precursors. Mo correlation was
observed in any invertebrate species, but a sagmificorrelation was observed
when the three invertebrate species were combirestdtistical analysis
(p=0.0047,7=0.32) — a correlation simply driven by higher centrations of

both compounds iDiporeia
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The PFOS isomer profile we measured in Lake Ontaaiter (69.8+1.4%
linear) was very similar to that known in technigaktures of PFOS (~70%
linear [35]), although somewhat higher than thegmrted by Houde et al. (43-
56% linear) [28]. The linear PFOS isomer was emic(r90% of total PFOS) in
all aquatic species (Figure 5-3), relative to wated were generally consistent for
aquatic species sampled primarily in 2002 whichasdtba dominance (>88%) of
the linear isomer [28]. This is most likely explad by the enhanced capability
for aquatic organisms to excrete branched PFOSdaexrelative to linear PFOS.
Such a phenomenon was recently demonstrated iral@ng-exposed rainbow
trout [37]. In humans, highly branched PFOS isopaterns have been proposed
as a marker of PreFOS exposure [10] because braftie€-OS isomers are
preferentially biotransformed, relative to lineares [38]. In aquatic organisms,
however, the preferential elimination of branch&®B likely means that isomer

distributions will not be a precise biomarker o€POS exposure.

Nonetheless, significant differences in linear PR@&entage
composition were observed across species (ANOVA,(@B301), suggesting
marked differences in either the PFOS eliminatigpacity among species, or the
sources of PFOS via diet, or both. A diet-weigldedrage for lake trout, based
on previously determined diet contributions for eaBntario (discussed in more
detail later [39]), produced a calculated perceddr for trout diet of 95.9%,
similar to the measured 95.3% in whole trout hommage. As noted above,
laboratory-exposed rainbow trout excreted brandhe@S more quickly than

linear PFOS [37], but in the field this is diffitdb assess because the lake trout
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PFOS isomer profile was affected to some exterthbycombination of dietary
uptake (a highly linear profile) and bioconcentatirom Lake Ontario water
(highly branched). Thus, it is unclear whetheretiéinces in PFOS elimination or
sources were responsible for the observed diffeemcPFOS linear composition

among species.
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Figure 5-3: PFOS isomer composition of aquatic species in l@k&rio,
expressed as percent linear (percent n-PFOS). NuofiEamples analyzed for
each is shown as n.

The isomer distribution of PFOSA (Figure 5-4) wagrenwariable across
species than for PFOS, but interestingly, correfegtibetween isomer
compositions of PFOS and PFOSA were observed withime species. Most

notably, a strong positive correlation (p=0.00FZ0r88) was observed in sculpin,
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suggesting that PFOSA contributed to PFOS cond@emgain this species. A
weaker but significant association was also fownrdrbut (p=0.014,%=0.55),
while no association was found in invertebratesmarther forage fish. Such
correlations have not been reported previouslycbutd conceivably be used as
an indicator of precursor exposure, assuming isahsérbutions remain

unchanged, or at least behave predictably, in dheersion of PreFOS to PFOS.
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Figure 5-4: Estimated PFOSA isomer composition of aquatic gsdaoi Lake
Ontario, expressed as percent linear (percent n-BARD

5.3.2 Enantiomer analysis of 1m-PFOS
With repeated sample injections, degradation inrmol performance was
evident, with steadily decreasing resolutions acdreesponding decrease in

retention. Over the entire sample set describegl, leerantiomer separations of
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1m-PFOS were achieved with peak resolutions rangmm .88 to 0.69 (e.g.
Figure 5-1) with a total analysis time ranging frarb to 3 hrs. Standard addition
experiments for matrix effect evaluation were perfed both early and late in the
column’s lifetime, therefore the shifting retentiomes did not bias EF results. It
should be noted that, although other PFOS isomers monitored, no
enantiomeric separation of the other major chirahbhed isomers (e.g8, 4m-,
and 5,-PFOS) was observed. ConcentrationsrofPIFOS, which comprised
approximately 0.34% of total PFOS concentrationsgmof all samples in all
aguatic species), were strongly positively coreglawith the sum concentration of
all other PFOS isomers (p<0.000%0.56), suggesting thatrtPFOS and other
isomers have a similar source, and that sourcerappment results for-PFOS
may be representative of PFOS sources, in gen8tahdard EFs were not
significantly different from the theoretical racenvialue of 0.5, with a mean+SE

of 0.499+0.001 (Figure 5-5).

5.3.3 EFs in water and sediment

Enantiomer signatures in a small number of watdrssaiment samples
were studied to assess the behaviour of PFOS en@a18 in the abiotic
environment (Figure 5-5). Racemic signatures wéserved in both water (EF =
0.498+0.003; n=2) and sediment samples (0.502+010€63). Racemic signatures
in water are expected, as any biotic transformatioRreFOS would likely not
contribute significantly to PFOS levels in the bulater, and abiotic

transformation of PreFOS to PFOS would not alteingiomer distributions.
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Racemic EFs in sediment indicate that microbiakdégtion of PreFOS to PFOS
is likely not occurring in sediment, or if it i$)d process is not enantioselective.
It is most likely that there is no significant begtadation of PreFOS in
sediments, as previous studies found no obsergattiansformation of PFOSA
[40] or N-ethyl perfluorooctanesulfonamidoethanol (NEtFOBH) in anaerobic
wastewater sludge treatment. Racemic signatureater and sediment are
important from a source apportionment perspectivese any observation of non-
racemic signatures in biotic samples would indi¢th& these organisms were
indeed enantioselectively processing PreFOS (miplgsPFOS, discussed later),
and that the nonracemic signatures were not sichydyto uptake of non-racemic

PFOS resulting from microbial biodegradation of FRD&.

5.3.4 EFs ininvertebrates

In contrast to water and sediment samples, nonracggnatures were
prevalent in biotic samples. All invertebrates Baghificantly nonracemicrir
PFOS EFs (Figure 5-5), wibiporeia, mysids, and zooplankton having
meanzS.E. of 0.564+0.004, 0.609+0.022, and 0.4424€).respectively. The
more extreme and variable EFs for mysids (as manktdan asterisk in Figure
5-5) were based on peaks below the limit of quaimbit (signal-to-noise ratios
below 10). These are regarded with less confiddmasause unacceptable
precision in EF measurements B 0.01) occurs at these data conditions [34].
It was notable that the direction of enantioenriehtramong invertebrates was

different, as zooplankton showed significant enmieht of the E1-enantiomer,
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while Diporeia and mysids exhibited the reverse trend. Thismiasen suggests
that significant differences may exist in the baoisformation pathways among
species for the transformation of PreFOS to PF@$%aa been observed for
biotransformation of other chiral contaminantsand webs [42]. Nonetheless,
all significantly nonracemic EFs fontPFOS in invertebrates may be indicative
of a precursor source to these species, presundgbgnantioselective processing

of alpha-branched (i.ent) PreFOS.

The enantioselective processing of halogenatecaaunants by
invertebrates has been demonstrated previousllg,ibracemic signatures for
PCBs observed iBiporeia and mysids from Lake Superior [43]. While it is
often difficult to conclude that nonracemic signmasiindicate metabolic activity,
rather than an enantioselective excretion proceadab study confirmed
enantioselective metabolism toans-chlordane in mysids [44]. Thus it is feasible

that enantioselective metabolism of PreFOS alsarsda invertebrates.

Further evidence for the influence of PreFOS oretientiomeric
signatures of i-PFOS came from examining trends in EF with theceotration
of PFOSA, a known PFOS precursor. The EFs for dsyBiporeia, and
zooplankton were transformed to deviations fronenaic (DFR; absolute value
of 0.5-EF) [45], to account for the opposite dir@es of enantioselectivity across
these species. DFR was not correlated with PFO8.§3F nor PFOSA (p=0.30)
concentrations; however a significant positive elation was observed between
DFR and the ratio of [PFOSA]:[PFOS] (p=0.01%0.48). Furthermore, multiple

linear regression analysis confirmed this relatmswith the PFOSA/PFOS ratio
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and percent linear PFOS forming a linear relatignshth DFR (DFR = -0.622 +
(0.00677 x % linear PFOS) + (0.165 x [PFOSA]/[PFQ8].001 for both
variables, ¥=0.51). Thus, when PFOSA concentrations were tetgtive to
PFOS concentrations (i.e. a potentially greatetrdmtion from precursor
sources relative to direct sources), the enantiaigeiature of i-PFOS became
more nonracemic, as would be predicted. This neaaken as additional
evidence that the presence of precursor sourcefnaesd reflected in the
enantiomer signatures of PFOS. The positive catioel of the PFOS isomer
composition with DFR is interesting, as it may segjghat, in these organisms,
PreFOS to PFOS transformation favours the lineanes. However, a similar
correlation with PFOSA isomer composition was nadeyved (p=0.886 in MLR

analysis).

5.3.5 EFs infish

All fish had EFs that were closer to racemic thamifivertebrates (Figure
5-5), despite invertebrates comprising the bagheofood web. Nonetheless,
lake trout, the top predator, had a significanttypracemic EF of 0.467+0.003,
suggesting some contribution of a precursor sourtieese organisms, possibly
via their prey. The diet of lake trout in Lake @b has changed considerably in
the past decade, since the introduction of rourny gdhe most recent estimates
of lake trout diet by mass is 67.9% alewife, 19:@4nd goby, 2.4% rainbow
smelt, 1.4% slimy sculpin, and 2.4% threespinekitback [39]. The mean EF

in trout was not statistically different than inyaof its four studied prey species.
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In addition, a diet-weighted (described elsewlj¢8$) average EF was
calculated to be 0.474, effectively identical te timnadjusted EF. Thus, even
though trout have the capacity to metabolize Prefe05-OS [46], there was no
direct evidence of enantioselective biotransfororain Lake Ontario lake trout.
The source of the non-racemic signature was likelyn foodweb transfer. No
significant correlation of EF with the age of inidival lake trout was observed,
suggesting that non-age factors, including diet,the most important
determinants of i-PFOS EFs in this species. All forage fish had-rememic
EFs. That of alewife (EF of 0.471+0.010) closelgtamed that of zooplankton,
its primary food source [47]. The EF of round gappeared nonracemic
(0.470£0.015), and while nominally identical towaiie, was not statistically
different from racemic standards, possibly duéneolow number of samples
available. Round gobies in Lake Ontario primafégd on chironomid larvae and
guagga mussels [48], which were not analyzed ladtfegugh zooplankton are

also consumed, which indeed had a similar EF tadaobies.

Curiously, the other forage fish examined here BB that did not match
their known prey. For example, rainbow smelt Btggimarily mysids and
Diporeia, yet smelt had a racemic EF (0.499+0.017). Shhyilalimy sculpin
1m-PFOS was racemic (0.491+0.008) despite its pyrf@rd sourcdiporeia
[47] having a highly nonracemic EF. Disagreemestiveen the enantiomer
compositions of predator and prey are not uncomrfionexample, this was
observed betwedniporeia and sculpin for PCB 91 in Lake Superior [43]. fighe

are several possible explanations for this. Fangle, sculpin may be
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metabolizing PreFOS enantioselectively, but indpposite EF direction of
Diporeia, thereby moderating its1¥PFOS EF to an approximately racemic
signature. Another explanation is that the sculpay not be eating only
Diporeia. Analysis of stomach contents from Lake Ontarago in 1992
revealed that a significant portion was unideriigg[47]. The invasion of non-
native zebra and quagga mussels, beginning inG86s] has reducddiporeia
numbers significantly, and thus sculpin likely com®d other organisms not
examined here. Ingestion of other such sedimemtiohg organisms, or possible
co-ingestion of racemic sediment, may also be dmsting to the racemic

signatures in sculpin.
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Figure 5-5: Enantiomer fraction of 1m-PFOS in racemic standatdske
Ontario water, sediment, and aquatic species. Narmbsamples analyzed for
each is shown as n. Data shown as the mean witlilate error represented as
error bars (except for water, n = 2). “NR” indicas that the sample group was
nonracemic, based on a significant difference wattemic standards. Dashed
line indicates the theoretical racemic value 0f.0.5

5.4 Conclusion: Applicability of EFs for precursa source determination

Overall results provide evidence that enantiomgmagiures of i-PFOS
can be informative of PFOS sources in a similarmaamo source apportionment
work for other legacy organohalogen contaminaitsough the data presented
here are compelling, we cannot completely ruletbeatpossibility that some of
the observed nonracemic signatures are due toiespetific absorption or

excretion of PFOS, rather than biotransformatioRP@&-0OS. PFOS binds
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strongly to serum proteins, such as bovine seritmnaih [49], a highly
asymmetric biomolecule. While interactions withlbtte hydrophobic aliphatic
tail and hydrophilic sulfonate head group (whiclelsser to the chiral centre of
the Imisomer) play a role in the binding to serum almsr{b0], it is unknown
whether this binding is stereoselective, and ififsthis would lead to preferential
elimination of one enantiomer offtPFOS over the other. Excretion of PFOS
was not enantioselective in rats [27], but this sgrnenomenon has not been
examined for any aquatic species. The observafioacemic signatures in
several organisms (e.g. smelt, sculpin) in thegarestudy suggests that
absorption and excretion of PFOS itself are notstelective in at least some
species. Furthermore, tirevitro metabolism of a PFOS precursor was shown to
be enantioselective [24] — thirsvivo metabolism is also likely enantioselective.
Finally, the observed correlations of enantiomgnatures with proportions of
PFOSA in this study suggest that EFs are indeedasune of PreFOS exposure.
Further investigation of these phenomena, incluthbgratory exposure studies
with aquatic organisms would aid in the interprietabf environmental EF

measurements.
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The research presented in this body of work reptsseveral
demonstrations of the utility of enantiomer disiitibn data for a better
understanding of the sources and fate of pollutiantise environment. When
used appropriately, this information can be a Valkiaesource to policy makers
who are tasked with protecting the health of huner@swildlife, from a regional
to global scale. In Chapters 2, 4, and 5, enamiahata was used to solve source
apportionment problems in three different regiondlorth America, and with two
separate classes of contaminant. Chapter 3 hightighe importance of data
handling, when working with and interpreting enanter distribution data.

By analyzing samples from the water column of thelsébn River Estuary and
the atmosphere above it, the relative importandessh and historical PCB
contamination to the region was determined. Sauot€CBs to the estuary were
apportioned using enantiomer signatures of PCBgr jiwater, total suspended
matter, phytoplankton, and sediment. PCB conge®ier85, 136, and 149 were
found to be racemic in the atmosphere of the egtudowever, water, total
suspended matter, phytoplankton, and sedimentioadt@onracemic PCB 95,
and to a lesser extent PCB 149. This data indidhi@ the predominant
atmospheric source of these congeners was likelgathered local pollution and
not volatilization from the estuary. The similgrib chiral signatures in the other
phases was consistent with dynamic contaminantasgghamong them. Chiral
signatures in the dissolved phase and total sugpematter were correlated with
Upper Hudson discharge, suggesting that the dglwenonracemic

contaminated sediment from the Upper Hudson, reatmosphere, controlled
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phytoplankton uptake of some PCBs. These requdisated that measures to
control PCB contamination in the Upper Hudson stidnd effective in reducing
loadings to the estuary’s aquatic ecosystem.

Two methods of integrating chromatographic pedies,common valley
drop method (VDM) and the deconvolution method (DM¥e shown to have
significantly different performance when processiogh instrumental and
simulated data. The VDM biased EFs by up to +6%4% (relative to the O to 1
EF scale) for symmetric peaks, and as low as —2fi%dymmetric peaks. These
biases tended to increase with decreasing resolatid more extreme
(nonracemic) EFs. The DM, meanwhile, produceddsidsat were less than 1%
in most cases, including at very low resolutionse Tise of environmental
calculations that are based on EF, such as bidtranation rate and source
apportionment determinations, was shown to be diieatly affected by small
errors in EF. These results suggested that a gelrdion-based integration
method is preferable for the handling of enantionmnpositions, and should be
implemented in future enantiomer-based studies avbleromatographic
separation is incomplete. Since the vast majofigxesting published studies on
chiral pollutants do not specify how chromatograptata is processed, caution is
advised when comparing and interpreting this data.

Concentrations of PCBs surrounding the Swan Hilesaiment Centre
demonstrated a profile typical of a point sourcgeetedly implicating the
incinerator as the cause of PCB contaminationeaeigion. Congener patterns

showed a predominance of penta-, hexa-, and hdptawted congeners at sites
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close to the SHTC, distinct from background sitEsantiomer analysis of chiral
PCBs in air and soil provided evidence for the ingace of fresh versus
historical releases from the incinerator. Thialgsis revealed racemic profiles
in air for all congeners, while EFs in soil wergrsficantly nonracemic for PCB
95, indicative of significant microbial degradatiohthis congener in soil.
Furthermore, this dichotomy of racemic signaturesir and nonracemic
signatures in soil suggested that the primary soafdCBs to the local
atmosphere has been recent and continual releaseshfe SHTC, and not the
release of weathered PCBs previously depositeactl koils. EFs for PCBs 95
and 149 were also used to estimate minimum bidiwamsition half lives of 25
and 97 years, respectively, which suggested anceegbgradual decline in the
region’s PCB load once fresh inputs cease.

Concentrations of PFOS and PFOSA, their isomeilpspfand EFs of
1m-PFOS were determined in aquatic organisms, veaigisediment of Lake
Ontario to determine the importance of precursoithé aquatic food web’s load
of PFOS. Concentrations of PFOS and PFOSA weleehkign slimy sculpin and
Diporeia, consistent with previous studies, andceotrations of the two
compounds were correlated in several speciesbidiic samples were enriched
(>90%) in linear PFOS, providing further evidenée¢he enhanced capacity of
these organisms to eliminate branched PFOS isonRasemic in-PFOS was
detected in sediment and water, and some foralgestish as slimy sculpin and
rainbow smelt, but significantly nonracemic sigmatuwere found in all

invertebrate species as well as lake trout. Fumbes, EFs were found to be
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correlated with the relative concentrations of PRED8 PFOSA. Since the
transformation of PFOS precursors to PFOS is kntowe enantioselective, the
observations presented here were strongly suggesiat PFOS precursors do, to

some extent, contribute to PFOS in the Lake Onfandweb.

By many metrics, efforts to reduce human and wedtixposure to POPs have
been successful, as evidenced by falling concéoisabf legacy pollutants such
as DDT and PCBs in air, water, and biota over #m fhree-plus decades. This
can be largely attributed to national, and inteametl, or occasionally
manufacture-led agreements to stop the produdiuth eventually the use of the
most troublesome POPs. Yet despite this appavecess, at many sites,
exposures to POPs exceed levels that risk assessamrsto be safe, highlighting
an ever present need to identify sources of comami Evolving global
circumstances, including a changing climate, a grgwcarcity of water and
energy, and the continuous introduction of new ahal® into human use are
expected to put even greater pressure on scietdigtentify those sources of
chemicals that adversely affect human and ecolbbealth. The use of chirality
for source apportionment should be regarded asvenbal yet complimentary
analytical tool to other environmental assessnestirtiques to help overcome
these challenges.

For compounds like HCH and PCBs, established evspecific analytical
methods and a good understanding of their envirotehbehavior have enabled

researchers to exploit chirality as an effectivekernof air-surface exchange.
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Expansion of this technique beyond the researatrdabry and into the sphere of
routine environmental assessment will likely reguuccessful demonstration in
a wider range of compounds. A broader applicatioenantiomer analysis is
hampered by several factors. Clearly, signifiéamgrovements in analytical
methods are necessary before the study of chil@SABomers can be made in
greater detail. The study of the precursor cbation to PFOS concentrations in
the arctic would benefit greatly from a similar ehamer analysis to the one
presented in Chapter 5, but the current analytiegthod is not sensitive enough
for an effective analysis at the expectedly lowaanirations. Analytical
methods for other emerging contaminant classe$, asichiral pharmaceuticals
and pyrethroid pesticides, are sufficiently semsijtbut our understanding of the
fate of their enantiomers in the environment, idolg possible
enantiomerization, requires further investigatiéGiurthermore, while the
movement of enantiomerically stable legacy contamis, like PCBs, in the
abiotic environment are well understood, the ewmamir distributions of chiral
compounds through food webs is often difficult tegict and interpret. A more
detailed investigation of chiral contaminants tigiouiological systems,
including predator-prey relationships, is warrarte€ully take advantage of

chirality for source tracking through food webs.
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Table A-2-1: Hourly Meteorological data from Newark Internatidrfsrport,
NJ during 14 sampling dates between 1999-2000. aWwDWS represent wind
direction and wind speed, respectively. VRB in@isa variable wind direction.

Rel. Rel.
Date Time Temp | Hum. | WD | WS Date Time Temp | Hum.| WD | WS
(CST) |(deg C)| (%) | (deg) | (m/s) (CST) | (deg C) | (%) |(deg)]| (m/s)

10/20099 | 751 | 111 | 97 | 50 | 31 | ] 082300 | 751 | 2909 | 78 | 200 | 46

10/20099 | 851 | 177 | 93 | 50 | 3.1 || 082300 | 81 | 11 | 79 | 200 | 5.1

10/20/99 | 951 117 | 93 | 330 | 41 08/23/00 | 951 222 | 71 [ 200 | 7.2

10/20/99 | 1051 | 12 | 90 | 350 | 3.1 08/23/00 | 1051 | 239 | 64 | 190 | 6.2

10/20/99 | 1151 | 100 | 90 | 340 | 21 | | 08/23/00 | 1151 | 39 | 62 | 200 | 6.7

10/20/99 | 1251 | 120 | 90 | 20 | 31 08/23/00 | 1251 | 239 | 64 | 200 | 5.1

10/20/99 | 1351 | 108 | 87 | 340 | 3.1 | | 08/23/00 | 1351 | 20, | 76 | 200 | 46

10/20/99 | 1451 | 108 | 87 | 260 | 3.6 08/23/00 | 1451 | 200 | 76 | 190 | 4.6

10/20/99 | 1551 | 128 | 83 | 330 | 36 08/23/00 | 1551 | 200 | 76 | 200 | 4.6

10/20/99 | 1651 | 128 | 77 | 340 | 36 08/23/00 | 1651 | 294 | 87 | 190 | 5.1

12/3/99 751 3.9 45 250 | 41 10/25/00 751 13.9 83 20 3.6
12/3/99 851 5.0 39 240 | 41 10/25/00 851 16.7 73 40 3.6
12/3/99 951 6.1 37 260 | 4.6 10/25/00 951 17.8 73 40 4.1
12/3/99 1051 8.3 31 260 | 3.1 10/25/00 | 1051 20.0 66 50 3.1

12/3/99 | 1151 | 111 | 26 | 270 | 3.1 10/25/00 | 1151 | 211 | 61 | 120 | 26

12/3/99 | 1251 | 100 | 25 | 250 | 36 10/25/00 | 1251 | 211 | 64 |VRB| 21

12/3/99 | 1351 | 128 | 28 | 230 | 3.1 10/25/00 | 1351 | 2096 | 61 | 160 | 41

12/3/99 | 1451 | 133 | 29 | 240 | 36 10/25/00 | 1451 | 194 | 61 | 160 | 51

12/3/99 | 1551 | 133 | 30 | 250 | 36 10/25/00 | 1551 | 189 | 65 | 160 | 31

12/3/99 | 1651 | 108 | 34 | 210 | 26 10/25/00 | 1651 | 178 | 70 | 160 | 15

04/19/00 | 951 8.9 80 | 10 | 7.2 10/26/00 | 751 128 | 100 [VRB| 15

04/19/00 1051 9.4 77 40 5.7 10/26/00 851 13.3 100 [ VRB| 15

04/19/00 | 1151 11.7 66 20 6.2 10/26/00 951 15.0 90 0 0.0

04/19/00 | 1251 12.8 67 40 6.2 10/26/00 | 1051 17.8 73 0 0.0

04/19/00 | 1351 14.4 62 40 5.7 10/26/00 | 1151 18.9 50 |VRB| 21

04/19/00 1451 15.6 60 60 4.6 10/26/00 1251 19.4 63 210 15

04/19/00 | 1551 16.1 58 80 3.6 10/26/00 | 1351 20.6 53 150 | 21

04/19/00 | 1651 16.7 56 40 5.7 10/26/00 | 1451 20.6 53 160 | 36

10/26/00 | 1551 | 194 | 55 | VRB| 21

04/20/00 851 13.9 62 VRB | 21 10/26/00 1651 18.3 59 160 26

04/20/00 951 14.4 60 | VRB | 2.1

04/20/00 1051 15.6 58 110 3.6 10/27/00 751 12.8 96 50 26

04/20/00 | 1151 15.6 60 150 | 3.1 10/27/00 851 13.9 93 40 26

04/20/00 | 1251 15.6 60 190 | 3.6 10/27/00 951 15.0 90 80 21

04/20/00 1351 16.1 58 130 2.6 10/27/00 1051 16.1 87 10 21

04/20/00 1451 14.4 62 130 3.1 10/27/00 1151 17.2 78 360 26

04/20/00 | 1551 13.3 67 160 | 3.6 10/27/00 | 1251 18.3 78 |VRB| 15

04/20/00 | 1651 13.3 67 140 | 2.6 10/27/00 | 1351 194 68 0 0.0

10/27/00 1451 20.0 68 110 21

04/21/00 | 751 04 00 | 120 | 46 10/27/00 | 1551 | 194 | 71 | 40 | 26

04/21/00 851 9.4 920 120 4.6 10/27/00 1651 18.3 76 50 21

04/21/00 951 9.4 93 120 5.7
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04/21/00

1051

04/24/01

751

70

240

9.4 93 110 | 7.7 20.0 5.1
04/21/00 1151 8.9 926 100 5.7 04/24/01 851 228 62 260 5.1
04/21/00 | 1251 9.4 93 80 57 04/24/01 951 24.4 56 250 | 51
04/21/00 | 1351 9.4 93 60 31 04/24/01 | 1051 272 47 240 | 7.2
04/21/00 1451 8.9 926 60 7.2 04/24/01 1151 28.9 38 250 8.7
04/21/00 | 1551 8.3 93 60 8.7 04/24/01 | 1251 204 36 240 | 11.3
04/21/00 1651 8.3 920 70 9.3 04/24/01 1351 30.6 31 270 9.3
04/24/01 | 1451 30.6 32 260 | 10.3
08/21/00 751 17.2 56 30 5.1 04/24/01 | 1551 20.4 37 300 | 11.8
08/21/00 851 18.3 54 20 4.1 04/24/01 | 1651 23.9 40 280 | 11.8
08/21/00 951 20.0 45 360 | 3.6
08/21/00 | 1051 211 46 20 4.6 04/25/01 751 8.9 48 10 6.7
08/21/00 | 1151 21.7 44 30 3.1 04/25/01 851 9.4 41 40 7.7
08/21/00 | 1251 23.3 41 VRB | 2.1 04/25/01 951 10.0 38 50 7.2
08/21/00 1351 23.9 40 350 3.6 04/25/01 1051 10.6 36 40 6.7
08/21/00 | 1451 23.9 42 330 | 4.1 04/25/01 | 1151 10.6 36 20 6.2
08/21/00 | 1551 23.9 40 300 | 4.1 04/25/01 | 1251 111 35 40 6.2
08/21/00 | 1651 23.3 40 330 | 3.6 04/25/01 | 1351 12.2 33 70 4.1
04/25/01 | 1451 12.8 30 70 3.1
08/22/00 751 19.4 66 0 0.0 04/25/01 | 1551 12.8 29 50 5.1
08/22/00 851 21.7 58 0 0.0 04/25/01 | 1651 12.2 31 50 3.1
08/22/00 951 23.3 50 VRB | 2.6
08/22/00 | 1051 23.9 48 240 | 5.7 04/26/01 751 11.7 37 60 5.1
08/22/00 1151 25.0 a7 280 3.6 04/26/01 851 13.3 28 60 5.7
08/22/00 | 1251 25.0 47 230 | 41 04/26/01 951 13.9 27 40 6.7
08/22/00 | 1351 25.0 48 230 | 51 04/26/01 | 1051 14.4 25 90 5.7
08/22/00 | 1451 256 45 240 | 4.6 04/26/01 | 1151 15.6 25 90 5.1
08/22/00 1551 24.4 56 180 4.6 04/26/01 1251 15.6 26 20 4.6
08/22/00 | 1651 24.4 56 160 | 5.1 04/26/01 | 1351 16.1 24 | VRB| 26
04/26/01 | 1451 15.6 27 150 | 36
04/26/01 1551 15.0 29 170 5.1
04/26/01 1651 14.4 26 160 4.6
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Table A-2-2: Sampling dates, locations, and enantiomer fractioinfour PCB
congeners in air samples from the Hudson Rivendtgt

Enantiomer fraction
sampling date sampling
YYMMDD location PCB 95 PCB 91 PCB 136 PCB 149

010424 CAO 0.492 nd nd 0.529
010424 CAO nd nd nd 0.525
010426 CAO 0.502 nd nd nd
010426 CAO 0.471 nd nd nd
000420 HRE 0.471 nd nd 0.498
000822 HRE 0.500 nd nd 0.507
001025 HRE 0.497 nd nd 0.517
001025 HRE 0.487 nd nd 0.497
001025 HRE 0.501 0.505 0.484 0.512
001026 HRE 0.482 nd nd 0.514
001026 HRE 0.518 nd nd nd
001027 HRE 0.512 0.492 0.512 0.506
001027 HRE 0.499 0.496 0.507 0.495
001027 HRE 0.497 0.503 0.506 0.510
001027 HRE 0.500 0.502 0.493 0.500
010424 HRE 0.484 nd nd nd
001025 JC 0.495 0.487 0.501 0.498
001026 JC 0.500 0.488 0.494 0.506
010424 JC 0.504 0.495 0.492 0.498
010425 JC 0.508 nd nd 0.472
991020 JC 0.495 nd 0.484 0.507
000812 SH 0.500 0.484 nd 0.488
000821 SH 0.494 0.497 0.495 0.507
001025 SH 0.505 nd 0.499 0.496
001026 SH 0.503 0.483 0.494 0.472
001027 SH 0.475 0.467 0.498 0.514

mean 0.496 0.492 0.497 0.503

S.D. 0.012 0.011 0.008 0.014
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Table A-2-3: Sampling dates, locations, and enantiomer fractioinfour PCB
congeners in water and phytoplankton samples fleHudson River Estuary.

Enantiomer fraction
sampling date sampling
YYMMDD location PCB 95 PCB 91 PCB 136 PCB 149
water
000420 HRE 0.445 nd nd 0.527
000821 HRE 0.478 nd nd nd
000821 HRE 0.465 nd nd 0.496
000822 HRE 0.491 nd nd nd
000822 HRE 0.483 nd nd 0.507
000822 HRE 0.469 nd nd nd
000823 HRE 0.488 nd nd nd
001025 HRE 0.470 nd nd nd
001026 HRE 0.488 nd nd 0.487
001027 HRE 0.462 nd nd nd
010424 HRE 0.454 nd nd nd
mean 0.472 - - 0.504
S.D. 0.015 - - 0.017
phytoplankton
000420 HRE 0.464 nd nd 0.546
000424 HRE 0.474 nd nd 0.536
001025 HRE 0.472 nd nd 0.500
001025 HRE 0.481 nd 0.481 0.515
001026 HRE 0.486 nd nd 0.497
001027 HRE 0.491 nd nd 0.514
mean 0.478 - 0.481 0.518
S.D. 0.010 - - 0.020
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Table A-2-4: Sampling dates, locations, and enantiomer fractioinfour PCB
congeners in suspended particulate matter and sadirsamples from the
Hudson River Estuary.

Enantiomer fraction
sampling date sampling
YYMMDD location PCB 95 PCB 91 PCB 136 PCB 149
suspended particulate matter

000419 HRE 0.472 nd nd 0.520
000420 HRE 0.463 nd nd 0.514
000420 HRE 0.472 nd nd 0.530
000421 HRE 0.460 nd 0.528 0.523
000821 HRE 0.475 nd 0.501 0.496
000821 HRE 0.494 nd nd 0.506
000821 HRE 0.468 nd nd 0.501
000822 HRE 0.478 nd 0.493 0.492
000822 HRE 0.459 nd nd 0.520
000822 HRE 0.479 nd nd 0.506
000822 HRE 0.481 nd nd 0.512
000823 HRE 0.480 nd 0.523 0.494
000823 HRE 0.466 0.487 0.500 0.507
000823 HRE 0.489 0.505 0.507 0.502
001025 HRE 0.480 nd nd 0.514
001025 HRE 0.480 nd nd 0.499
001026 HRE 0.484 nd nd 0.508
001026 HRE 0.460 nd nd 0.534
001027 HRE 0.476 nd nd 0.527
001027 HRE 0.496 nd nd 0.510
001027 HRE 0.501 nd nd 0.510
001027 HRE 0.465 nd nd 0.520
010424 HRE 0.455 0.522 nd 0.524
010425 HRE 0.514 nd nd 0.529
010426 HRE 0.470 nd nd 0.535
010426 HRE 0.495 nd nd 0.486

mean 0.477 0.504 0.509 0.512

S.D. 0.014 0.017 0.014 0.013

sediment

000419 HRE 0.476 0.499 0.492 0.519
000420 HRE 0.473 nd nd 0.527
000823 HRE 0.473 0.488 0.511 0.525
001027 HRE 0.477 0.485 0.480 0.524

mean 0.475 0.491 0.494 0.524

S.D. 0.002 0.007 0.016 0.003
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Table A-2-5: Descriptive statistics for results of sensitivityadysis for

enantiomer fraction as a function of Hudson Riveckarge.

Averagin TSM PCB 95 Dissolved Phase PCB 95 TSM PCB 149

g (days) p-value | r° p-value | r° p-value | r’
1 0.0301 0.205 0.0802 0.302 0.386 0.0360
3 0.0295 0.206 0.0668 0.326 0.347 0.0422
5 0.0255 0.216 0.0575 0.345 0.283 0.0547
7 0.0295 0.206 0.0533 0.355 0.299 0.0513
15 0.0440 0.180 0.133 0.233 0.431 0.0298
21 0.0556 0.162 0.0901 0.286 0.287 0.0538
31 0.0434 0.180 0.0666 0.326 0.236 0.0663
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Table A-4-1: Concentration of detected PCB congeners in passiveamples (pg/f in the region surrounding the
Swan Hills Treatment Centre during the second senggleason.

PCB Sampling site
20 19 23 8 22 7a 7b 21 6 1 5 25 17 16
4/10 ND ND ND ND ND ND ND ND ND ND ND ND ND ND
6 ND ND ND 011 024 014 015 047 ND ND ND 168 037 ND
8 ND ND ND 051 151 087 083 207 056 063 ND 58 101 ND
9 268 ND ND ND 024 08 ND 055 ND ND ND ND 090 ND
27/13 ND ND ND 008 018 015 008 020 ND 011 ND 063 ND ND
16 078 ND ND 08L 161 132 092 176 070 052 ND 822 144 073
17 546 ND ND 096 209 144 113 219 061 087 ND 845 179 083
18 ND 077 ND 129 310 228 188 375 107 124 099 1339 327 123
19 ND ND ND ND 022 007 007 037 ND ND ND 118 ND ND
22 ND ND ND 142 403 335 250 261 128 ND ND 2012 ND ND
24 ND ND ND ND 017 022 ND ND ND ND ND 109 ND ND
25 ND ND ND 089 210 202 149 095 197 107 ND 351 368 067
26 ND 1173 138 207 190 091 145 357 092 1966 356 556 342 ND
28 ND ND ND ND 1269 798 1540 11.82 412 ND ND 4689 582 215
31/53 297 1280 ND 340 750 476 470 857 218 ND ND 3015 551 116
32 ND 082 ND 102 196 139 115 212 067 096 ND 118 218 075
33 ND ND ND 1113 617 413 ND 979 274 ND ND 2060 2079 184
40/37 116 ND ND ND ND ND ND ND ND ND ND 1533 ND  ND
41 ND ND ND 028 094 073 073 200 ND 056 ND 321 ND ND
44 154 ND ND 218 815 643 481 839 191 158 ND 3974 368 0.92
45 ND ND ND ND 117 ND ND 097 ND ND ND 397 140 086
46 ND ND ND ND 038 023 ND ND ND ND ND 147 ND ND
47 056 ND ND 050 195 143 158 186 186 058 ND 886 173 095
48 ND ND ND 050 094 088 053 092 035 039 ND 401 104 041
49 ND ND ND 118 434 357 247 436 127 052 ND 2217 173 052
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Table A-4-1: continued

Sampling site
PCB 20 19 23 8 22 78 7b 20 6 1 5 25 17 16
52 ND 064 ND 236 912 697 538 1056 198 137 ND 4164 48 179
63 ND ND ND 022 053 058 041 ND ND 050 ND 303 ND 062
64 ND ND ND 106 529 423 307 361 156 100 ND 2331 ND ND
67 ND 194 278 144 123 317 414 141 ND ND ND 868 ND 085
70 ND ND ND 334 1221 1000 802 1175 276 224 ND 6314 390 ND
71 ND ND ND 030 171 124 109 226 040 064 ND 801 ND ND
74 169 ND ND 138 506 422 ND ND 150 200 ND 2738 ND 308
75 ND ND ND ND ND ND ND ND ND ND ND  ND ND  ND
77/144 ND ND ND 082 335 237 157 130 045 ND ND 1227 129 ND
84/56 ND ND ND 221 924 1042 78+ 58 ND ND ND 6052 912 268
85 ND ND ND ND 748 492 377 265 070 ND ND 3130 649 ND
87 ND ND ND ND 1384 1082 711 739 268 ND ND 6583 1696 ND
92 ND ND ND 084 292 ND ND ND ND ND ND ND ND  ND
95 ND ND ND 337 1442 1132 1157 1221 221 119 ND 67.06 260 ND
97 ND ND ND ND 665 ND ND 333 ND ND ND 4795 244 ND
99 087 ND ND 327 1145 834 622 742 170 ND ND 4341 58L ND
101 235 ND ND 5.67 2580 1810 1379 1840 428 ND ND 10146 6.16 ND
105/141 No ND ND ND 1942 ND 818 660 ND 093 ND  ND ND  ND
110 ND ND ND 585 2616 1851 1442 1647 445 ND ND 11265 1864 ND
118/131 n~No ND ND 316 1430 1363 925 1013 157 091 ND 69.87 605 201
119/83 ND 1750 ND ND ND ND ND 953 ND 726 ND ND ND  5.02
128/185 nND 163 ND ND 654 274 243 ND 160 ND ND 1666 ND ND
130 ND ND ND ND ND 209 044 ND ND ND ND 293 ND ND
134 ND ND ND ND 248 278 146 ND 068 ND ND 596 ND ND
135 ND ND ND 099 368 260 126 191 035 ND ND 1363 ND _ ND
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Table A-4-1: continued

Sampling site

PCB 20 19 23 8 22 7a 7b 20 6 1 5 25 17 16
136/117 N0 ND ND ND ND ND 200 ND ND 930 ND ND ND  ND
138 ND 466 ND 460 2146 1482 1033 7.86 216 155 ND 6720 ND ND
146 ND ND ND 035 442 302 141 265 ND ND ND 1615 246 ND
149 168 ND ND 489 1795 1209 936 1032 201 168 ND 6955 599 1.10
151/82 126 ND ND 257 1350 966 653 7.76 163 ND ND 5141 906 ND
153/132 nNp 258 ND 541 3063 1860 1396 1384 296 1.68 ND 10518 949 234
156/172 N0 ND ND ND 508 ND ND ND ND ND ND 773 ND ND
158 ND ND ND 044 495 426 ND ND ND ND ND 1245 ND ND
163 ND ND ND ND ND ND ND ND ND ND ND 2683 958 7.46
164 ND ND ND ND 193 257 044 ND ND ND ND 48 ND ND
170 ND 282 ND 210 751 227 211 ND 041 027 ND 1202 ND 167
174 ND 673 ND 440 660 351 296 525 143 ND ND 2068 ND ND
177 ND 3135 ND 109 490 230 352 179 096 ND ND 983 ND ND
179 ND 134 ND 104 294 229 177 328 ND 084 ND 1323 ND ND
180 285 1396 ND 991 1642 642 549 1209 157 183 341 3384 7.66 436
187 313 775 ND 501 1041 6.87 443 1001 112 211 ND 2859 472 373
190 ND ND ND 139 173 041 ND 134 ND ND ND 346 ND ND
194 ND 1391 ND 669 324 058 096 672 074 ND ND 417 ND ND
199 ND ND ND 649 313 089 118 689 126 122 ND 440 055 163
202 ND ND ND 141 041 048 038 117 ND 141 ND 137 ND ND
203 ND 1572 ND 539 420 139 161 836 ND 122 ND 679 142 271
208 ND 330 ND 141 ND ND ND ND ND ND ND ND 231 ND
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Table A-4-2: Concentration of detected PCB congeners in passig&amples
(pg/nT) in the region surrounding the Swan Hills Treatm@entre during the
third sampling season.

PCB Sampling site
19 11 23 24a 24b 8 22 17 25 7 6 1
4/10 ND ND ND ND ND ND 1.11 ND 0.13 ND ND ND
6 ND ND ND ND ND 0.46 091 ND 1.76 0.84 ND ND
8 ND 092 046 0.87 ND 1.88 4.82 2.07 8.32 431 042 1.28
9 ND  1.07 ND ND 1.28 0.42 3.26 ND 3.25 ND ND ND
27/13 ND ND ND ND ND 0.32 ND 0.35 0.86 ND ND 0.29
16 ND 1.17 0.66 0.76 1.03 1.58 4.27 1.42 6.73 5.07 ND 1.49
17 091 129 ND 1.55 1.05 222 749 2.79 9.33 9.49 0.77 2.26
18 ND ND ND 1.57 1.15 359 1121 359 13.70 1431 111 2.71
19 ND ND ND ND ND ND ND ND 0.66 0.20 ND ND
22 150 221 174 1.11 2.16 2.35 9.05 3.77 17.38 11.25 1.89 3.28
24 ND ND ND ND ND 0.23 1.38 ND 0.72 1.20 ND ND
25 ND ND ND ND ND ND 8.25 1.42 3.90 7.81 ND 0.92
26 ND 0.94 ND ND 0.81 2.54 2.92 1.42 5.75 4.37 0.60 ND
28 399 599 432 460 406 956 2794 1257 4138 2653 431 11.17
31/53 197 259 222 221 1.85 652 18.78 7.01 2467 16.21 1.80 8.42
32 0.88 138 105 1.07 1.16 2.67 6.65 3.27 1090 6.00 ND 1.91
33 ND 3.09 246 250 310 382 2260 472 1711 3726 ND ND
40/37 115 1.60 ND ND ND ND 8.94 ND 8.58 10.51 ND ND
41 ND 075 0.53 0.68 ND ND ND 0.95 4.85 ND 0.53 ND
44 1.86 364 240 222 ND 820 2511 7.10 3223 2634 211 477
45 ND 080 0.27 ND ND 0.62 4.14 0.79 3.87 8.40 ND 0.89
46 ND ND ND ND ND 0.63 1.40 ND 1.42 5.25 ND ND
47 ND ND 051 0.59 0.77 ND 5.22 1.82 7.03 490 0.67 0.76
48 ND 073 044 044 0.50 ND 5.48 1.27 3.54 7.63 0.61 1.07
49 094 160 1.00 ND 1.33 508 1546 410 1759 1430 1.49 ND
52 119 ND 160 2.02 ND 749 2882 716 2989 2430 147 3.39
63 ND ND ND ND ND 049 0.85 0.61 2.77 2.04 ND ND
64 095 199 ND ND 196 3.67 2158 ND 20.69 1857 154 2.73
67 ND ND ND 1.37 ND 9.73 0.95 ND 4.04 4.85 ND 0.95
70 140 267 210 237 223 9.03 3613 7.01 3945 2529 231 5.24
71 071 ND 084 0.78 ND 216 3.68 2.08 8.32 8.56 ND 2.12
74 070 ND 108 1.04 ND 3.03 1230 0.77 13.40 ND ND ND
75 ND ND ND ND ND ND 0.95 ND ND ND ND ND
771144 ND 0.63 0.32 ND ND 202 555 1.14 9.72 6.43 ND ND
84/56 ND ND ND 2.63 ND 8.28 3397 469 46.19 24.08 ND ND
85 ND ND  0.45 1.35 ND 418 21.03 3.10 21.39 2357 ND 2.20
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Table A-4-2:

continued

PCB Sampling site
19 11 23 24a 24b 8 22 17 25 7 6 1
87 ND ND ND ND ND 9.29 38.20 8.07 ND 39.81 ND 6.07
92 ND ND ND ND ND ND ND 1.70 ND ND ND 0.80
95 097 ND 119 249 1.65 9.88 43.96 8.18 4435 3130 1.62 295
97 083 1.14 ND ND ND ND 22.67 434 3282 ND ND ND
99 123 150 082 1.62 ND 5.99 41.47 5.85 ND 3342 125 1.96
101 241 457 279 436 3.96 13.97 70.87 13.05 7161 67.15 4.07 6.11
105/141 ND ND 155 255 ND 10.07 ND 6.15 54.82 ND 1.97 347
110 297 331 281 ND 4.05 ND 120.17 14.46 ND 70.92 ND ND
118/131 ND ND ND ND ND ND ND ND ND ND ND ND
119/83 ND ND ND ND ND ND ND ND 5.56 ND ND ND
128/185 ND ND ND ND ND ND ND 5.10 ND ND ND ND
130 ND ND ND ND ND 0.27 ND ND 3.05 ND ND ND
134 ND ND 0.66 ND ND 1.02 3.89 ND 6.55 ND 1.00 ND
135 0.65 ND  0.47 ND 0.70 2.02 6.15 1.44 ND 5.44 ND 0.66
136/117 405 ND 154 1.39 1.60 3.15 ND 3.94 1286 ND 1.69 3.56
138 410 ND 7.77 10.67 ND 14.60 52.23 8.62 56.16 40.18 9.98 19.62
146 ND ND ND ND ND 1.46 8.80 ND ND 8.36 ND ND
149 383 328 254 323 ND 9.66 45.81 8.67 5042 4096 277 4.20
151/82 156 247 170 1.78 2.28 7.72 27.60 593 4279 2330 158 236
153/132 ND ND 271 381 3.43 ND 76.24 ND 79.23 4334 269 529
156/172 ND ND ND ND ND ND ND 12.33 16.00 ND ND ND
158 ND ND ND ND ND 1.84 6.51 1.13 6.23 ND ND ND
163 ND ND ND ND 60.93 ND 32.60 1.71 954 3890 ND 20.96
164 ND ND ND ND ND 0.66 ND ND 3.29 ND ND ND
170 1.79 ND 172 127 ND 5.35 16.37 3.49 18.65 14.73 ND 0.96
174 192 1.93 ND 2.10 1.58 ND ND 4.07 ND 2.20 124 146
177 ND 128 ND 1.69 ND ND 13.39 ND ND 1050 ND 1.64
179 ND 146 ND ND ND ND 7.51 ND ND ND ND ND
180 ND 392 315 453 ND 10.81  32.29 7.69 ND 32.47 ND ND
187 ND 3.53 ND 2.72 ND ND 24.06 ND ND ND ND ND
190 ND ND ND ND ND ND ND 0.82 4.23 4.86 ND ND
194 ND ND 1.01 ND ND ND ND 5.02 ND ND ND ND
199 ND ND ND ND ND ND 2.39 ND ND 3.13 ND ND
202 ND ND 0.55 ND ND 0.26 ND ND 1.48 0.26 ND ND
203 ND ND ND ND ND ND ND ND ND ND ND ND
208 ND ND ND ND ND ND 11.06 1.76 0.76 21.61 ND ND
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Table A-4-3: Concentration of detected PCB congeners in passivgamples
(pg/nT) in the region surrounding the Swan Hills Treatm@entre during the

fourth sampling season.

PCB Sampling site
19 12 23 24 22 22 8 17 7a 7b
4/10 ND ND 3116 ND ND ND ND ND ND ND
6 ND ND ND ND ND ND ND 025 017 ND
8 073 093 129 065 062 110 063 401 229 240
9 ND ND 075 ND ND ND ND ND ND ND
27/13 ND ND ND ND ND 017 014 025 ND ND
16 085 062 ND 060 08 128 08 226 210 1.02
17 ND 145 283 122 154 215 137 384 352 173
18 157 107 172 08 127 176 143 398 355 185
19 ND ND ND ND ND ND ND 048 ND ND
22 156 081 ND 104 ND 258 144 413 414  2.40
24 ND ND ND ND ND ND ND ND ND ND
25 ND ND 122 012 ND 086 065 157 091 ND
26 ND 074 279 ND ND 195 087 131 112 095
28 537 240 384 483 306 802 463 855 682 481
31/53 271 128 ND 227 180 425 258 593 441 301
32 085 ND 131 056 113 140 087 261 225 148
33 ND 107 ND 278 154 533 ND 563 434 290
40/37 ND ND ND ND ND ND ND ND ND ND
41 ND ND ND ND ND 129 ND ND 272 ND
44 138 143 230 118 195 356 194 633 643 6.75
45 ND ND ND ND ND 056 ND 133 126 ND
46 ND ND ND ND ND ND ND 063 ND ND
47 ND ND ND ND 062 069 ND ND 150 ND
48 ND ND ND ND ND 052 ND 100 ND  ND
49 ND 060 ND 087 179 165 072 343 405 272
52 095 144 223 105 162 268 177 638 784 379
63 ND ND ND ND ND ND ND ND ND ND
64 ND ND ND 185 098 375 267 295 457 3.8
67 122 168 364 ND 318 127 ND ND ND 301
70 ND ND 203 121 225 377 180 841 668 3.3
71 ND ND ND ND 050 ND 086 132 211 ND
74 068 ND ND ND ND 175 ND 318 250 ND
75 ND ND ND ND 057 ND ND ND ND ND
77/144 ND ND ND ND ND ND ND 184 ND ND
84/56 ND 114 967 ND ND 396 08 ND 558 574
85 ND ND 815 ND 166 170 ND 426 233 277
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Table A-4-3:

continued

PCB Sampling site
19 12 23 24 22 22 8 17 7a 7b
87 ND ND 278 ND 226 ND 091 864 528 7.20
92 ND ND ND ND ND ND ND ND ND ND
95 079 055 ND ND 197 278 125 865 773 562
97 ND ND ND ND ND ND ND ND ND ND
99 ND ND ND ND 133 209 078 580 436 3.02
101 129 ND ND 111 343 455 150 1228 1206 6.61
105/141 No ND ND ND 226 340 ND 1239 6.04  3.80
110 160 ND ND ND 398 532 176 1438 1001 634
118/131 No ND ND ND 263 ND ND 880 489 296
119/83 ND ND ND ND ND ND ND 106 ND ND
128/185 Npo ND ND ND ND ND ND 885 429 ND
130 ND ND ND ND ND ND ND ND ND ND
134 ND ND 242 ND ND ND ND ND ND ND
135 ND ND 297 ND ND 042 ND ND 145 086
136/117 No ND ND ND ND ND 101 350 266 248
138 250 060 ND ND 333 553 ND 1652 10.14 558
146 ND ND ND ND ND 093 ND ND 086 ND
149 931 085 128 ND 253 375 095 872 556 291
151/82 ND ND ND ND 251 ND ND 600 489 251
153/132 Nnp o087 ND 138 392 538 199 1772 887 6.6
156/172 ~No ND ND ND ND ND ND 637 ND  ND
158 ND ND ND ND ND ND ND 514 362 ND
163 ND ND ND ND ND ND ND ND ND ND
164 ND ND ND ND ND ND ND ND ND ND
170 ND ND ND ND 137 101 ND 7.90 392 166
174 ND 578 ND ND 38 ND ND 739 299 203
177 ND ND ND ND ND 08 ND ND ND ND
179 ND  ND ND ND ND 149 ND ND  ND ND
180 ND 090 ND ND 427 397 ND 1610 ND 381
187 ND ND ND ND 244 296 079 726 241 ND
190 ND ND ND ND ND 179 ND 268 ND ND
194 ND ND ND ND ND 196 ND 437 ND  ND
199 ND ND ND ND 155 078 ND 337 117 093
202 ND ND ND ND ND ND ND ND ND ND
203 ND ND ND ND ND ND ND 495 ND ND
208 ND ND ND ND ND ND _ND __ND ___ND _ ND
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Table A-4-4: PCB homologue patterns, as fraction of total PGBshch
homologue group, and total PCB concentration fosgpee air samples in the

region surrounding the Swan Hills Treatment Centre.

2PCBs
di tri  tetra penta hexa hepta octatnona ng/m®
2"% sampling season
1 0.010 0.344 0.161 0.145 0.214 0.071 0.054 69.8
5 0.000 0.572 0.000 0.000 0.000 0.428 0.000 7.9
6 0.008 0.241 0.202 0.261 0.176 0.082 0.030 67.3
7a 0.007 0.108 0.158 0.347 0.281 0.087 0.012 276.6
7b 0.005 0.133 0.140 0.357 0.258 0.088 0.018 221.7
8 0.005 0.178 0.114 0.189 0.155 0.193 0.166 129.2
16 0.000 0.173 0.185 0.180 0.202 0.181 0.080 54.0
17 0.012 0.243 0.093 0.376 0.192 0.063 0.022 197.2
19 0.000 0.172 0.017 0.115 0.058 0.421 0.217 152.0
20 0.092 0.358 0.131 0.111 0.102 0.206 0.000 28.9
21 0.011 0.154 0.156 0.324 0.170 0.110 0.075 301.3
22 0.005 0.097 0.119 0.339 0.303 0.113 0.025 427.8
23 0.000 0.331 0.669 0.000 0.000 0.000 0.000 4.1
25 0.005 0.116 0.161 0.374 0.257 0.076 0.010 1604.4
3" sampling season
1 0.011 0.224 0.153 0.164 0.419 0.028 0.000 139.9
6 0.008 0.196 0.201 0.167 0.406 0.023 0.000 51.5
7 0.006 0.168 0.169 0.325 0.232 0.073 0.028 892.7
8 0.014 0.159 0.227 0.279 0.247 0.073 0.001 210.8
11 0.031 0.319 0.192 0.166 0.101 0.191 0.000 63.5
17 0.011 0.185 0.149 0.307 0.248 0.071 0.030 220.5
19 0.000 0.234 0.174 0.189 0.319 0.083 0.000 44.5
22 0.009 0.121 0.152 0.368 0.249 0.088 0.013 1066.4
23 0.008 0.211 0.182 0.163 0.327 0.083 0.026 57.4
24a 0.011 0.196 0.147 0.191 0.298 0.157 0.000 75.9
24b 0.012 0.156 0.065 0.092 0.659 0.015 0.000 104.6
25 0.014 0.158 0.186 0.272 0.345 0.023 0.002 961.9
4" sampling season
7a 0.013 0.172 0.206 0.303 0.251 0.048 0.006 186.4
7b  0.020 0.165 0.184 0.362 0.200 0.062 0.008 117.9
8 0.021 0.397 0.263 0.192 0.106 0.021 0.000 37.1
12 0.036 0.360 0.197 0.065 0.088 0.255 0.000 26.2
17 0.015 0.136 0.118 0.257 0.293 0.139 0.043 284.7
19 0.022 0.386 0.126 0.113 0.353 0.000 0.000 334
22a 0.009 0.154 0.185 0.268 0.200 0.164 0.021 70.6
22b 0.012 0.268 0.195 0.216 0.176 0.109 0.025 106.9
23 0.393 0.162 0.121 0.244 0.079 0.000 0.000 84.4
24 0.027 0.605 0.262 0.047 0.058 0.000 0.000 23.5
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Table A-4-5: Concentration of detected PCB congeners in soilptasn(pg/g dry
weight) in the region surrounding the Swan Hillediment Centre.

PCB Sampling site
2 4 72 8a 10 1lla 13 14 16 19a 19b
4/10 ND ND ND ND ND ND ND ND ND ND ND
5 07 14 ND 08 ND 301 04 81 ND 2.1 ND
6 ND ND ND ND ND ND ND 1.1 ND ND ND
8 ND ND ND ND ND ND ND ND ND ND ND
9 ND ND ND ND ND ND ND ND ND ND 5.1
27/13 ND ND ND ND ND ND ND 9.5 ND ND ND
16 ND ND ND ND ND 27 ND ND ND 12.8 ND
17 ND 1.2 ND ND ND ND ND ND ND ND ND
18 ND ND ND ND ND 15 ND ND ND 6.8 ND
19 06 ND ND ND ND 68 ND 15 ND ND ND
22 ND ND ND ND ND ND ND ND ND ND ND
24 18 ND ND ND ND ND ND 78 ND ND ND
25 ND 16 ND ND ND ND ND ND ND ND ND
26 ND ND 0.8 ND ND ND ND ND 5289 ND 2.2
28 ND 32 15 ND ND ND 04 48 ND 15.3 8.4
31/53 ND 15 1.4 ND ND ND ND 16 3793 ND ND
32 ND ND ND ND ND ND ND ND ND ND ND
33 ND ND ND ND ND ND ND ND ND ND ND
40/37 ND 14 16 ND ND ND ND ND ND ND ND
41 ND ND ND ND ND ND ND 26 ND ND ND
44 ND 41 ND ND ND ND ND ND ND ND ND
45 ND ND ND ND ND ND ND ND ND ND ND
46 ND ND ND ND ND ND ND ND ND ND ND
47 ND ND ND ND ND ND ND ND ND ND ND
48 ND ND ND ND ND ND ND ND ND ND ND
49 ND 30 31 09 ND ND ND ND ND 352 ND
52 ND 23 ND ND ND ND ND 19 ND ND ND
63 ND ND ND ND ND ND ND ND ND ND ND
64 ND 24 ND ND ND ND ND ND ND ND 55
67 ND ND ND ND ND ND ND 30 ND ND ND
70 ND ND 108 ND ND ND ND ND ND ND ND
71 ND ND ND ND ND ND ND ND ND ND ND
74 ND ND ND ND ND ND ND ND ND ND ND
75 ND ND ND ND ND ND ND ND ND ND ND
77/144 ND ND 71 ND ND ND 08 ND ND 8.2 33
84/56 ND ND ND ND ND ND ND ND ND ND ND
85 ND ND 122 ND ND ND ND ND ND ND 3.8
87 ND ND 211 ND ND ND ND ND ND ND 8.9
92 ND ND 4.0 ND ND ND ND ND ND ND ND
95 ND ND 76 ND ND ND ND ND ND 8.1 5.4
97 ND ND 6.4 ND ND ND ND ND ND ND 3.8
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Table A-4-5: continued

PCB Sampling site
2 4 7a 8 10 11a 13 14 16 19a 19
99 15 ND 15.2 1.8 ND ND 08 ND ND ND 7.0
101 ND 6.4 28.7 2.2 32 ND 17 ND 5569 138 11.1
105/141 ND ND 73.0 5.1 ND ND 33 ND ND ND 211
110 ND ND ND 3.2 ND ND 32 6.7 ND 368 13.0
118/131 ND ND ND ND ND ND ND ND ND ND ND
119/83 ND ND 2.5 ND ND ND ND ND ND ND ND
122/124 ND ND ND ND ND ND ND ND ND ND 17
123/109 ND ND 6.6 ND ND ND ND ND ND ND ND
128/185 ND ND 46.4 ND ND ND ND ND ND ND  10.8
130 ND ND 9.7 ND 1.4 ND ND ND ND ND 4.9
134 ND 2.1 7.1 ND ND ND ND ND 6364 155 ND
135 ND ND 55 ND ND ND ND ND ND ND ND
136/117 ND ND 9.8 2.0 ND ND ND ND ND 355 ND
137 ND ND ND ND ND ND ND 65 ND ND ND
138 ND ND 144.8 8.3 5.1 ND 83 169 ND ND 29.4
146 ND ND 11.0 ND ND ND ND ND ND ND 5.5
149 ND ND 40.4 3.3 1.9 3.0 21 102 6900 ND  17.7
151/82 ND ND 20.1 ND ND ND ND ND ND ND  13.0
153/132 1.6 ND 105.4 7.0 7.1 5.0 5.6 ND 5884 36.1 389
156/172 ND ND 38.2 ND ND ND ND ND ND ND 7.0
157 ND ND 3.8 ND ND ND ND ND ND 8.4 ND
158 ND ND 16.6 ND ND ND ND ND ND 7.4 8.0
163 ND ND ND ND ND ND ND ND ND ND 7.1
164 ND ND 12.7 ND ND ND ND ND ND ND ND
167 ND ND 4.3 ND ND ND ND ND ND ND ND
170 ND ND 78.2 5.3 2.1 ND 36 ND ND 135 124
174 ND 1.9 49.4 ND 2.1 ND 28 136 ND ND 8.0
175 ND ND 1.9 ND ND ND ND ND ND ND ND
177 ND ND 26.3 ND ND ND 34 ND ND ND ND
179 ND ND 13.7 ND ND ND 1.5 3.8 ND ND 7.4
180 ND 84 ND 8.0 ND 7.2 81 59 6398 509 449
187 ND ND 51.2 1.9 2.1 2.4 4.6 ND 4555 429 16.9
189 ND ND ND ND ND ND 1.1 3.0 ND ND 4.4
190 ND ND 19.3 ND ND ND 38 ND ND ND ND
191 ND ND ND ND ND ND ND ND ND ND 10.6
194 ND ND 53.6 ND 1.6 3.8 3.3 ND ND 24.0 ND
199 08 ND ND 21 ND ND ND ND ND ND 6.5
202 ND ND 2.3 ND ND ND ND ND 4525 ND ND
203 ND ND ND ND ND ND 34 ND 6080 ND ND
206 ND ND ND ND ND ND ND ND ND ND ND
208 ND ND 2.2 ND ND ND ND ND ND ND ND
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Table A-4-5: continued

PCB Sampling site
8b 22a 17 25 7c 6 1 5 22b 22c
4/10 ND ND ND ND ND ND ND ND ND ND
5 18.4 41 ND ND ND ND 05 07 1.2 ND
6 ND ND 17 ND ND ND ND 02 ND ND
8 ND ND 5.8 ND 2.2 3.8 ND 08 3.8 5.2
9 ND ND ND ND ND ND ND ND ND ND
27/13 ND ND 07 ND ND ND ND ND ND ND
16 5.3 ND 41 48 3.0 ND ND 05 40 5.5
17 11.0 33 9.3 ND ND 2.9 ND ND 7.1 9.4
18 13.3 3.6 9.3 2.9 ND 37 ND 09 7.4 14.8
19 3.6 2.1 1.3 16 ND ND ND ND ND ND
22 ND ND 18.1 75 ND ND ND ND ND ND
24 ND ND 47 ND ND ND ND ND ND ND
25 ND ND 7.4 ND ND ND ND ND ND 112
26 ND ND 7.9 ND 5.7 10 23 ND 58 5.1
28 29.5 23.7 66.2 7.9 23.7 346 ND ND ND 1766
31/53 11.1 16.3 38.9 4.0 14.0 150 ND 29 151  76.3
32 ND 40 2.7 ND ND ND ND ND 3.0 7.3
33 ND 5.3 ND 48 ND ND ND ND ND ND
40/37 ND ND 225 15.0 21.6 198 51 44 144 383
41 ND ND 11.8 ND 27.7 155 1.0 ND 4.7 ND
44 12.2 11.1 40.4 15.5 14.4 243 ND 3.1 185 395
45 ND ND ND ND ND ND ND ND 18 ND
46 ND ND ND ND ND ND ND ND ND ND
47 ND ND 76 ND ND 6.2 ND ND ND ND
48 ND ND ND ND ND ND ND ND ND ND
49 13.1 23.1 33.2 26 39.6 412 293 ND 108 375
52 21.0 17.6 40.7 ND 59.2 482 ND ND 169 302
63 ND ND 7.0 ND 40 0.6 ND ND ND 8.5
64 ND 13.5 25.9 6.8 25.4 237 41 30 186 451
67 ND ND 16 8.7 ND ND ND ND ND ND
70 ND ND 104.3 22.2 ND 1292 ND 7.7 464 2637
71 ND ND 10.9 ND 38.2 150 0.6 ND 2.5 4.7
74 ND 15.4 49.0 ND ND ND ND ND ND 1274
75 ND ND ND ND 19.5 ND ND ND ND ND
77/144 54.2 22.4 67.3 ND 56.8 729 ND 138 381 1430
84/56 55.4 ND ND 38.6 68.2 772 ND ND ND ND
85 111.0 38.4 135.7 15.6 1265 1748 9.6 27.7 829 2119
87 125.1 66.4 2225 39.4 ND 2552 9.1 37.0 1056 349.4
92 ND 12.1 29.9 ND 70.5 448 32 54 280 996
95 ND 32.8 75.1 ND 75.5 146.8 44 155 407 161.1
97 24.1 23.7 90.1 18.9 69.0 959 26 137 442 1142
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Table A-4-5: continued

PCB Sampling site
8 22a 17 25 7c 6 1 5 22b 22c
99 75.6 44.4 147.8 ND 102.9 162.9 16.4 33.5 90.4 308.9
101 106.7 94.5 245.5 44.7 257.1 274.4 27.1 52.6 147.2 566.0
105/141 483.1 220.2 741.5 148.3 740.0 787.6 60.5 126.4 389.3 ND
110 325.8 144.3 414.1 117.0 ND 532.9 ND 70.5 ND 734.5
118/131 520.7 ND 562.0 ND 786.4 704.3 ND ND ND 1246.6
119/83 ND 8.4 ND ND 15.2 28.7 ND 4.2 15.5 ND
122/124 10.0 4.6 14.9 ND 21.2 28.6 0.7 2.6 8.3 ND
123/109 37.5 15.5 58.3 51 48.7 59.3 29 10.0 28.5 72.2
128/185 ND 131.6 373.8 111.8 375.0 479.1 37.5 91.2 217.2 875.3
130 52.7 19.7 76.9 9.3 79.3 91.9 3.9 14.7 44.1 202.5
134 49.7 16.2 28.3 ND 38.6 40.6 8.1 6.9 20.7 115.0
135 27.7 21.9 64.3 ND 77.7 87.5 ND 17.1 45.0 175.8
136/117 ND 30.6 63.7 ND 97.9 83.2 19.8 22.1 63.9 ND
137 94.6 15.3 79.2 19.0 66.6 84.8 8.4 19.2 37.7 172.4
138 597.4 648.1 1374.6 ND 1440.2 1588.6 ND 2459 803.2 3219.6
146 71.3 443 156.0 ND ND 165.1 ND 32.5 ND 366.5
149 248.8 131.6 379.6 70.7 327.8 479.0 32.0 83.1 206.9 734.2
151/82 1255 79.1 208.4 ND 199.7 270.9 ND 43.9 123.8 409.2
153/132 528.1 302.0 911.8 128.6 1017.4 1059.2 74.7 190.8 443.3 2098.8
156/172 239.7 130.0 358.5 54.4 363.7 398.8 20.8 ND 204.2 837.6
157 30.0 ND 36.6 18.4 ND 55.7 3.8 ND 23.1 107.2
158 59.2 ND 187.6 14.0 201.7 263.2 8.8 27.6 134.0 499.6
163 ND ND ND ND ND ND ND ND ND ND
164 ND 20.4 92.7 ND 94.6 130.1 7.0 16.5 52.7 282.9
167 18.1 15.8 64.2 1.3 55.7 67.3 3.8 10.0 29.3 155.6
170 4125 265.7 691.8 115.6 772.2 864.0 51.5 1475 352.7 1817.7
174 223.1 160.3 455.0 70.2 ND 570.8 ND 97.1 373.3 1085.1
175 11.2 4.8 27.6 ND 24.8 39.9 1.3 3.9 9.6 64.4
177 164.6 103.7 263.4 39.5 ND 311.7 ND 53.6 ND 623.8
179 77.3 36.6 95.4 9.9 ND 132.7 ND 245 ND 237.1
180 619.7 494.1 1184.7 92.7 1500.9 1457.0 91.0 237.6 5916 3131.3
187 288.2 156.3 435.5 34.0 ND 511.8 ND 91.7 ND 1019.5
189 ND 13.0 25.7 14.4 13.3 39.5 ND 2.3 ND 77.2
190 101.0 56.3 154.4 ND 185.1 223.9 8.9 38.3 119.3 505.7
191 11.4 14.4 31.4 ND 41.1 53.6 7.6 8.2 8.7 118.7
194 362.7 173.4 385.3 30.2 443.8 457.7 27.8 81.9 249.0 1049.1
199 138.9 95.3 225.6 ND ND 302.7 16.8 56.8 ND 665.2
202 53 6.9 26.4 ND 26.8 39.9 2.7 3.2 14.0 75.4
203 ND ND 324.9 ND ND ND ND ND ND 884.2
206 ND 41.6 99.2 ND 136.3 110.4 ND 21.2 61.1 270.7
208 31.2 5.0 19.8 ND 27.3 19.9 2.1 5.0 ND 48.1
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Table A-4-5: continued

PCB Sampling site
11b 23 24 7d  Te 7f 8c
4/10 ND ND ND ND ND ND ND
5 22.3 3.3 7.8 2.2 ND ND ND
6 ND 1.1 ND ND ND ND ND
8 ND ND 4.1 ND 2.4 ND 6.0
9 ND ND 1.0 ND ND ND ND
27/13 ND ND ND ND ND ND ND
16 34 ND 12.7 1.3 ND 4.0 4.3
17 2.3 2.1 13.1 5.6 8.3 5.5 9.7
18 1.3 ND 16.2 3.2 7.1 7.2 9.4
19 5.4 1.4 ND 0.9 ND ND ND
22 ND ND ND ND ND ND ND
24 ND ND ND ND ND ND ND
25 ND ND ND 3.3 ND ND ND
26 0.9 25 7.4 ND 3.1 ND ND
28 15 0.8 38.0 ND 90.3 1133 544
31/53 ND 1.2 49.6 9.2 420 485 321
32 ND ND 6.0 ND ND ND 7.4
33 ND ND ND ND ND ND ND
40/37 ND 2.3 16.5 22 411 364 114
41 ND ND ND ND ND ND 105
44 ND ND 15.6 67 362 270 267
45 ND ND ND ND ND ND ND
46 ND ND ND ND ND ND ND
47 ND ND ND ND ND 10.8 45
48 ND ND ND ND ND ND ND
49 ND ND 60.5 6.7 847 994 945
52 ND ND 33.6 59 843 1165 213
63 ND ND ND ND 40 ND 9.3
64 ND 2.0 ND 33 535 353 194
67 ND ND 37.8 ND ND ND 41
70 ND ND ND 9.8 1423 1974 1387
71 ND 55 23.4 17 446 92 109
74 ND ND ND 28 774 922 722
75 ND ND ND ND ND 17.8 8.8
77/144 3.6 ND 11.3 6.7 526 931 69.9
84/56 ND ND 84.0 ND ND ND ND
85 5.9 ND 27.0 11.7 1489 1984 161.4
87 ND ND 100.3 ND 2360 309.2 233.0
92 ND ND ND ND 514 714 511
95 ND ND ND 83 1134 1226 846
97 6.1 ND 16.1 41 951 1255 87.8
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Table A-4-5: continued

PCB Sampling site
11b 23 24 7d 7e 7f 8c
99 ND 2.9 51.4 11.9 175.3 226.4 163.1
101 ND 4.2 64.5 231 3127 409.3 300.9
105/141 1.7 53 262.3 325 919.5 1184.5 739.3
110 4.8 4.7 ND ND 400.2 528.4 401.1
118/131 ND ND ND ND 706.6 878.8 1370.7
119/83 ND ND ND 11.8 ND ND 24.3
122/124 ND ND 4.1 ND 9.6 10.8 12.0
123/109 ND ND 14.8 ND 65.7 735 70.8
128/185 ND 4.2 99.1 17.3 488.7 637.8 449.8
130 ND 4.7 65.7 4.5 112.6 150.7 93.4
134 ND 55 51.4 5.5 43.2 44.2 39.6
135 ND ND 15.0 ND 74.1 108.4 79.8
136/117 ND 13.7 ND ND 90.3 116.4 95.1
137 ND 1.9 36.1 4.9 87.5 118.4 84.1
138 8.0 ND 515.9 64.3 15726 21174 15554
146 ND ND 24.7 ND 181.4 245.0 150.5
149 51 ND 134.9 27.2 355.3 429.3 385.3
151/82 5.0 ND 85.1 183 2193 291.3 219.4
153/132 6.8 ND 301.5 705 856.2 1165.3 9435
156/172 ND ND 147.5 ND 579.6 722.9 433.7
157 ND ND ND ND 134.6 165.3 64.3
158 ND ND 22.0 135 268.5 358.1 2711
163 ND ND ND ND ND ND ND
164 ND ND ND 7.1 143.1 181.6 112.2
167 ND ND ND 3.8 80.3 117.7 69.5
170 7.0 11.0 186.7 39.1 865.6 11441 831.3
174 13.4 4.6 193.5 48.0 5332 747.9 ND
175 ND ND 13.3 ND 52.8 50.4 43.6
177 ND ND 148.8 ND 360.2 449.6 ND
179 ND ND ND ND 151.2 210.1 ND
180 7.6 ND 419.3 ND  1473.2 2087.8 ND
187 4.1 6.5 165.6 37.3 544.5 750.7 495.1
189 ND ND ND ND 29.0 ND ND
190 ND 4.3 76.9 8.4 167.8 2455 231.0
191 ND ND ND 8.4 ND 76.5 ND
194 10.9 ND 309.9 25.0 518.9 727.1 497.5
199 ND ND 52.8 ND 264.0 359.2 ND
202 ND ND ND 2.2 46.4 57.3 32.6
203 4.6 ND ND ND 498.2 ND ND
206 8.6 ND ND ND ND 243.5 ND
208 5.0 ND ND ND 244.3 25.5 18.3
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Table A-4-6: PCB homologue patterns, as fraction of total P@&Bsach

homologue group, and total PCB concentration fat samples in the region

surrounding the Swan Hills Treatment Centre.

2PCBs
ng/g
Sample dry
site di tri tetra penta hexa hepta octatnona wgt.
2 0.095 0.343 0.000 0.214 0.237 0.000 0.110 0.01
4 0.035 0.183 0.322 0.156 0.255 0.205 0.000 0.04
7a 0.000 0.004 0.016 0.179 0.685 0.141 0.005 0.98
8a 0.015 0.000 0.018 0.238 0.542 0.190 0.040 0.05
10 0.000 0.000 0.000 0.120 0.862 0.138 0.000 0.03
11a  0.481 0.176 0.000 0.000 0.129 0.214 0.000 0.06
13 0.006 0.007 0.000 0.157 0.442 0.359 0.055 0.06
14 0.085 0.231 0.069 0.062 0.436 0.117 0.000 0.11
16 0.000 0.164 0.000 0.101 0.446 0.198 0.192 5.54
18 0.022 0.247 0.000 0.156 0.383 0.268 0.000 7.04
19a  0.006 0.093 0.094 0.179 0.349 0.315 0.000 0.37
19  0.015 0.030 0.015 0219 0.497 0.238 0.018 0.35
11b  0.154 0.102 0.000 0.152 0.312 0.156 0.126 0.15
23 0.046 0.083 0.103 0.178 0.521 0.113 0.000 0.10
24 0.003 0.035 0.046 0.153 0.525 0.240 0.013 4.05
8b 0.003 0.011 0.007 0.283 0.467 0.219 0.026 6.66
22a 0.001 0.014 0.020 0.170 0.552 0.230 0.036 4.10
17 0.001 0.014 0.029 0.223 0.508 0.189 0.057 12.24
25 0.000 0.025 0.052 0.309 0.514 0.133 0.000 1.37
7b 0.000 0.004 0.022 0.227 0541 0.211 0.018 10.34
6 0.000 0.004 0.023 0.233 0.526 0.201 0.033 14.31
1 0.001 0.004 0.065 0.215 0.505 0.219 0.035 0.62
5 0.001 0.002 0.009 0.186 0.560 0.227 0.040 2.13
22b  0.001 0.008 0.025 0.178 0.623 0.178 0.014 5.43
22c  0.000 0.011 0.022 0.147 0.540 0.229 0.072 26.84
22d  0.000 0.009 0.021 0.211 0.508 0.205 0.066 38.55
7c 0.004 0.040 0.068 0.169 0.619 0.136 0.004 0.58
7d 0.000 0.010 0.038 0.213 0.498 0.192 0.070 15.05
7e 0.000 0.009 0.033 0216 0.514 0.213 0.036 19.20
8c 0.001 0.010 0.037 0.318 0.550 0.106 0.004 11.52
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Table A-4-7: Enantiomer fractions of chiral PCB congeners ingas air

samples, by sampling season.

Sample PCB 95 PCB 91 PCB 136 PCB 149
site
Sampling Season 1
5 0.488 ND ND ND
6 0.479 ND ND 0.517
7 0.500 0.491 0.488 0.499
8 0.514 ND ND 0.512
9 ND ND ND 0.478
10 0.511 ND ND ND
11 ND ND ND 0.484
13 ND ND ND 0.503
14 0.460 ND 0.470 0.501
Sampling Season 2
6 0.519 ND ND 0.499
7a 0.502 0.512 0.521 0.503
7b 0.504 ND 0.517 0.512
7c 0.504 0.497 0.502 0.506
8 0.497 ND ND 0.498
21 0.511 ND ND ND
22 0.501 0.501 0.521 0.506
25 0.502 0.505 0.493 0.507
Sampling Season 3
1 0.452 ND ND 0.499
6 0.418 ND ND 0.495
7a ND ND ND 0.476
7b 0.465 ND 0.509 0.507
8 0.502 0.507 0.489 0.523
11 ND ND ND 0.509
17 0.465 ND ND ND
19 ND ND ND 0.492
22 ND ND ND 0.508
23 0.514 ND 0.488 0.512
24a 0.471 ND ND 0.495
24b ND ND ND 0.514
Sampling Season 4
7a 0.507 0.507 0.516 0.504
7b 0.513 ND ND 0.495
8 0.544 ND ND ND
17 0.506 0.481 0.462 0.512
22a 0.507 ND ND 0.501
22b 0.506 ND ND ND
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Table A-4-8: Enantiomer fractions of chiral PCB congeners in 8wdlls soll
samples.

Sample PCB 95 PCB 91 PCB 136 PCB 149
site
1 ND ND 0.515 0.573
5 0.383 ND ND 0.504
6a 0.384 ND ND 0.501
6b 0.462 0.520 0.473 0.510
7a 0.451 0.492 0.477 0.510
7b 0.444 0.489 0.494 0.513
7c 0.443 0.479 0.513 0.518
7d 0.431 ND 0.518 0.523
7e 0.442 ND 0.515 0.525
8a 0.465 0.515 0.495 0.510
8b 0.363 ND ND 0.485
13 0.442 ND ND 0.514
16 0.489 ND ND 0.489
17a 0.436 ND ND 0.502
17b 0.455 0.487 0.516 0.503
17c ND ND ND 0.482
22a 0.433 0.504 0.492 0.516
22b 0.438 0.501 0.488 0.510
22c ND 0.490 0.473 0.514
24a ND ND ND 0.549
24b ND ND ND 0.570
25 0.482 ND ND 0.523
Mean 0.498 0.516 0.497 0.438
S.D. 0.014 0.023 0.018 0.034
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Table A-5-1: Sampling details for Lake Ontario fish samples. N&TNiagara-
On-The Lake, PH = Port Hope - Cobourg

Collection Total Total Fork
Sample date Sex/ Length Weight  length
number Species Location (2008) age (y) (cm) (9) (cm)
53402 Lake trout NOTL 09/09 FI3 50 14557 455
53403 Lake trout NOTL 09/09 FI7 69 35758  64.1
53404 Lake trout NOTL 09/09 M/6 70.3 4367.6 65
53405 Lake trout NOTL 09/09 F/6 73 5681 67.1
53406 Lake trout NOTL 09/09 Fl6 62.5 3446.6 58
53407 Lake trout NOTL 09/09 M/15 68 32939 635
53408 Lake trout NOTL 09/09 M/5 69 34187 645
53409 Lake trout NOTL 09/09 M/7 725 41835 67
53410 Lake trout NOTL 09/09 Fi5 59.5 3244.2 55
53411 Lake trout NOTL 09/09 F/6 66.6 36157 635
54475 Slimy sculpin PH 23/09 7.6 5.2
54476 Slimy sculpin PH 23/09 8 6.5
54477 Slimy sculpin PH 23/09 8.4 7.4
54478 Slimy sculpin PH 23/09 8.7 8.3
54479 Slimy sculpin PH 23/09 9 9.7
54480 Slimy sculpin PH 23/09 9.7 12.2
54481 Slimy sculpin PH 23/09 10.4 16
54482 Slimy sculpin PH 23/09 107 213
54483 Alewife PH 23/09 9.4 8.2
54484 Alewife PH 23/09 14.8 25.4
54485 Alewife PH 23/09 163 311
54486 Alewife PH 23/09 16.7 37.3
54487 Alewife PH 23/09 176 42.2
54488 Alewife PH 23/09 183 46.4
54489 Alewife PH 23/09 19.3 51.6
54490 Alewife PH 23/09 20 62.3
54491 Round goby PH 23/09 71 5
54492 Round goby PH 23/09 9.1 111
54493 Round goby PH 23/09 8.6 9.2
54494 Round goby PH 23/09 95 123
54495 Round goby PH 23/09 10 14.3
54496 Round goby PH 23/09 15.8 62.4
54497 Round goby PH 23/09 165 80.9
54498 Round goby PH 23/09 173 94.1
54499 Rainbow smelt PH 23/09 13.3 13.6
54500  Rainbow smelt PH 23/09 15.4 20.8
54501  Rainbow smelt PH 23/09 17 30.3
54502  Rainbow smelt NOTL 11/09 10.8 5.9
54503  Rainbow smelt NOTL 11/09 12.4 9.7
54504  Rainbow smelt NOTL 11/09 133 125
54505  Rainbow smelt NOTL 11/09 138 14.9
54506  Rainbow smelt NOTL 11/09 142 17.1
54507  Rainbow smelt NOTL 11/09 153 212
54508 Rainbow smelt NOTL 11/09 17.8 35.1
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Table A-5-2: Sampling details for Lake Ontario invertebrate séasp

Sample number Species Location Collection date
INV-1 Diporeia Port Credit April 10/07
INV-2 Diporeia Port Credit April 10/07
INV-3 Diporeia Port Credit April 10/07
INV-4 Plankton Oswego Sept. 27/07
INV-5 Plankton Niagara-On-The-Lake Sept. 27/07
INV-6 Mysids Coburg Oct. 04/07
INV-7 Plankton Coburg Oct. 01/07
INV-8 Plankton Coburg Oct. 01/07
INV -9 Mysids Coburg Oct. 04/07

INV -10 Diporeia Coburg Oct.04/07
INV -11 Diporeia Port Credit Oct. 11/07
INV -12 Diporeia Port Credit Oct. 11/07
INV -13 Plankton Port Credit Oct. 11/07
INV -14 Mysids Niagara-On-The-Lake Sept. 09/08
INV -15 Mysids Niagara-On-The-Lake Sept. 10/08
INV -16 Plankton Niagara-On-The-Lake Sept. 11/08
INV -17 Plankton Oswego Sept. 16/08
INV -18 Plankton Oswego Sept. 16/08
INV -19 Mysids Oswego Sept. 16/08
INV -20 Mysids Oswego Sept. 16/08
INV -21 Mysids Coburg Sept. 22/08
INV -22 Mysids Coburg Sept. 22/08
INV -23 Plankton Coburg Sept. 24/08
INV -24 Plankton Coburg Sept. 24/08
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Table A-5-3: Concentrations (ng/g wet weight) of PFOS isomertsy PFOS,
and percent linear in Lake Ontario fish.

Sample n- iso- im- 3m- 4m- 5m- Total Total %
number PFOS PFOS PFOS PFOS PFOS PFOS dimethyl PFOS linear
lake trout
53402 67.743 2.203 0.309 0.143 0.333 0.547 1.018 72.151 93.9
53403 67.868 1635 0.324 0.150 0.271 0.340 0.755 71.193 95.3
53404 76.772 1615 0.376 0.175 0.278 0.295 0.784 80.120 95.8
53405 47.337 1.167 0.218 0.089 0.155 0.239 0.506 43.679 95.3
53406 56.970 1415 0.289 0.118 0.202 0.335 0.685 52.724 95.0
53407 61.588 1.403 0.248 0.101 0.202 0.315 0.634 56.619 95.6
53408 53.700 1.258 0.247 0.101 0.174 0.278 0.536 49.462 95.5
53409 68.134 1530 0.290 0.118 0.225 0.364 0.657 62.674 95.6
53410 48.928 1.118 0.246 0.100 0.171 0.223 0.428 44.995 95.6
53411 45.257 1.086 0.193 0.079 0.173 0.243 0.446 41.726 95.4
slimy sculpin
54475 110.518 5.445 0478 0.222 1214 1.412 2.107 121.482 91.0
54476 96.998 4558 0425 0.197 0.992 1.199 1.904 106.383 91.2
54477 110.913 5.465 0.529 0.245 1.180 1.506 2.188 121.780 91.1
54478 110.319 3.864 0.384 0.157 1.035 1.249 1.762 104.576  92.8
54479 109.771 4972 0.396 0.161 1.095 1.292 2.011 105.403 91.6
54480 160.863 5.216 0.512 0.209 0.949 1.092 2.065 150.095 94.2
54481 316.469 6.544 0.801 0.327 1.303 1.379 2.371 289.177  96.2
54482 146.798 nd nd nd nd nd nd 129.081 100.0
alewife
54483 31.044 0584 0.155 0.063 0.101 0.136 0.163 28.300 96.5
54484 41.359 0.877 0.220 0.102 0.129 0.193 0.249 43.026 96.1
54485 28.964 0.778 0.155 0.072 0.099 0.088 0.210 30.295 95.6
54486 35.185 0.593 0.207 0.084 0.122 0.133 0.215 32.055 96.5
54487 32.495 0500 0.156 0.063 0.111 0.122 0.186 29.550 96.7
54488 23,521 0429 0.140 0.057 0.095 0.105 0.173 21.511 96.1
54489 25.630 0.447 0.150 0.061 0.110 0.115 0.187 23.424 96.2
54490 23.190 0.370 0.103 0.042 0.079 0.079 0.154 21.081 96.7
round goby
54491 15.115 0.177 0.060 0.028 0.029 0.041 0.041 15.463 97.8
54492 13.067 0.140 0.035 0.014 0.024 0.045 0.052 11.750 97.8
54493 17.211 0.162 0.040 0.016 0.028 0.043 0.082 15.447 98.0
54494 19.861 0.237 0.059 0.024 0.042 0.064 0.088 17.894 97.6
54495 21.278 0.254 0.071 0.029 0.040 0.065 0.099 19.176 97.6
54496 22.425 0.304 0.087 0.035 0.023 0.060 0.083 20.209 97.6
54497 27573 0.659 0.147 0.060 0.089 0.175 0.222 25.381 95.5
54498 46.687 0.992 0.185 0.075 0.059 0.199 0.341 42.613 96.3
rainbow smelt
54499 32.685 1.073 0.083 0.038 0.169 0.269 0.742 35.054 93.2
54500 21599 0.823 0.057 0.027 0.110 0.209 0.607 23.428 92.2
54501 22,992 0951 0.053 0.025 0.130 0.234 0.713 25.112 91.6
54502 35.311 1.039 0.119 0.055 0.199 0.226 0.569 37.463 94.3
54503 38.792 0988 0.075 0.030 0.162 0.231 0.597 35.978 94.8
53504 56.151 1.198 0.076 0.031 0.180 0.243 0.638 51.497 95.9
53505 49.641 1.174 0.076 0.031 0.168 0.243 0.685 45.802 95.3
54506 40.294 0.855 0.063 0.026 0.139 0.190 0.580 37.116 95.5
53507 35.011 1.157 0.066 0.027 0.169 0.222 0.870 33.086 93.0
53508 64.677 1.389 0.071 0.029 0.149 0.280 0.876 59.443 95.7
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Table A-5-4: Concentrations (ng/g wet weight) of PFOS isomertsy PFOS,
and percent linear in Lake Ontario invertebrates.

Sample n- iso- im- 3m- 4m- 5m- Total Total %
number PFOS PFOS PFOS PFOS PFOS PFOS dimethyl PFOS linear
LOFWI-1 65.166 0.647 0.000 0.000 0.079 0.090 0.112 66.094 98.6
LOFWI-2 115920 1.109 nd nd 0.180 0.175 0.192 117.576  98.6
LOFWI-3 98.963 0.947 0.071 0.029 0.145 0.137 0.190 88.330 98.5
LOFWI-4 3.036 0.065 0.001 0.001 0.011 nd 0.030 3.142 96.6
LOFWI-5 7.699 0.120 0.022 0.009 0.013 0.017 0.044 6.960 97.3
LOFWI-6 8.424 0.163 0.036 0.015 0.040 0.038 0.000 7.652 96.8
LOFWI-7 7.424 0.159 0.029 0.012 0.016 0.015 0.040 6.755 96.6
LOFWI-8 3.730 0.082 0.017 0.007 0.008 nd 0.020 3.392 96.7
LOFWI-9 8.552 0.171 0.030 0.012 0.039 0.036 0.062 7.817 96.2
LOFWI-10 130.209 1497 0.138 0.056 0.266 0.222 0.304 116.628 98.2
LOFWI-11 95.700 1.170 0.130 0.053 0.165 0.204 0.210 85.803 98.1
LOFWI-12 129.222 1562 0.134 0.055 0.229 0.268 0.328 115.844 98.1
LOFwWI-12.2 132.086 1585 0.112 0.046 0.185 0.215 0.277 118.232  98.2
LOFWI-14 7.976 0.145 nd nd nd nd nd 8.122 98.2
LOFWI-15 8.318 0.149 nd nd 0.029 nd 0.051 8.547 97.3
LOFWI-17 5.561 0.153 0.028 0.011 0.032 0.045 0.060 5.169 94.6
LOFWI-18 5.095 0.256 0.050 0.020 0.046 0.070 0.104 5.621 90.6
LOFWI-19 5.318 0.090 0.019 0.008 0.030 nd 0.050 4.843 96.5
LOFWI-20 4.339 0.076 nd nd 0.020 0.027 0.044 3.963 96.3
LOFWI-21 6.933 0.092 0.022 0.009 0.025 0.039 0.058 6.304 96.7
LOFWI-22 4.347 0.086 nd nd 0.023 0.030 0.041 3.980 96.0
LOFWI-23 9.739 0.186 0.039 0.016 0.016 0.025 0.058 8.848 96.8
LOFWI-24 8.185 0.159 0.041 0.017 0.021 0.031 0.058 7.470 96.3
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Table A-5-5: Concentrations (ng/g wet weight) of PFOSA isontets] PFOSA,
percent linear, and the enantiomer fraction (EF)Lai-PFOS in Lake Ontario
fish. A dash (-) indicates that the EF was not mesc.

Sample n- br- br- br- Total % EF of 1m-
number PFOSA PFOSA1 PFOSA2 PFOSA3 PFOSA linear PFOS
lake trout
53402 0.37 0.06 0.08 nd 0.52 72.11 0.477
53403 0.44 0.03 0.04 nd 0.51 85.65 0.463
53404 0.31 0.03 0.03 0.01 0.38 81.62 nd
53405 0.54 0.03 0.04 nd 0.54 88.04 nd
53406 0.30 0.02 0.04 nd 0.32 83.46 0.477
53407 0.54 0.06 0.05 0.00 0.57 83.60 nd
53408 0.66 0.04 0.05 nd 0.66 87.97 0.463
53409 0.82 0.08 0.07 nd 0.85 84.48 0.461
53410 0.34 0.03 0.02 nd 0.34 85.94 nd
53411 0.25 0.03 0.03 nd 0.27 80.92 0.461
Slimy sculpin
54475 2.13 0.90 1.26 0.16 4.45 47.91 0.493
54476 2.13 0.76 1.17 0.12 4.18 50.99 0.480
54477 2.65 0.95 1.46 0.12 5.18 51.07 0.495
54478 4.52 1.74 2.59 0.13 7.89 50.39 0.502
54479 4.73 1.68 2.36 0.13 7.83 53.18 0.486
54480 5.92 1.38 2.24 nd 8.38 62.10 nd
54481 17.25 3.62 4.80 nd 22.57 67.20 -
54482 7.43 1.98 1.47 nd 9.57 68.31 -
alewife
54483 0.36 0.13 0.14 nd 0.55 57.13 0.465
54484 0.69 0.18 0.15 nd 1.02 67.69 nd
54485 0.74 0.19 0.14 nd 1.07 69.33 -
54486 1.41 0.41 0.39 0.01 1.95 63.54 nd
54487 1.55 0.38 0.36 0.03 2.04 66.53 0.480
54488 1.58 0.43 0.39 nd 2.12 65.74 0.476
54489 1.78 0.40 0.37 nd 2.24 69.69 0.457
54490 2.36 0.45 0.43 nd 2.85 72.82 0.476
round goby
54491 0.23 0.11 0.20 nd 0.54 42.07 -
54492 0.67 0.47 0.64 nd 1.56 37.47 nd
54493 1.24 0.62 0.83 0.06 2.41 45.16 nd
54494 0.92 0.34 0.44 nd 1.50 53.95 0.508
54495 0.71 0.47 0.67 0.03 1.65 38.07 0.486
54496 0.65 0.32 0.50 0.03 1.32 43.69 0.449
54497 0.68 0.42 0.65 0.04 1.58 38.10 0.472
54498 0.67 0.31 0.50 0.03 1.33 44.29 0.470
rainbow smelt

54499 0.96 0.37 0.40 nd 1.72 55.48 -
54500 0.87 0.30 0.32 0.03 1.52 57.10 -
54501 0.73 0.31 0.34 0.02 1.40 52.06 -
54502 0.51 0.19 0.20 0.00 0.90 56.28 nd
54503 2.65 0.89 0.99 0.08 4.05 57.54 0.499
53504 3.81 1.16 1.33 0.08 5.61 59.69 0.512
53505 3.38 111 1.26 0.07 5.12 58.13 0.481
54506 2.21 0.87 1.05 0.06 3.69 52.79 nd
53507 3.15 1.03 1.25 0.09 4.85 57.05 0.516
53508 5.24 1.63 1.86 0.15 7.81 58.99 nd
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Table A-5-6: Concentrations (ng/g wet weight) of PFOSA isontets] PFOSA,
percent linear, and the enantiomer fraction (EF)Lai-PFOS in Lake Ontario
invertebrates. A dash (-) indicates that the EF wasmeasured.

Sample n- br- br- br- Total % EF of 1m-
number PFOSA PFOSA1 PFOSA2 PFOSA3 PFOSA linear PFOS
LOFWI-1 1.39 0.17 0.39 nd 1.95 71.37 n/m
LOFWI-2 2.05 0.24 0.57 0.05 2.92 70.17 n/m
LOFWI-3 4.81 0.52 1.11 0.10 5.75 73.54 0.572
LOFWI-4 nd nd nd nd nd - n/m
LOFWI-5 0.09 0.03 0.04 nd 0.14 57.58 n/m
LOFWI-6 1.44 1.02 1.25 0.08 3.33 38.05 0.604
LOFWI-7 0.13 0.11 0.15 0.01 0.35 33.31 0.456
LOFWI-8 0.10 0.08 0.11 nd 0.26 35.10 nd
LOFWI-9 1.20 0.92 1.19 0.10 3.00 35.22 0.650
LOFWI-10 3.70 0.57 0.48 0.13 4.29 75.81 0.569
LOFWI-11 2.05 0.35 0.91 0.08 2.98 60.39 0.558
LOFWI-12 2.47 0.42 1.02 0.08 3.51 61.88 0.556
LOFWI-12.2 2.38 0.39 1.04 0.10 3.43 60.93 0.567
LOFWI-14 0.50 0.37 0.52 0.07 1.45 34.26 0.573
LOFWI-15 0.52 0.40 0.55 0.02 1.48 34.79 n/m
LOFWI-17 0.10 0.04 0.05 nd 0.17 52.63 0.470
LOFWI-18 0.03 0.02 0.02 nd 0.07 43.45 n/m
LOFWI-19 0.40 0.20 0.28 nd 0.78 45.45 n/m
LOFWI-20 3.49 1.60 1.54 0.05 5.88 52.23 n/m
LOFWI-21 0.78 0.32 0.40 nd 1.32 52.12 nd
LOFWI-22 1.77 0.73 0.81 0.04 2.94 53.01 n/m
LOFWI-23 0.26 0.04 0.05 nd 0.31 74.01 0.423
LOFWI-24 0.22 0.06 0.08 nd 0.31 63.10 0.439

222




Table A-5-7: Least squares linear regression correlation statssbetween
PFOS and PFOSA for two variables: concentration paccent linear.

Concentration PFOS versus
Concentration PFOSA

Percent linear PFOS versus
Percent linear PFOSA

species R® Significant at R® Significant at
p=0.057? p=0.057?

Lake trout 0.035 no 0.55 yes, positive

Slimy sculpin 0.89 yes, positive 0.88 yes, positive
Alewife 0.38 no 0.02 no
Round goby 0.01 no 0.06 no
Rainbow smelt 0.69 yes, positive 0.26 no
Invertebrates 0.32 yes, positive 0.14 no

(combined)
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Figure A-2-1: Stream discharge hydrograph for Hudson River atéMatd

(monitoring station #01335755).
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EF of PCB 95 in air
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Figure A-4-1: Enantiomer fraction of PCBs 95 and 149 in air asiaction of
distance from the Swan Hills Treatment Centre.

225



