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Abstract

Chemical fate is a concern at environmentally contaminated sites, but characterizing that fate can
be difficult. Identifying and quantifying the movement of chemicals at the air-water interface are
important steps in characterizing chemical fate. Superfund sites are often suspected sources of air
pollution due to legacy sediment and water contamination. A quantitative assessment of polycyclic
aromatic hydrocarbons (PAHSs) and oxygenated PAH (OPAHS) diffusive flux in a river system that
contains a Superfund Mega-site, and passes through residential, urban and agricultural land, has
not been reported before. Here, passive sampling devices (PSDs) were used to measure 60
polycyclic aromatic hydrocarbons (PAHSs) and 22 oxygenated PAH (OPAHS) in air and water.
From these concentrations the magnitude and direction of contaminant flux between these two
compartments was calculated. The magnitude of PAH flux was greater at sites near or within the
Superfund Mega-site than outside of the Superfund Mega-site. The largest net individual PAH
deposition at a single site was naphthalene at a rate of 14,200 (+5780) (ng/m?2)/day. The
estimated one-year total flux of phenanthrene was —7.9 x10° (ng/m?)/year. Human health risk
associated with inhalation of vapor phase PAHs and dermal exposure to PAHSs in water were
assessed by calculating benzo[a]pyrene equivalent concentrations. Excess lifetime cancer risk
estimates show potential increased risk associated with exposure to PAHS at sites within and in
close proximity to the Superfund Mega-site. Specifically, estimated excess lifetime cancer risk
associated with dermal exposure and inhalation of PAHs was above 1 in 1 million within the
Superfund Mega-site. The predominant depositional flux profile observed in this study suggests
that the river water in this Superfund site is largely a sink for airborne PAHs, rather than a source.
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1.0 Introduction:

Large bodies of water are often sinks for persistent organic pollutants (POP), especially
PAHs (Baker and Eisenreich, 1990; Bamford et al., 1999a; Fang et al., 2012; McDonough et
al., 2014; Nelson et al., 1998). Highly contaminated waters may also be sources of
contaminants to air (Tidwell et al., 2016). Aquatic Superfund sites, such as the Portland
Harbor Superfund Mega-site (PHSM), have long been suspected sources of air pollution
(Vorhees et al., 1997). Community members and stakeholders in the vicinity of the PHSM
have raised concerns about fumes and vapors arising from the Superfund site (ATSDR,
2006). It is important to characterize the environmental transport, fate and net flux of
pollutants in river systems (Allan et al., 2011; Baek et al., 1991).

PAHs are pollutants that arise from natural and anthropogenic processes (Howsam and
Jones, 1998). It is established that PAHs are compounds of carcinogenic concern, and more
recently as compounds with non-carcinogenic health impacts, such as asthma and
developmental neurotoxicity (EPA, 2010; Gale et al., 2012; Perera et al., 2009; Phillips,
1983). PAHSs have long residence times in the environment, and can move between
environmental compartments. Due to their persistence and potential for migration, assessing
PAH flux is important when characterizing the environmental fate of these compounds.

Another class of environmental contaminants that has recently been identified as a potential
concern is oxygenated PAHs (OPAHSs). OPAHSs are ketone or quinone-substituted PAHs
(O’Connell et al., 2014). These compounds are formed through environmental
transformation reactions in both air and water (Lundstedt et al., 2007). OPAHSs can also be
formed at the source of primary PAH production such as biomass burning or tailpipe exhaust
(Jakober et al., 2007; Shen et al., 2011; Westbrook et al., 2006). The main reasons OPAHs
are potentially concerning are their levels and presence in the environment, their
toxicological effects in animal model systems, and their potential to generate reactive
oxygen species (ROS) that may lead to disease outcomes (Chung et al., 2006; Knecht et al.,
2013; O’Connell et al., 2014; Sen and Field, 2013).

The net flux of compounds at the air-water interface is the difference between its deposition
and volatilization (Baker and Eisenreich, 1990). A negative flux value is defined as a
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deposition, while a positive flux value is defined as a volatilization. The diffusive flux of a
compound across the air-water interface is an environmental condition-controlled,
compound-specific process that is driven by the inherent trend towards equilibrium between
the air vapor phase and the water freely dissolved phase. The importance of understanding
the diffusive flux of compounds across the air-water boundary arises from the potential for
compounds to undergo any of the following: cycling between environmental compartments,
transforming into more or less toxic species, and/or residing in a compartment permanently.
Additionally, contamination in the respiratory zone of aquatic fauna is an important
consideration for scientists assessing a contaminated ecosystem. Measuring the flux of
compounds across the air-water boundary directly characterizes contaminants in these
species’ respiratory zone.

Assessment of flux in different systems such as remote lakes, major lake and river systems,
and oceans has been performed using active sampling technologies for the last 25 years
(Baker and Eisenreich, 1990; Bamford et al., 1999a; Gevao et al., 1998; Gustafson and
Dickhut, 1997; Li et al., 2009; Lohmann et al., 2013). However, collecting air and water
samples for flux using active sampling methods is time and labor-intensive. Diffusive flux
measurement requires collecting the dissolved water fraction; utilizing active sampling
necessitates actively pumping water through a filtration system (Baker and Eisenreich, 1990;
Bamford et al., 1999a; Nelson et al., 1998). Air measurements require the vapor phase is
collected with various filtration techniques and solid phase extractions. Active air and water
sampling techniques require great care to avoid collecting particulates.

Passive sampling devices (PSDs) have been increasingly used to assess dissolved water and
vapor phase air concentrations, and more recently flux (Allan et al., 2012; Allan et al., 2011;
Anderson et al., 2008; Bartkow et al., 2004; Khairy and Lohmann, 2012; Matzke et al.,
2012; Tidwell et al., 2016). PSDs are especially well-suited for flux assessments because
they sequester the freely dissolved and the vapor phase fractions of contaminants in the
water and air (Tidwell et al., 2016). PSDs are not susceptible to the bias from particulates
that afflict active sampling approaches. PSDs allow for the detection of episodic events
which can be missed when performing short duration active sampling. Flux has been
qualitatively assessed using PSDs on a humber of occasions. In each of these instances the
direction of flux was calculated, but neither the rate of exchange nor the rate of mass transfer
was determined (Lohmann et al., 2011; Morgan and Lohmann, 2008; Prest et al., 1995).
Only two previous studies have used PSDs for quantitative assessment of diffusive flux of
PAHs (McDonough et al., 2014; Tidwell et al., 2016). The limited number of quantitative
studies assessing flux using PSDs shows that this application of an established technology is
still in its infancy, and requires further demonstration and testing. Additionally, diffusive air-
water flux in a Superfund site has never been measured. Contaminant transport and fate
information is critical for performing both site and exposure assessments.

The PHSM is located on the Willamette River in Portland, Oregon. This Superfund Mega-
site spans approximately 11 miles of the Willamette river. Many contaminants, including

PAHSs, are listed as priority concerns in both sediment and surface waters at this site (EPA,
2015). OPAHSs have been measured in PHSM waters (O’Connell et al., 2014). However, to
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date no information has been presented about the movement of PAH or OPAH compounds in
this model system.

The objective of the present study was to use PSDs to assess contaminant fate, and estimate
health risk, in and around a model Superfund site. PAH and OPAH flux was measured
upriver, downriver and within the PHSM. PAH and OPAH flux were then compared, within
and outside of the PHSM. Annual flux was estimated for the PHSM, and compared with the
measured annual flux measured along the Louisiana coast during the Deepwater Horizon
incident (Paulik et al., 2016a). Human health risk assessment (HHRA) was performed for
PAH inhalation, and for dermal exposure to water in and around the PHSM. To date, no
inhalation exposure HHRA has been performed for the PHSM (ATSDR, 2006; ATSDR,
2011). Estimated risk associated with inhalation exposure to PAHs within and outside of the
PHSM was compared with risk during the Deepwater Horizon incident, and risks observed
near natural gas extraction facilities in Ohio.

2.0 MATERIALS AND METHODS:

Study Area

The Portland Harbor Superfund Mega-site is designated as the area between river miles 1.9
and 11.8. This region contains 44 active and historic industrial sites that contributed to the
legacy pollutants present in the Mega-site. There are also multiple freeway overpasses and
bridges throughout this section of the river. The study area spans 18.5 river miles of the
lower Willamette River in Portland, Oregon. It begins at the river’s confluence with the
Columbia River and ends just above its confluence with Johnson Creek (Figure 1A-1B). Air
and water low density polyethylene (LDPE) PSDs were deployed from sampling platforms
at five sites (Figure 1A, supplementary information Figure S2). Each sampling location was
chosen in order to provide spatial resolution across the entire study area and to help
highlight the potential heterogeneity while considering the river system as a single dual
phase compartment. The sampling site at river mile 1 (RM 1) is downstream of the
designated PHSM and has farmland on the west side of the river with a city park adjacent to
a light industrial area on the east side of the river. The sampling platform at RM 3.5 is
collocated with a historical point source of contamination; Ship Terminal 4 from the Port of
Portland has been labeled an early action cleanup site. At this site, phase one cleanup has
been completed and phase two cleanup was in planning at the time the samples were
collected. RM 11 is the farthest upriver sampling site inside the PHSM. This site has heavy
industrial activity on both the east and west sides of the river, and the sampling platform was
adjacent to a large docking pier. Sampling at RM 12 occurred just outside the upriver
boundary of the PHSM study area. At this site the sampling platform was collocated with
heavy urban activities on the east and west banks of the river, and the east bank of the river
also has significant traffic activity from multiple freeway overpasses. The RM 18.5 sampling
site is the furthest from the PHSM study area, and it has little to no industry in the vicinity.
There are a large number of residences and small businesses present on the east side of the
river. At RM 18.5 wood smoke from chimneys was observed during the sampling period.
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Sample Collection

Air and water samples were deployed concurrently for 17 days (September 30, 2013 -
October 17, 2013) at four sites, and for 21 days (October 17, 2013 - November 7, 2013) at
the fifth site. At each site, air and water cages were deployed from an anchored floating
platform (supplementary information Figure S2). Sampling platform design and construction
took place at the Food Safety & Environmental Stewardship laboratory. Special
considerations were taken into account for changes in current, river depth, and water
turbulence from boat, barge and ship traffic. For a full description, see “Sampling Platform
Description” in supplementary information. Air sampler cages housed PSDs 1 meter above
the water surface; these cages allowed for air circulation while minimizing sampler exposure
to water, particulate deposition, and UV. Water sampler cages were suspended from the
anchored platform 1 meter below the water surface; these cages provided equal flow over
each PSD. Three LDPE PSDs were deployed in each air and water cage. PSDs were
transported to and from sampling locations in amber glass jars. Previous work has verified
that the transport times and temperatures used in this study do not affect PAH concentrations
in PSDs (Donald et al., 2016). Samples were stored in the laboratory at —20°C until
extraction.

PSD Preparation and Extraction

One-meter-long PSDs were constructed from additive-free LDPE tubing. Detailed PSD
preparation and construction procedures are described in Anderson et al., 2008. Prior to
deployment PSDs were cleaned using multiple rinses with hexanes and all PSD strips were
infused with performance reference compounds (PRCs) in order to allow calculation of /n
situ air and water sampling rates (Huckins et al., 2002). The PRC compounds used can be
found in supplementary information ListsS1-S2. PSDs were extracted as detailed previously
(Anderson et al., 2008). Briefly, PSDs were extracted with two dialyses with n-hexane and
concentrated to 1mL. Prior to extraction all samples were spiked with deuterated surrogate
extraction standards to assess extraction efficiency. Surrogate extraction standards can be
found in supplementary information Lists S1-S2. Extracts were stored in amber glass vials at
—20°C until instrumental analysis. All solvents used were Optima® grade or better (Fisher
Scientific, Pittsburgh, PA), and standards were purchased at purities =97%.

Chemical Analysis

PSD extracts were analyzed for 60 PAHSs. A list of PAHSs is available in supplementary
information List 1. Analysis was performed using a specially equipped Agilent 7890A gas
chromatograph (GC) with an Agilent 7000 GCMS/MS(Anderson et al., 2015). An Agilent
Select PAH column (30m x 250um x 0.15um) was employed to enhance separation of
compounds such as triphenylene and chrysene. GC oven parameters can be found in
supplementary information. Each PAH was calibrated with a curve of at least five points,
with correlation coefficients =0.98. The GC-MS/MS was operated in MRM mode. The
parameters of MS/MS operation can be found in Anderson et al., 2015. A list of limits of
detection (LODs) and limits of quantification (LOQs) is included in supplementary
information Table S2.
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PSDs were analyzed for 22 OPAHSs. A list of OPAHSss analyte list and physio-chemical
parameters ranges is available in supplementary information List 2. OPAH analysis
employed an Agilent 5975B Gas Chromatograph-Mass Spectrometer (GC-MS) with an
Agilent DB-5MS column (30m x 0.25mm x 0.25um) in electron impact mode (70 eV) using
SIM. GC oven parameters can be found in supplementary information. Instrument
calibration spanned 5-5000 ng-mL using a 9-point curve with a correlation coefficient >
0.98 for all target analytes. A list of LODs and LOQs is included in supplementary
information Table S2.

Air-Water Flux Calculation

Environmental vapor phase air and freely dissolved water concentrations were determined
using an empirical uptake model with sampling rates derived from PRC loss (Bartkow et al.,
2004; Bartkow et al., 2006; Booij and Smedes, 2010; Huckins et al., 2006; Huckins et al.,
2002). Water concentration calculations were described in detail in Allan et al., 2012 (Allan
etal., 2012). Air concentrations are further described in Tidwell et al., 2016 (Tidwell et al.,
2016). Air and water concentration equations can be found in supplementary information
equations S1-S10. HOBO TidbiT® temperature data loggers were deployed with samplers
in air and water.

Calculating time-weighted average environmental contaminant concentrations in both air
and water allowed investigators to utilize the Whitman two-film model in order to assess the
exchange and concentrations of compounds at the air-water interface. The diffusive flux of
chemicals between air and water at the interface of these two environmental compartments is
the movement of a chemical from the bulk phase followed by transport across the thin films
of each phase into the receiving compartment bulk phase. The Whitman two-film model is
used to calculate this movement:

Ca

F= KOI(CW - H—,T) Eq 1

where F is the flux ((ng/m?)/day), the total mass-transfer rate coefficient is Ko (m/day), and
C and C, are the dissolved and vapor phase concentrations in the water and air respectively
(Baker and Eisenreich, 1990; Bamford et al., 1999a). Positive net flux values indicate
volatilization from the water to the air; negative values denote deposition from air to water.
H+’, is a dimensionless, compound-specific Henry’s law value, and can be calculated using
equation 2:

AH

vap _(1 1

r_ g 7_@)
Hp —H(298)><e Eq. 2

where T is the temperature in Kelvin, AHvap is the compound specific enthalpy of
vaporization, and R is the ideal gas constant (8.31x1073 kJ*K~1*mol~1). Air and water
temperatures were collected hourly using temperature loggers co-located with PSDs at each
sampling site. The average temperature over each deployment was used when correcting
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Henry’s law values for temperature. A dimensionless Henrys law value at 298 Kelvin (H'
(298)) is calculated using equation 3:

H

H,(298) = RT

Eq. 3

where R is the ideal gas constant (8.2057x107°> m3 atm K1 mol~1) and T is the temperature
in Kelvin (298). His the Henrys law value for the compound in atm m3/mol. The total mass
transfer coefficient in equation 1 can be calculated according to equation 4:

1
=t Ea4

where Kj is the air-side mass transfer coefficient and ki, is the water side mass transfer
coefficient. Compound specific diffusivity values for 60 PAHs and 22 OPAHSs in water (Djy,)
were calculated from the molecular weight of each compound based on the relation defined
previously (Schwarzenbach et al., 2002). D;,, were used to calculate Schmidt values as
inputs for water-side mass transfer coefficients. The air-side mass transfer coefficients were
calculated by scaling the wind speed at ten meters above the water surface with the
molecular weight of the compound to the CO», diffusivity and the temperature-corrected
Henry’s law value. Further details of the calculations are described elsewhere (Bamford et
al., 1999a; Johnson, 2010; Tidwell et al., 2016). PSDs were used to sample vapor phase and
freely dissolved concentrations in air and water.

Concentrations in the environment derived from PSDs represent the time-weighted average
concentrations over the course of the deployment period. The flux described in this work is
the time-weighted average net flux over each sampling period. Wind speed as well as air and
water temperature were collected in real-time over the course of each sampling period.
Averaged temperature and wind speed inputs were used in the time-weighted average flux
calculations, Eg. 1 and subsequent inputs. Error estimates shown for each net flux value in
supplementary information Table S1 in the column labeled pooled variance represents the
variance of flux from n=3 air and water replicates deployed at two sites (one inside and one
outside the Superfund site). The difference in magnitude of flux based on the triplicate error
assessments was all less than 30%. The highest of average error found at replicate sites for
each compound was then applied to the remaining sampling sites’ data. Applying additional
uncertainties to mass transfer values applied to averaged values was determined to be an
overly conservative approach. In instances where an analyte was below the LOD in one or
both environmental compartments, net flux was estimated by calculating the environmental
concentration from a value of one half the instrumental LOD as was done in a previous
study (McDonough et al., 2014). Net mass transfer coefficients, wind speeds, and air and
water temperatures are shown in supplementary information Table S1.
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PAH Source Apportionment

PAH isomer ratios have been used to identify point sources for over 30 years (Daisey et al.,
1979; Esen et al., 2008; Galarneau, 2008; Nielsen, 1996). We used a set of isomer ratios to
differentiate between pyrogenic and petrogenic sources. Anthracene/(anthracene
+phenanthrene) ratios <0.1 indicate petrogenic sources and ratios >0.1 indicate pyrogenic
sources (Pies et al., 2008; Tobiszewski and Namiesnik, 2012; Yunker et al., 2002).

Fluoranthene/(fluoranthene+pyrene) ratios =0.5 indicate pyrogenic sources, and ratios <0.4
indicate petrogenic sources (Tobiszewski and Namiesnik, 2012; Zhang et al., 2008). For the
fluoranthene/(fluoranthene+pyrene) ratio, Yunker et al., 2002 suggests that values between
0.4 and 0.5 indicate liquid fossil fuel combustion (Yunker et al., 2002).

Data analysis

Differences between sites were assessed by Wilcoxon rank-sum tests using R version 2.15
software. Differences were considered significant at a probability value of p<0.05.

Quality Control

Quality control (QC) samples accounted for over 35% of the total number of samples
analyzed, and included: PSD preparation blanks, field and trip blanks for each deployment
and retrieval trip, post-deployment cleaning blanks and laboratory reagent blanks. Analyte
concentrations found in QC samples were subtracted from instrumental concentrations
found in environmentally-deployed PSDs. With the exception of naphthalenes all corrections
from concentrations in blank samples resulted in 12% or less correction to final
environmental calculations. Naphthalene and 1-methylnaphthalene corrections ranged
between 20-50% and 10-30% respectively. PAH and OPAH extraction surrogates were
added to all samples immediately prior to PSD extraction. PAH concentrations were
surrogate recovery-corrected during instrumental analysis. OPAH concentrations were not
surrogate recovery-corrected during instrumental analysis. However, extraction surrogates
were employed to calculate percent recoveries, listed below. For both air and water, the
mean extraction surrogate recoveries were 50% for naphthalene-d8, 51% for
acenaphthylene-d8, 75% for phenanthrene-d10, 82% for fluoranthene-d10, 93% for
chrysene-d12, 97% for benzo[a]pyrene-d12, 92% for dibenzo[g,h,i]perylene-d12, 71% for 9-
fluoronone-d8, 47% for 2-methyl-I,4-naphthalenequinone-d8. The average relative percent
difference of ZgoPAH in air sampling field replicates was 21%. Average relative percent
difference of ZgoP AH in water sampling field replicates was 17%. Relative percent
differences of ,0OPAH in air sampling field replicates was 20%. Average relative percent
differences of 2, OP AH among water sampling field replicates was 2%. Field replication
was done in triplicate at one site inside and one site outside of the PHSM.

Human Health Risk Assessment

Quantitative human health risk assessment was used to estimate carcinogenic risks
associated with inhalation exposure to vapor phase PAH mixtures in air, and dermal
exposure arising from recreational activities in water containing PAH mixtures at each site.
Specifically, each individual PAH concentration was multiplied by its relative potency factor
(RPF) assigned by the U.S. EPA, yielding a benzo[a]pyrene equivalent concentration
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(B[a]Peq) (EPA, 2010). A list of RPF values for each PAH that has a potency factor
associated with it is shown in supplementary information Table S3. B[a]Peq was used to
estimate excess lifetime cancer risk associated with this exposure. The excess lifetime cancer
risk (ELCR) estimate can be defined as a probability of the maximum number of potential
cancer cases observed above background that is associated with a given exposure. ELCRS
can be compared to an acceptable risk level (defined by the EPA as a range from one in
10,000 to one in 1,000,000) for a given exposure, to determine whether exposure to
measured levels of pollutants might be concerning (ATSDR, 2006; EPA, 2005). In this work,
an increased ELCR is defined by the authors as a probability or maximum risk exceeding 1
in a million. Risks were estimated for residential and occupational “outdoor worker”
exposure scenarios for the inhalation pathway and recreational swimmer and recreational
angler for dermal exposure to water. Risk estimates were calculated as defined by the U.S.
EPA and the U.S. Agency for Toxic Substances and Disease Registry (ATSDR)’s recent
Public Health Assessment for this site (ATSDR, 2011; EPA, 2014). In all exposure scenarios
the average lifetime was set at 78 years. For the residential inhalation scenario, 26 years was
used as the exposure duration and the exposure frequency was set at 350 days per year, with
a daily exposure of 24 hours. In the outdoor worker inhalation scenario, 225 days per year,
25 years, and 8 hours per day were used for exposure frequency, exposure duration and daily
exposure, respectively. The inhalation unit risk (IUR) value used for inhalation risk
assessment was 8.7 x 1075 ng/m3 (WHO, 2000). For dermal exposure for recreational
anglers and swimmers, the exposure frequency was set at 26 and 156 days per year,
respectively, with exposure duration of one hour per day for 30 years. Surface area of
exposed skin was set at and 1980 cm? for the angler scenario and 19,400 cm? for the
swimmer scenario (ATSDR, 2011). All risk estimates assume exposed individuals are adults.
Risk assessment equations are listed in supplementary information equations S11-S15. All
other exposure factors used in this risk assessment are also defined in supplementary
information.

3.0 RESULTS AND DISCUSSION
PAH and OPAH levels in Air and Water

Z60PAH vapor phase concentrations increased at each site from RM 1 through RM 12,
(Figure 2C). The four PAHSs that contributed most to ZggPAH at all sites were naphthalene,
acenaphthene, fluorene and phenanthrene, contributing 28-52%, 19-23%, 3-8%, and 1-5%
respectively (supplementary information Figure S4). Phenanthrene concentrations in air at
RM 12 were three times higher than the highest phenanthrene concentrations observed in a
previous study using LDPE to sample air near the population center of Cleveland, Ohio
(McDonough et al., 2014). Phenanthrene levels at RM12 were twice as high as the highest ).
Z60PAH concentrations were 33 times higher at RM 12 than in a study where LDPE was
employed to sample air within a tenth of a mile of hydraulic fracturing natural gas well pads
(Paulik et al., 2016a). It is not surprising that PAH concentrations in the PHSM are higher
than near natural gas extraction in rural areas of Ohio, where overall background PAH
concentrations may be lower. However, it is somewhat surprising that PHSM PAH levels are
higher than those found by McDonough et al., in Cleveland, Ohio (McDonough et al., 2014).
Cleveland is a city of a similar size as Portland, but it is in a much more industrially
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developed area. However, the proximity of the Cleveland sampling sites to the great lakes’
large air masses is possibly contributing to dilution of the PAHs from industrial point
sources.

Diagnostic isomer ratios showed evidence of pyrogenic sources at RM 12 (supplementary
information Figure S2). This is consistent with the site being located directly beneath the
U.S. interstate 5 freeway overpass. All sites showed pyrogenic signatures in air, however
sites RM1 through RM 12 showed pyrogenic signatures that are consistent with fossil fuel
combustion, while the site at RM18.5 showed evidence of a wood combustion source. The
distance between U.S. interstate 5 and each sampling site was investigated to attempt to
identify it as a potential significant point source of vapor phase PAHs. Differences between
isomer ratios at the four downriver sampling sites and RM 18.5 were not indicative of the
freeway being the only major point source of pyrogenic PAHs. While RM1 through RM12
all share similar PAH isomer ratios the distance measured in a straight line from sampling
sites to U.S. interstate 5 ranges between 5.2 miles at RM 1 to 0.012 miles at RM 12, while
RM 18.5 is located 2.7 miles from the freeway (supplementary information Table S5). This
suggests that while U.S. interstate 5 does likely produce significant PAH pollution it is not
the only major source contributing vapor phase PAHSs to the PHSM. In Paulik et al., 2016
PAH isomer ratios suggested that PAH mixtures showed a predominantly petrogenic
signature, which is consistent with PAHs coming from fugitive emissions during natural gas
extraction activities (Paulik et al., 2016a). In contrast, PAHs detected at RM 12 showed
evidence of more pyrogenic or mixed signatures, suggesting these PAHs may come from tail
pipe exhaust from the highway overpass, boat and barge traffic on the river, or from
industrial practices (supplementary information Figure S2).

2270OPAH air concentrations were five orders of magnitude lower than sgoPAH air
concentrations at all sampling sites (Figure 2C). This is likely due to the shorter OPAH
analyte list, and the more semi-polar nature of OPAHSs. The semi-polar nature of OPAHs
makes them more likely than PAHSs to partition into the aqueous compartment in greater
quantities. XooOPAH air concentrations were highest at RM 12 and RM 3.5 (Figure 2C).
Z>o0PAH air concentrations at both of these sites were 200-500 times smaller than the two
largest £,o,OPAH air concentrations measured during the Deepwater Horizon incident in the
Gulf of Mexico in a previous study (Tidwell et al., 2016). It is important to note that high OP
AH concentrations were recorded during the Deepwater Horizon incident (DWH) shoreline
oiling events. The DWH sample may therefore be a high estimate of £, OPAH air in the
Gulf of Mexico on average. All other ~,,0OPAH air concentrations measured in the DWH
study were within an order of magnitude of those measured in the PHSM in this study
(Tidwell et al., 2016). The OP AH that contributed most to Z,,OPAH at the two sites with
the highest 9o OPAH in the PHSM was acenaphthenequinone, contributing 65% at RM 3.5,
and 81% at RM 12 (supplementary information Table S1, Figure S3).

The sources of OPAHs may be linked to their parent PAHs found at each site. Acenaphthene
is one of the most abundant PAHs at RM 12, and it is an environmental precursor to
acenaphthenequinone (supplementary information Table S1). Benzofluoreneone was
detected at four of the five sampling sites, with the highest concentration observed at RM 12
(1.14 x 1074 (3.1 x 107°) ng/m3) (supplementary information Table S1). This finding is an
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order of magnitude lower than benzofluoreneone air concentrations commonly detected in
Gulf of Mexico air sampled during the DWH incident (Tidwell et al., 2016). Air
concentrations of benzofluoreneone in the PHSM were significantly lower than vapor phase
concentrations observed by Albinet et al., 2007 in the Marseille region of France, which
encompassed suburban and industrial/urban regions similar to those found at sampling sites
in this study (Albinet et al., 2007). Given this similarity in sampling sites, and that both
techniques focused on vapor phase concentrations, the lower concentrations of
benzofluorenone across the PHSM may be explained by lower concentrations of PAH
precursors. Another potential explanation for the difference in concentrations could be the
result of precursor PAHs undergoing different environmental transformation pathways in and
around the PHSM resulting in different environmental degradation products.

Freely dissolved PAHs in water showed the opposite spatial trend compared to air. In water,
260PAH concentrations were higher downstream at RM 3.5 and RM 1 than at upstream sites
(Figure 2D). Elevated levels of 20 (£4) ng/L at RM 3.5 are similar to those observed in the
PHSM during July and August of 2010 (Matzke et al., 2012). Major PAHSs contributing to
the sum concentration at both RM 1 and RM 3.5 were phenanthrene, pyrene and 2,3-
dimethylanthracene. However, it is important to note that the number and frequency of PAH
detections at all sites is higher in water than in air in this study (supplementary information
Table S1). One possible explanation for the detection frequency in water may be legacy PAH
contamination in sediments that are released over time, while PAHSs in air may be
predominantly from contemporary sources (Sower and Anderson, 2008). Further research on
the flux of PAHSs between sediments and water, and aquatic transformation reactions such as
oxygenation of PAHSs, is warranted to answer these questions.

Z272OPAH water concentrations were an order of magnitude higher than ZgoPAH
concentrations. The highest X,,OPAH concentration in water was 279 (x17) ng/L, measured
at RM 1. OPAH concentrations at this site were significantly elevated compared to all other
sites (p < 0.05). A high degree of variability in OPAH detection frequency and %,,0OPAH
concentrations in water was observed throughout the river system. The sample collected at
RM 11, located inside the Superfund study area, had only one OPAH detected above LOQs.
As a result of the single detection and the relatively low abundance, this site was
significantly different from all other sites (p < 0.01) (Figure 3D, supplementary information
Table 1). RM 12 and RM 18.5 had similar £,,OPAH water concentrations, and
acenaphthenequinone contributed greater than 50% to the total mass of OPAH measured at
both sites. ~o,OPAH in water at RM 3.5 was 4.5 times higher than in the PHSM during 2011
(O’Connell et al., 2014). This increased level of OPAHSs in water, during the same season but
two years later, may be evidence of an episodic event occurring at this site while the
samplers were deployed. The primary OPAH driving the total OPAH concentrations in the
O’Connell et al. study was 9,10-anthraquinone. The 9,10-anthraquinone is primarily derived
from anthracene, which was measured in moderate to low concentrations during the
O’Connell study (Mallakin et al., 2000; O’Connell et al., 2014). However, the primary
contributor to the high total OPAH water concentration during the 2013 sampling was
acenaphthenequinone, which can arise from a variety of parent PAHs including
acenaphthene and acenaphthylene (Selifonov et al., 1996). Both of these PAHs were
measured in water at this site, but not at concentrations significantly different than other sites
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(supplementary information Table S1). This result is consistent with the hypothesis of an
upstream event and subsequent environmental transformation, such as a biogenic or
ultraviolet-induced transformation, occurring while the compounds were transported
downstream.

PAH and OPAH Flux

Understanding the movement of persistent organic pollutants in complex river systems is
important for assessing the source and environmental fate of these compounds. This
information will improve exposure estimates for use in both human health and ecological
risk assessments. The majority of PAHSs that were detected in both environmental
compartments were moving from air to water. Specifically, 16 of these 26 PAHs were in
states of deposition at all five study sites during the sampling period. This suggests that the
PHSM was mainly acting as a sink for air pollutants rather than a source. This is notable, as
it is typically expected that sites of legacy contamination like the PHSM may be a major
contributor of pollution to the surrounding area’s air.

Naphthalene had the greatest magnitude of both volatilization and deposition in this study.
Naphthalene flux changed direction from volatilization to deposition within the PHSM and
remained in deposition until RM 18.5, where volatilization was occurring, but at
significantly lower levels than those seen at RM 3.5 and RM 1 (Figure 2A, supplementary
information Table S1). The magnitude of phenanthrene depositional flux tripled moving
upriver from RM 1 to RM 11. The phenanthrene deposition peaked at —2,180 (+330)
(ng/m?)/day at RM 11 (Figure 2A, Supplementary information Table S1). Phenanthrene
deposition decreased slightly to a rate of —1,580 (+320) (ng/m?)/day at RM 12. It then
significantly decreased at RM 18.5, which is the sampling site six miles upriver of the
PHSM (Figure 2A). Phenanthrene deposition at RM 11 was two times greater than the
highest deposition rates observed by McDonough et al., in a study performed on the Great
Lakes near numerous population centers (McDonough et al., 2014). The difference in
magnitude of depositional flux of phenanthrene between the Great Lakes region and the
PHSM is likely due to the increased air and water mass present in the Great Lakes. The
Great Lakes air and water masses may dilute PAHs emitted from population centers in
McDonough et al. In contrast, the sampling sites in the present study were either within or
very close to the city of Portland, which is located over 100 miles from the Pacific Ocean.
Portland is also protected by geological formations that result in decreased potential for
dilution from large air mass exchange. Another potential factor contributing to the
differences observed between these two studies was the generally lower ambient air
temperatures in PHSM during the same sampling season. Cooler air temperatures result in
increased deposition from the vapor phase, which would be consistent with increased
deposition in the Willamette River in the PHSM (Bamford et al., 1999b).

While the magnitudes of depositional flux of other PAHs were smaller than that measured
for naphthalene, 3 and 4-ring PAHSs in this study were also actively exchanging across the
air-water boundary. Anthracene, fluorene, acenaphthene all followed a similar profile of
depositional increase from RM 1 to RM 12, with a significant decrease in deposition at RM
18.5 (supplementary information Table S1). Pyrene was in deposition at RM 11 and 12 and
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in volatilization at all other sites. Acenaphthene was in a deposition phase at all sites in this
study and had the second largest flux magnitude (Figure 3A). This is in contrast to an
investigation in an industrialized harbor in Taiwan, performed by Meng-Der Fang et al.,
2012, which observed acenaphthene flux in volatilization during the months of September
and October (Fang et al., 2012). This difference may be explained by the different seasonal
weather patterns between these two sampling sites. September and October are the monsoon
season in Taiwan, where daily rain events scrub the air of PAHs and replenish the water
mass, resulting in high water concentrations and low air concentrations that give rise to the
general trend of volatilization (Fang et al., 2012). The PHSM is characterized by extended
dry periods during this time of year. These dry conditions would be expected to result in
periods of steady state or light deposition, however large depositional mass transfers
occurred. This discrepancy suggests that the continual input of PAHs into the atmosphere
from anthropogenic activities in the PHSM is promoting this large depositional paradigm.

Four-ring PAHSs in the family of benzo[x]fluorene had different flux profiles than either
pyrene or 3-ring PAHSs like phenanthrene and fluorene. Net mass transfer for benzo[a],
benzo[b] and benzo[c]fluorene was estimated to be at, or close to, steady state at RM 1, RM
3.5 and RM 18.5. However, deposition from air to water of the benzo[x]fluorene family was
observed at RM 11 and RM 12 (supplementary information Table S1). Benzo[c]fluorene is a
carcinogen, and is of particular interest as the concentrations in air and water results in
deposition at —1.29 x 1071 (2.5 x 1072) (ng/m?2)/day and —2.23 x 1071 (2.1 x 1072)
(ng/m2)/day at RM 11 and RM 12, respectively. The carcinogenicity of benzo[c]fluorene is
discussed below.

The estimated 12-month net flux of phenanthrene in the PHSM at the site with the largest
deposition (RM 11) was —7.9 x 10° (ng/m?)/year. A previous study, using the same
techniques, in response to the Deepwater Horizon incident measured 12-month net flux for
phenanthrene in Louisiana at 0.13 x 10° (ng/m?)/year (Tidwell et al., 2016). The measured
12-month mass transfer of phenanthrene in an industrial harbor in Taiwan was
approximately —400 (ng/m?2)/year (Fang et al., 2012). The Taiwan study takes into account
the cancellation effect of having seasonal cycles of deposition and volatilization, which can
nullify large mass transfers over the course of the year. We sampled in the driest season,
which would potentially bias our sampling event toward conditions that typically favor
deposition. Cool and wet environmental conditions scrubs the air and would result in
increased water concentrations and conditions that promote volatilization (Fang et al., 2012).
However Gustafson and Dickhut found phenanthrene in deposition on both the York River
and the Elizabeth River in the USA during the cool rainy season (Gustafson and Dickhut,
1997). Given the similarities in site characteristics between the PHSM and the York and
Elizabeth Rivers, it is reasonable that phenanthrene is also in deposition during the cold and
raining seasons in the present study. It can further be speculated that the PHSM may not
have significant changes in flux direction in different seasons. This suggests that this site has
significant mass transfer from the activities taking place in and around the PHSM area into
the river. Further assessment of seasonal effects on flux in this system is warranted. Most
importantly, it should be noted that the Willamette River acts as a large sink for PAHs, rather
than a source, both within and outside the PHSM area during this study period.
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The spatial profile of OPAH net flux was quite different than that of PAHs (Figure 3B). All
OPAHs that were detected in both environmental compartments were in a state of
volatilization or at steady state at all sampling sites. Rates of volatilization for
acenaphthenequinone decreased from RM 1 (411 (+20) (ng/m?)/day) to RM 3.5 (110 (£3)
(ng/m2)/day), and then further decreased to a rate of approximately 20 (ng/m2)/day for all
other sites (Figure 3B). Rates of volatilization for 1,4-anthraquinone decreased from RM 1
(42 (+20) (ng/m?)/day) to RM 11 where near steady state was observed, followed by
increased rates that were not significantly different from RM 1 at upriver sites RM 12 and
RM 18.5 (Figure 3B).

An important consideration when using PSDs to assess flux is the time-weighted-average
concentrations that the samplers yield. The flux calculated for the PHSM in this study
represents the average net flux over the entire deployment period. While this can be
interpreted as a positive aspect of this type of assessment, it is important to recognize that
some information may also be lost using this approach. For instance, short-term changes in
flux direction or magnitude may be detected with active sampling techniques using shorter
time periods, but would be masked when using a PSD that is deployed for days to weeks at a
time. PSDs sequester the vapor phase and freely dissolved fractions of compounds in the air
and water, respectively. This phase-specific sequestration makes PSDs especially well-suited
for assessment of the diffusive exchange of compounds at the air-water interface. However,
it is important to note that the diffusive exchange is not the only type of mass transfer that
can occur at the air-water boundary layer. Deposition of wet and dry particles may also
contribute to the total flux of a system, and should be considered when estimating total
contaminant transport. Because these two types of deposition are not accounted for in this
study, the results presented here may represent an underestimation of the total deposition of
PAH and OPAH to PHSM waters.

Human Health Risk Assessment for Exposure to PAHs via Inhalation and Dermal Contact

with Water

The carcinogenic potency of PAH mixtures in air was significantly higher at RM 11 and RM
12 than at other sampling sites, with B[a]Peq concentrations of 0.0599 (+0.004) ng/m?3 and
0.0593 (+0.004) ng/m3, respectively (Figure 3A). Both of these sites are in the heavily
urbanized/industrialized area of Portland Harbor. RM 11 is inside the PHSM, and RM 12 is
just upriver of the PHSM boundary, but adjacent to heavy automobile traffic (Figure 1). The
predominant PAH elevating B[a]Peq at both of these sites is benzo[c]fluorene
(supplementary information Table S1). B[a]Peq concentrations in water were highest at RM
3.5, and benzo[c]fluorene was also the PAH contributing the greatest carcinogenic
equivalence at this river mile. Benzo[c]fluorene was assigned an RPF of 20 in the EPA’s
2010 guidance document (EPA, 2010). This suggests that benzo[c]fluorene is 20 times more
carcinogenic than benzo[a]pyrene. Thus, even a small concentration of benzo[c]fluorene can
dominate the estimated carcinogenic potency of a PAH mixture when the EPA’s 2010 RPFs
are used. No sampling site exceeded a waterborne B[a]Peq concentration of 1 ng/L (Figure
3D). Additionally, increased B[a]Peq concentrations were observed in water at sites
downriver of sites with the highest B[a]Pe in air. This suggests that benzo[c]fluorene in air
is deposited into the water and contributes to B[a]Peg at sites downriver.
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Inhalation-based estimated excess lifetime cancer risk (ELCR) for individuals working
outdoors at RM 11 and RM 12 were 0.38 and 0.37 in one million, respectively. Both of these
values are below the most conservative level of concern (Figure 3B). Inhalation-based ELCR
estimates are higher for residentially exposed individuals: 1.86 and 1.84 in one million for
RM 11 and 12, respectively (Figure 3C). Occupational risk estimates at these two sites are
46 times higher than risk estimates at sites adjacent to hydraulic fracturing natural gas wells
(Paulik et al., 2016b). Residential risk estimates are 1000 times higher than the risk
estimated near natural gas extraction activity (Paulik et al., 2016b). The estimated inhalation
risk at the downriver PHSM site (RM 3.5) was not significantly different than the site
upriver of the PHSM (RM 18.5). The estimated human health risks associated with RPF-
based PAH inhalation during the Deepwater Horizon incident never exceeded the probability
of 1 excess cancer in one million individuals, even during shoreline oiling events in Grand
Isle, Louisiana(Tidwell et al., 2016). This suggests that, even during major environmental
disasters, inhalation risk may actually be lower for individuals in close proximity to spills
than for individuals residing in, or working near, everyday industrial or other anthropogenic
activities that emit PAHs year round. In the case of the Deepwater Horizon, we speculate
that contaminant concentrations in Louisiana air were heavily diluted by the large Gulf of
Mexico air mass (Tidwell et al., 2016). It is important to note that the sampling site with the
second highest lifetime cancer risk calculated in both inhalation paradigms in the present
study (RM 12) is just upriver of the PHSM’s upper boundary. While legacy pollution plays
an important role in human health risk, exposure to modern anthropogenic activities (such as
heavy traffic from freeway overpasses at RM 12) also has substantial potential to negatively
impact human health. No prior assessment of increased ELCR attributed to inhalation
exposure in the PHSM has been performed (ATSDR, 2011). Thus, it is an important finding
that risk estimates associated with inhaling vapor phase PAHs were relatively low.

The greatest estimated ELCR for dermal exposure to water while swimming was measured
at RM 3.5 (Figure 3E). Similar to the inhalation exposure pathway, benzo[c]fluorene was the
PAH contributing most heavily to estimated carcinogenic risk from skin contact with water
at this site. The estimated ELCR at RM 3.5 for dermal water exposure for anglers exceeded
the 1 in one million baseline level, but was an order of magnitude lower than ELCR
estimated for a swimming exposure (Figure 3.3F).

The U.S. ATSDR performed a Public Health Assessment (PHA) for PHSM in 2006,
assessing cancer risk associated with PAH exposure through fish consumption and dermal
exposure to river water and sediment.(ATSDR, 2006; ATSDR, 2011) It is unclear in the
2011 ATSDR Final Release PHA whether the freely dissolved fraction or the total PAH
(freely dissolved plus particulate-bound) concentration was used to assess carcinogenic risk
related to dermal exposure. The PSDs used in this study sequester only the freely dissolved
fraction of PAHSs in water, which is considered the bioavailable fraction (Greenberg et al.,
2014). The highest estimated ELCR for recreational swimmers in this study is 1.5 time
greater than the carcinogenic risk estimated by the ATSDR in 2011 (Figure 3E,
supplementary information Table S4) (ATSDR, 2011). This discrepancy is likely due to the
expanded list of PAHSs assessed in this study, and the high carcinogenic potencies of some of
these PAHSs on the EPA’s 2010 RPF list (EPA, 2010). Given these methodological
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differences, this difference should not be interpreted as an increase in carcinogenic PAH
concentrations in the river system between the years of 2011 and 2013.

A direct comparison of the seven PAHSs used to assess carcinogenicity in the ATSDR PHA
and measured in the present study is in supplementary information Table S4. Similar to the
2011 ATSDR PHA, no individual carcinogenic PAH exceeded the baseline level of concern
in this study. However, when comparing the sum of the same seven PAHSs used in the
ATSDR 2011 PHA and this study, RM 3.5 and RM 1 exceeded the 1 in one million baseline
level of concern set in this study (supplementary information Table S4).

Risk Assessment Limitations

There are many uncertainties inherent in risk assessment. These include extrapolating from a
relatively short sampling period to a lifetime of exposure, making assumptions about
exposure duration and frequency, and extrapolating from stationary sampling data to the
exposure of mobile humans. These uncertainties are not unique to the risk estimate in this
study. However, they should be taken into consideration when interpreting its findings.
Exposure factors estimating exposure frequency and duration were estimated based on U.S.
EPA and ATSDR guidance (ATSDR, 2011; EPA, 2014). It should be noted that changing
any one of these factors can substantially affect risk estimates. For instance, the residential
inhalation risk assessment assumes exposure occurs for 26 years. This assumes that exposed
individuals live near the measured PAH levels for the majority of their adult lives. If it were
instead estimated that exposure only occurred for one year, risk estimates would decrease by
a factor of 26. This could substantially change the interpretation of potential risk.

It should also be considered that PAH levels in this risk assessment were measured for a few
weeks of the year. The risk assessments, however, assume that exposure occurs consistently
for 25-30 years. There is potential for PAH levels to vary with seasonal changes, and from
year to year (Sower and Anderson, 2008). If PAH levels were lower than average during the
sampling period, for instance, this could produce artificially low estimates of chronic risk. In
future work, this uncertainty could be mitigated by sampling PAHs at multiple times
throughout the year, or over the course of multiple years.

The HHRA performed in this study focuses solely on cancer as an endpoint of concern.
Non-cancer endpoints such as increased asthma incidence and decreased intelligence
quotient in children have been statistically correlated to PAH exposure; OPAH compounds
have been shown to have potential negative impacts such as generation of ROS (Chung et
al., 2006; Gale et al., 2012; Perera et al., 2009). Additionally, the air samplers used in this
study only absorb PAHSs in the vapor phase, omitting the particulate-bound fraction. Because
the particulate-bound fraction is known to contain carcinogenic PAHS, this study’s HHRA
may underestimate potential carcinogenic risk associated with inhalation. The relevance of
performing risk assessment using the vapor phase has been questioned due to the propensity
of higher molecular weight PAHSs to be in higher abundance in the particulate fraction.
However, researchers have observed that the carcinogenic B[a]Peq can be dominated by
PAHs in the vapor phase (Ramirez et al., 2011; Tsai et al., 2002). These findings provide
impetus to perform risk assessments considering the vapor phase fraction of contaminants,
even when data for the particulate fraction is not available.
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Risk estimates presented here can be used to compare how exposure to PAH mixtures
measured at different sites may affect lifetime cancer risk in humans. Importantly, they are
not actual observations of cancer incidence. These risk estimates are, however, useful for
comparing potential carcinogenicity among sites and through different exposure scenarios.
They are also useful for prioritizing plans for remediation and mitigation. Furthermore, the
estimated ELCR values associated with PAH inhalation suggest the potential for impact to
other species, specifically marine mammals that respire at the air-water interface.

4.0 CONCLUSIONS

The Willamette River acted as a sink, rather than a source, for the majority of vapor phase
PAHs measured in this study at sites both within and outside of the PHSM. Elevated PAH
deposition rates outside the PHSM show that some contaminants measured within the
PHSM may be coming from sources that are not directly related to the site’s Superfund
designation. An additional component of diffusive flux that should be investigated in the
future is the exchange between water and sediment pore-water. This would further complete
the picture of contaminant fate. Estimated ELCRs showed that chronic inhalation exposure
to PAH concentrations measured within the PHSM boundaries during this study would
slightly increase lifetime cancer risk. Estimated ELCRs for dermal exposure to water
exceeded baseline levels of concern. Due to the short sampling period and subsequent
extrapolation of the data used to estimate ELCRs, care should be taken in interpreting
estimations of increased cancer risk. Estimated ELCRs are meant to enable comparison and
prioritization of carcinogenic risk among different sites and through different exposure
routes. The authors call for further investigation of inhalation-based risk within and around
the PHSM, and at other similarly contaminated urban sites.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights:

Superfund sites are suspected sources of risk-driving PAH air pollution

Passive air and water samplers enable quantitative PAH and OPAH flux
assessment

The Portland Harbor Superfund Mega-site is an air pollutant sink, not a
source

PAH deposition was greatest at a site upriver of the Superfund site

Inhaling PAHs measured in the Superfund increases estimated cancer risk
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River mile 1 River mile 3.5 River mile 11 River mile 12 River mile 18.5

Figure 1:
A: Willamette river from river mile 20 to the confluence of the Willamette and the

Columbia. Blue box designates Portland Harbor Superfund study area from river mile 1.9 to
river mile 11.8. Yellow pins designate sampling sites. B: Close up sections of each sampling
site. River mile 1 adjacent to agricultural lands, river mile 3.5 and 11 located within the
Superfund, river mile 12 located in highly urbanized region, river mile 18.5 located near
residential region.

Sci Total Environ. Author manuscript; available in PMC 2018 December 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Tidwell et al.

Page 24
6000
T PAH
\ »
0 t______:—_—_—:—_—::‘_-_-:\.\_\__._\__ . ——/_';/:/-":f
'\q._\_-\_-‘-\-'—:-"-\-.. S ——— T e - /s
A' o \\ . T - /.//
-6000 N Y.
AN ) . _./
) N , "
2 r2000 BRaS ~
o - —-+— Fluorene h“'%x‘h //
E —-=— Haphthalene Rl
——+-— Phenanthrene
S~ + - Acenaphthene
2 18000
— —-#— 14-anthraquinone
X . "o S OPAH
[ 400 5
- \
(U \\
=
160 - .
.-
B. 80 - -
.__—‘"———--_____.______ e - ‘--"’g__‘_—__'——::::‘
0 o B e S =T - o
1 3.5 11 12 18.5
River Mile
400
t":E‘ "E 0.09
S 300 =4
C. I 0.06
< 200 =
o
[=]
%o 100 N 0.03
? ?
0 0.00
40
3 Water 3 300
D. 230 2 200
z z
& 20 & 100
2 © B
Z 10 s 4
w a 2
0 \g‘\ -5‘:3 AN N Q,f) 0 N -3,." A N %.‘9
ST R OMEONPCR
Figure 2:

A: Four PAHSs that had the greatest mass transfer across the superfund. Naphthalene had the
greatest deposition of all PAH. B: Flux of three OPAHSs that resulted in the greatest mass
transfer. C: 260 PAHs and ~22 OPAHs in air. D: Zgg PAHSs and Xy, OPAHS in water. Error
bars represent 95% confidence interval calculated from N=3 replicates at two sites and
applied to the other sites.
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Figure 3:

A: Carcinogenic potency in benzo[a]pyrene equivalence of PAHs measured in air at each
river mile. Error bars represent 95% confidence interval calculated from N=3 replicates at
two sites and applied to the other sites. B: Number of individuals exceeding the 1 in 1
million level of concern using an occupational inhalation ELCR. C: Number of individuals
exceeding the 1 in 1 million level of concern using a residential inhalation ELCR. D:
Carcinogenic potency in benzo[a]pyrene equivalence of PAHs measured in water at each
river mile. Error bars represent 95% confidence interval calculated from N=3 replicates at
two sites and applied to the other sites. E: Number of individuals exceeding the 1 in 1
million level of concern using a dermal exposure recreational swimmer ELCR. F: Number
of individuals exceeding the 1 in 1 million level of concern using a recreational fisher person
dermal exposure ELCR.
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