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Natural gas extraction (NGE) has expanded rapidly in the United States in recent years. Despite concerns,
there is little information about the effects of NGE on air quality or personal exposures of people living or
working nearby. Recent research suggests NGE emits polycyclic aromatic hydrocarbons (PAHs) into air.
This study used low-density polyethylene passive samplers to measure concentrations of PAHs in air near
active (n¼ 3) and proposed (n¼ 2) NGE sites. At each site, two concentric rings of air samplers were
placed around the active or proposed well pad location. Silicone wristbands were used to assess personal
PAH exposures of participants (n¼ 19) living or working near the sampling sites. All samples were
analyzed for 62 PAHs using GC-MS/MS, and point sources were estimated using the fluoranthene/pyrene
isomer ratio.

P
PAH was significantly higher in air at active NGE sites (Wilcoxon rank sum test, p < 0.01).

PAHs in air were also more petrogenic (petroleum-derived) at active NGE sites. This suggests that PAH
mixtures at active NGE sites may have been affected by direct emissions from petroleum sources at these
sites.

P
PAH was also significantly higher in wristbands from participants who had active NGE wells on

their properties than from participants who did not (Wilcoxon rank sum test, p < 0.005). There was a
significant positive correlation between

P
PAH in participants' wristbands and

P
PAH in air measured

closest to participants’ homes or workplaces (simple linear regression, p < 0.0001). These findings sug-
gest that living or working near an active NGE well may increase personal PAH exposure. This work also
supports the utility of the silicone wristband to assess personal PAH exposure.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Natural gas extraction (NGE) from shale has expanded rapidly in
the United States in the last 15 years. This is largely due to tech-
nological improvements to hydraulic fracturing and horizontal
drilling (colloquially known as “fracking”), which liberate previ-
ously inaccessible gas reserves from shale (EIA, 2011).

There is a need for data that directly assesses the environmental
and public health impacts of NGE (Adgate et al., 2014; Goldstein
et al., 2014; Penning et al., 2014). Some studies have acknowl-
edged that reduced air quality may be the most significant risk to
communities near NGE (McKenzie et al., 2012; Litovitz et al., 2013;
e by Eddy Y. Zeng.

.A. Anderson).

Ltd. This is an open access article u
Adgate et al., 2014; Bunch et al., 2014; Colborn et al., 2014;
McKenzie et al., 2014; Roy et al., 2014; Shonkoff et al., 2014; Boyle
et al., 2016; Fawole et al., 2016; Paulik et al., 2016a; Rasmussen
et al., 2016). There is evidence that NGE emits methane (Brandt
et al., 2014; Brantley et al., 2014), volatile organic compounds
(VOCs) (McKenzie et al., 2012; P�etron et al., 2012; Macey et al.,
2014; Roy et al., 2014; Marrero et al., 2016) and semi-volatile
organic compounds (SVOCs) (Colborn et al., 2014; Paulik et al.,
2016a). Recent studies have concluded that exposure to NGE
emissions may pose health risks, and that many important data
gaps remain (Shonkoff et al., 2014; Ward et al., 2016).

One class of SVOCs that has been measured in air near NGE is
polycyclic aromatic hydrocarbons (PAHs) (Colborn et al., 2014;
Paulik et al., 2016a; Elliott et al., 2017). PAHs are pervasive envi-
ronmental pollutants that are commonly associated with fossil fuel
production (Ana et al., 2012). PAHs are also commonly associated
with and adverse health outcomes such as increased cancer risk
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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(Menzie et al., 1992; Baird et al., 2005), respiratory distress (Miller
et al., 2004; Padula et al., 2015), and developmental effects (Perera
et al., 2009; Perera and Herbstman, 2011).

PAHs exist in two states in air: freely dissolved in the “gas phase”
and bound to particles in the “particulate phase”. The majority of
research on health effects of inhaling PAHs has focused only on
PAHs measured in the particulate phase. However, a growing body
of evidence suggests that PAHs in the gas phase also contribute to
the toxicity of inhaled PAH mixtures (Tsai et al., 2002; Liu et al.,
2007; Samburova et al., 2017).

While carcinogenic potencies are typically higher for individual
PAHs with higher molecular weights, lower molecular weight PAHs
are often present at significantly higher concentrations in the gas
phase; this can increase the contribution of gas phase PAHs to the
total carcinogenic potency of a PAH mixture (Liu et al., 2007). In a
recent review, Samburova et al. evaluated 13 studies and concluded
that only measuring particulate phase PAHs significantly under-
represented the carcinogenic potency of PAHmixtures compared to
measuring both the gas and particulate phases (Samburova et al.,
2017). Samburova et al. made the recommendation that “gas-
phase PAHs be included because of their strong contribution to the
total [carcinogenic potency]” (Samburova et al., 2017). These find-
ings provide rationale for measuring exposure to the fraction of
PAHs in the gas phase, even if data for the particulate fraction is not
available.

Increased understanding of the environmental fate of PAHs
emitted from NGE would answer questions about the potential
environmental health impacts of these emissions.

As air quality sampling moves toward more cost-effective and
user-friendly techniques (Snyder et al., 2013), passive air sampling
is becoming an increasingly more relevant tool. Low-density
polyethylene (LDPE) passive samplers sequester freely dissolved
lipophilic compounds through passive diffusion in a time-
integrated manner (Huckins et al., 2006; Anderson et al., 2008;
Lohmann, 2012; O'Connell et al., 2014; Paulik et al., 2016b; Tidwell
et al., 2017). Since the development of LDPE as an air sampler in the
1990s, many studies have demonstrated its ability to measure gas
phase PAHs in air (Petty et al., 1993; Prest et al., 1995; Bartkow et al.,
2004; Khairy and Lohmann, 2012; Paulik et al., 2016a). In this study,
stationary LDPE passive air samplers were used to perform spatial
assessments of PAH concentrations in air at five NGE sites: three
sites with active NGE wells and two proposed NGE sites. This
sampling design allowed for assessment of emissions from the
point sources and spatial assessment of PAHs in air at these sites.

In addition to questions surrounding the environmental fate of
PAHs emitted from NGE, there is concern regarding human health
and personal exposure to PAHs emitted from NGE (Penning et al.,
2014; Werner et al., 2015). Some studies have used data from sta-
tionary monitors to estimate community-level health impacts
(McKenzie et al., 2012; Bunch et al., 2014; Colborn et al., 2014;
Marrero et al., 2016; Paulik et al., 2016a), while others have used
health records or questionnaire responses to approximate indi-
vidual health impacts of NGE (Brasier et al., 2011; Bamberger and
Oswald, 2014; McKenzie et al., 2014; Rabinowitz et al., 2015;
Rasmussen et al., 2016; Tustin et al., 2016). Still others have pre-
dicted exposures associated with NGE from emissions inventories
or known toxicity information of chemicals reportedly used in NGE
(Colborn et al., 2011; Roy et al., 2014; Boyle et al., 2016; Elliott et al.,
2017). Personal monitoring is an effective tool for assessing in-
dividuals’ contaminant exposures, as personal monitors yield more
accurate exposure estimates than approximating exposure from
questionnaires or extrapolating exposure from stationary moni-
toring data (Bohlin et al., 2007, Paulik and Anderson, 2018). To date,
no study has directly measured personal PAH exposures of people
living or working near active NGE wells.
Personal exposure to PAHs and other SVOCs has previously been
assessed by active and passive personal monitors (Perera et al.,
2003; Bohlin, Jones et al. 2007, 2010; Zhu et al., 2011; Herbstman
et al., 2012). The silicone wristband (hereafter “wristband”), is a
novel personal sampler that absorbs VOCs and SVOCs (O'Connell
et al., 2014; Donald et al., 2016; Kile et al., 2016; Bergmann et al.,
2017; Dixon et al., 2018). The wristband is lightweight, small, and
easy to use, and it does not require a motor or batteries. In this
study, 23 participants living or working near the five stationary air
sampling sites wore wristbands to assess their personal PAH
exposures.

This study combined stationary and personal passive sampling
techniques to: a) compare PAH concentrations in air at active and
proposed NGE sites, b) compare sources of PAHs at active and
proposed NGE sites, and c) assess the contribution of active NGE
wells to personal PAH exposure.

2. Materials and methods

2.1. Site description

This study was conducted in Carroll County and bordering
counties of rural eastern Ohio, in the United States. This region has
been heavily affected by the U.S. natural gas boom, as it sits atop
natural gas and oil reserves in both the Utica and Marcelles shale
formations. In 2014 Carroll County had the highest number of
active wells in Ohio (Carlton et al., 2014). This historically rural
region was expected to have limited pre-existing anthropogenic
sources of pollution, relative to an industrial area or a city. The
sampling was conducted on individual residential properties. The
exact sampling locations are therefore not provided to protect the
confidentiality of the participants. Landowners for stationary
sampling and participants for personal sampling were identified
through collaboration with a local community group. This study
was approved by the Institutional Review Boards (IRB) at the Uni-
versity of Cincinnati (UC) and Oregon State University (OSU); UC
was the IRB of record.

2.2. Sampling design

Stationary passive LDPE air samplers (hereafter referred to as
LDPE) were deployed at five sites that were permitted for NGE
activity. At the time of the study three of those sites had active NGE
well pads, with NGE activity occurring on the well pads during the
sampling period (hereafter referred to as “active” sites, labeled as
sites A1-A3). These sites also had small service roads leading to the
NGE well pads. The remaining two sites had neither well pads nor
NGE activity occurring at the time of sampling (hereafter referred
to as “proposed” sites, labeled as sites P1-P2). Sites were selected
from a prior air sampling campaign (Paulik et al., 2016a) based on
their NGE status. Landowners from each site agreed to have air
samplers and communicate with study team regarding activity on
the sites (e.g., farming activity, new NGE activity, planting/grazing
needs). During sampler deployment, researchers trained land-
owners in protocols necessary to maintain sample integrity while
retrieving and mailing LDPE to OSU for analysis.

At each site, six stationary air sampler cages were arranged in
two concentric rings (each containing three LDPE samplers) around
either the active NGE well pad or the proposed NGE well pad
location (Fig. 1). This design yielded a total of 30 samplers. The
inner and outer rings of samplers were 55e60m and 112e122m,
respectively, from the edges of the active or proposed well pads at
each site. Researchers worked with landowners to choose specific
locations for sampling cages within each site. Care was taken to
minimize both a) inputs from potentially confounding PAH sources



Fig. 1. Schematic of spatial sampling design at each of the five stationary LDPE air
sampling sites. Each circle (n¼ 6) represents one sampling cage, each containing three
LDPE passive air sampling strips. Sampling cages were arranged in two approximately
concentric circles surrounding either the well pad, or the proposed well pad location,
at each stationary air sampling site.
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and b) inconvenience to landowners. Sampling occurred from May
to June, 2014 and the average air temperature was 20± 0.67 �C.

Using a targeted recruitment approach, 23 participants wore
wristbands during the same air sampling period. Each participant
wore one wristband throughout the three week sampling period.
During deployment, researchers trained participants in protocols to
preserve sample integrity while wearing the wristbands and
returning them to OSU for analysis. This technique of training
participants to complete sampling protocols has been previously
used (Rohlman et al., 2015; Paulik et al., 2016a).

Participants were also asked to complete daily exposure logs in
order to identify other potential PAH exposure sources such as
cigarette smoking, exhaust from heavy machinery, and wood
smoke. Summary statistics were calculated for each participant to
assess exposure to these other common sources of PAHs.

2.3. Sample preparation, cleaning, and extraction

LDPE and wristband samplers were transported in airtight
polytetrafluoroethylene bags. LDPEwas cleaned before deployment
using hexanes as described in Anderson et al. 2008 (Anderson et al.,
2008). Each LDPE strip was infused with performance reference
compounds (PRCs) to enable calculation of in situ sampling rates
and time-integrated air concentrations, as described in Sower and
Anderson and references therein (Sower and Anderson, 2008).
PRCs used in this study were fluorene-d10, pyrene-d10 and benzo
[b]fluoranthene-d12. PRCs were spiked into LDPE at 1e19 mg per
strip. Samplers were cleaned after deployment in two isopropanol
baths and subsequently extracted using two dialyses with n-hexane
at room temperature (Anderson et al., 2008). Silicone wristband
samplers were prepared as previously described. After deployment,
wristbands were cleaned in 18MU*cmwater to remove any debris
from the surface and then quickly rinsed in isopropanol (O'Connell
et al., 2014). Wristbands were extracted using two dialyses with
ethyl acetate at room temperature (O'Connell et al., 2014).

Prior to extraction all samples were spiked with deuterated PAH
extraction surrogate standards (specified in Table S1). All
concentrations are surrogate corrected. All extracts were quanti-
tatively concentrated to 1mL using TurboVap closed cell evapora-
tors, transferred to amber chromatography vials, and stored
at �20 �C until analysis.

2.4. Chemical analysis

Samples were analyzed for 62 PAHs using an Agilent 7890A gas
chromatograph interfaced with an Agilent 7000 GC/MS-MS. An
Agilent Select PAH column was used and each PAH was calibrated
with a curve of at least five points, with correlations �0.99
(Anderson et al., 2015). Limits of detection (LODs) in air were
�0.50 ng/m3, and LODs inwristbands ranged from 0.050 to 1.4 ng/g
wristband, specified in Table S1.

2.5. Air concentration calculations for LDPE

Gas phase air concentrations (ng/m3) of PAHs measured in LDPE
were calculated using PRCs. In situ sampling rates (RS) for each PAH
were calculated as described by Huckins et al. (Huckins et al., 2006)
incorporating deployment time, the temperature-corrected
sampler-air partition coefficient (Ksa(T)), logKoa, and initial amount
of PRCs. LogKoa values and the selected PRC for each compound are
in Table S2. Temperature-corrected Ksa values (Ksa(T)) were calcu-
lated using a modified van ’t Hoff equation (Khairy and Lohmann,
2012). Average PRC concentrations of fluorene-d10, pyrene-d10
and benzo[b]fluoranthene-d12 retained in LDPE samplers after
deployment were 0.05, 44 and 61% of the initial concentrations,
respectively. Previous studies have suggested that sampling rates
are estimated most precisely when the fraction of PRCs retained in
the samplers after deployment is between 20 and 80% (S€oderstr€om
and Bergqvist, 2004; Booij and Smedes, 2010). Therefore pyrene-
d10 and benzo[b]fluoranthene-d12 were used to calculate all air
concentrations. Further explanation of the air concentration cal-
culations is included in the Supplementary Data as Eqns. S1-S9. Air
concentrations of individual PAHs measured at the five stationary
air sampling sites are provided in Tables S3eS7.

2.6. PAH sourcing

A PAH isomer ratio was used to determine source signatures of
PAH mixtures. Fluoranthene and pyrene are an isomer pair that is
often used to diagnose whether a PAH mixture is predominantly
petrogenic (petroleum-derived) or pyrogenic (combustion-
derived) (Budzinski et al., 1997; Wang et al., 1999; Yunker et al.,
2002; Fabbri et al., 2003; Pies et al., 2008; Zhang et al., 2008;
Tobiszewski and Namie�snik, 2012). Fluoranthene/pyrene ratios
>1.0 indicate pyrogenic sources, while ratios <1.0 indicate petro-
genic sources (Budzinski et al., 1997; Wang et al., 1999; Fabbri et al.,
2003). Using more than one isomer ratio can help strengthen
sourcing inferences, but other PAHs that are commonly used in
sourcing ratios were not consistently detected in this study.

2.7. Natural gas production data

Natural gas production data was obtained from the Ohio
Department of Natural Resources’ database (DNR). Average daily
production rates were calculated from amounts of natural gas
produced in the quarter when this sampling campaign occurred.

2.8. Distance comparisons

Active and proposed NGE well locations were obtained from
permit records from the Ohio Department of Natural Resources’
division of Oil and Gas Production (DNR). ESRI ArcGIS version 10.2.2
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was used to produce stationary sampling maps, used in Supple-
mentary Data Figs. S1 and S2, and to measure distances between
sampling locations and NGE wells.

Wristband participants’ reference locations (home or work-
place) were geocoded, and then distances were measured from
each reference location to the nearest active NGE well within
10 km. Previous research suggests that NGE influences SVOC ex-
posures most heavily within ~1e3 km from active wells (McKenzie
et al., 2012; Paulik et al., 2016a). Therefore 10 km was chosen as a
conservative cutoff for inclusion criteria for analyses of wristbands.
There were two wristband participants who had no active wells
within 10 km of their reference locations. These two participants
were therefore excluded from all analyses presented here. There
were an additional two participants whose wristbands were
excluded from all analyses due to lack of compliance with protocol.
Excluding these four wristbands yielded a total of 19 wristbands
that were included in all analyses. These 19 wristbands were
divided into three participant groups as follows: within 0.75 km of
an active NGE well (“Well on Property”, n¼ 3), between 0.75 and
2.0 km of an active NGE well (“Well Nearby”, n¼ 4), and 2e10 km
from the nearest active NGE well (“No Well Nearby”, n¼ 12).
2.9. Statistical analyses

Wilcoxon rank sum tests were performed to assess statistical
differences between PAHs measured in stationary air samples near
active and proposed NGEwells, in inner and outer rings at each site,
and in wristbands of participants living or working at various dis-
tances from active NGE wells. Signed-rank tests were used to
compare average fluoranthene/pyrene source signatures at each air
sampling site to 1.0. These tests were used to assess whether PAH
mixtures in air at each sites were predominantly petrogenic or
pyrogenic. The statistical software programs R (version 2.15.3) and
JMP PRO (v12) were used to perform these analyses. A Spearman's
rho correlation was used to explore correlations between PAHs and
production of natural gas; further detailed in the Supplementary
Data. For all comparisons, results were deemed significantly
different when a< 0.05.

Principal component analysis (PCA) was used to compare
P

PAH
inwristbands, the distance from participants' reference locations to
the nearest active NGE wells, reported cigarette exposures, re-
ported days exposed to exhaust from heavy machinery, and the
petrogenic or pyrogenic source signature of PAH mixtures in
wristbands. Cigarette exposure is reported as the sum of the
number of cigarettes each participant reported smoking over the 3
week period. PCA was performed using Primer version 6.1.1.3.
Pearson's correlation coefficients for all pairwise correlations be-
tween the variables included in the PCA are presented in Table 1.

PAH concentrations that were below LODs were treated as zeros
in all data analyses.
2.10. Quality control (QC) and results

Quality control samples included passive sampler preparation
blanks, trip blanks, extraction blanks, instrument blanks, and
continue calibration verifications (CCVs). Approximately 50% of
analyzed samples were QC. Perylene-d12 was used as an internal
standard. The majority of PAHs were below LOD in all blank QC
samples. If present, concentrations in blank QC samples were
averaged and subtracted from sample concentrations. Average re-
coveries of individual extraction surrogate standards (Table S1)
ranged from 46 to 97% for LDPE and from 50 to 87% for wristbands,
averaging 69% in all extractions. PAHs were within ±20% of the true
value for >80% of PAHs in all of the CCVs.
3. Results and discussion

3.1. Sample retrieval and participant compliance

Participants mailed the stationary LDPE air samplers and
wristbands back to OSU after deployment with over 97% and 91%
compliance, respectively. Compliance rates were determined by
assessing whether participants followed sampling protocols to
prepare and return the samples to the laboratory via USPSmail. The
high rates of compliance suggest that passive sampling is a robust
and fit-for-purpose technology that can be reliably deployed in
collaboration with community members.

The high compliance rate with the wristband is of note. Tradi-
tional personal sampling tools can be noisy, cumbersome, and
require power; these factors may reduce participant compliance
(Bohlin et al., 2007). Previous studies that have incorporated the
wristband have also observed high participant compliance rates
(Donald et al., 2016; Kile et al., 2016; Bergmann et al., 2017; Dixon
et al., 2018).

3.2. PAHs at active and proposed well sites

Overall, average
P

PAH concentrations in air were significantly
higher at active NGE sites than at proposed well sites (Wilcoxon
rank sum test, p¼ 0.0058) (Fig. 2, Table S8). Median

P
PAH in inner

rings of air samples were significantly higher at active NGE sites
than at proposed well sites (Wilcoxon rank sum test, p¼ 0.00080).
Stronger spatial trends between

P
PAH in air and NGE activity were

observed in inner rings of stationary air samples than outer rings
(Fig. S1, Table S9). In contrast to inner rings,

P
PAH in the outer

rings of samples were not significantly different between active and
proposed NGE sites (Wilcoxon rank sum test, p¼ 0.46) (Fig. S1,
Table S9). This suggests that PAH emissions are elevated near active
NGE sites, but that these elevated PAH concentrations dissipate
quickly at ground level.

In addition to natural gas, sites A1 and A3 were producing oil
during the deployment period (DNR); this could contribute to the
spatial trends of PAHs observed. At site A2,

P
PAHwas highest in air

samplers closest to a service road leading to the well pad (Fig. S1),
suggesting that service road activity was an additional source of
PAHs at this site. At the proposed NGE sites there were generally no
P

PAH trends between the inner and outer air samples (Fig. S1).
This is consistent with the absence of known PAH point sources at
the proposed NGE sites.

3.3. Air PAH sourcing

Fluoranthene/pyrene isomer ratios less than 1.0 suggest petro-
genic, petroleum-derived, sources while ratios greater than 1.0
suggest pyrogenic, combustion-derived sources (Budzinski et al.,
1997; Wang et al., 1999; Fabbri et al., 2003). Stronger trends were
observed between

P
PAH and PAH source signature in inner rings

of stationary air samples than outer rings (Fig. S2, Table S9). In the
inner rings of air samples, higher

P
PAH was associated with more

petrogenic PAH mixtures, and lower
P

PAH was associated with
more pyrogenic PAH mixtures (Simple linear regression, R2¼ 0.77,
p< 0.001) (Fig. 3). In the outer rings of air samples, there was no
correlation between

P
PAH concentration and source signature

(Simple linear regression, R2¼ 0.01, p¼ 0.66) (Fig. 3). This is further
evidence suggesting that PAH emissions from NGE diffused quickly,
affecting only inner rings of stationary air samples.

Overall, PAHmixtures in air were more petrogenic at active NGE
sites (A1-A3) (Fig. 2). At active NGE sites A1 and A3, average source
signatures were significantly below 1.0, indicating petrogenic
sources (signed-rank tests, p¼ 0.016 and 0.016, respectively). At the



Table 1
Pearson's correlation coefficients representing pairwise correlations between the variables included in the PCA presented in Fig. 4. Significant correlations are highlightedwith
bold text.

Fig. 2. Average
P

PAH and average source signature measured in air at the active (A1-
A3) and proposed (P1-P2) NGE sites. Source signature was measured using the fluo-
ranthene/pyrene isomer ratio. Values of this ratio <1.0 indicate a petrogenic source;
these values are shaded blue. Values of this ratio >1.0 indicate a pyrogenic source;
these values are shaded red.

Fig. 3.
P

PAH vs. the flouranthene/pyrene source signature in individual air samples
from all five stationary air sampling sites (active and proposed). Data are separated
into the inner and outer rings of air samplers. There was a negative correlation be-
tween

P
PAH and the source signature for air samples in the inner rings of air samplers

(simple linear regression, R2¼ 0.77, p< 0.001). In contrast, there was no correlation
between

P
PAH and the source signature for air samples in the outer rings of air

samplers (simple linear regression, R2¼ 0.01, p¼ 0.66).
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A2 site the average source signatures were not significantly
different than 1 (signed-rank test, p> 0.05). Fugitive emissions of
hydrocarbons from oil would also have petrogenic signatures, and
would contribute to the petrogenic signatures measured at sites A1
and A3. These comparisons indicate that, on average, PAHmixtures



Fig. 4. Principal Components Analysis (PCA) comparing
P

PAH in participants' wrist-
bands, the distance from participants' home or workplaces to the nearest active NGE
well, the petrogenic or pyrogenic signature measured in wristbands (assessed by the
fluoranthene/pyrene isomer ratio, where smaller values suggest more petrogenic
sources), and participants' self-reported exposures to cigarette smoke and to exhaust
from heavy machinery during the study. The shape of the symbol represents each
participant's group, indicating the proximity of their home or workplace to the nearest
active NGE well. Pearson's correlation coefficients for all pairwise correlations among
the variables included in this PCA are provided in Table 1.
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in air were petrogenic or mixed at active NGE sites (Fig. 2, Table S8).
Overall, PAH mixtures in air were more pyrogenic at proposed

NGE sites (P1-P2) (Fig. 2). At proposed NGE site P2, the average
source signature was significantly higher than 1.0, indicating a
pyrogenic source (signed-rank test, p¼ 0.031). At site P1, the
average source signature was not significantly different than 1.0
(signed-rank test, p> 0.05).

The relationship between the source signature and daily natural
gas production was also used to assess the impact of NGE on PAHs
in air. There was a significant negative correlation between the
fluoranthene/pyrene ratios from inner rings of air samples, and the
daily natural gas production at the nearest active NGE site
(Spearman rho correlation¼�0.58, p¼ 0.0028). Thus, stronger
petrogenic profiles were found in air near NGE wells that were
producing more natural gas during this study. This is consistent
with observations made in a previous study, where petrogenic PAH
signatures were observed in air within 0.1 mile (160m) of NGE
wells (Paulik et al., 2016a).

3.4. Comparison of PAH concentrations in air to previous research

In the present study,
P

PAH concentrations in air at sites with
active NGE wells (sites A-C) ranged from 19e48 ng/m3 and

P
PAH

concentrations in air at sites with proposed NGE wells (sites D and
E) ranged from 9.4e34 ng/m3. In general, these

P
PAH values are

higher than what has been previously reported in ambient air in
rural areas.

In a previous study, Motelay-Massei et al. used passive samplers
to measure PAHs in air in rural, suburban, and urban areas of Tor-
onto (Motelay-Massei et al., 2005). This study reported

P
PAH

concentrations of 7.5e19 ng/m3 in urban areas of Toronto in
AprileJune of the years 2000e2001, and

P
PAH concentrations of

3.5e4.3 ng/m3 in air in suburban and rural areas of Toronto during
the same seasons. The

P
PAH values measured at both active and

proposed NGE well sites in the present study are more similar to
what was observed in urban areas than rural areas in this previous
study (Motelay-Massei et al., 2005).

In another former study, Nizzetto et al. measured PAHs in air
over the Atlantic Ocean (Nizzetto et al., 2008). This study reported
P

PAH concentrations ranging from 0.023e2.6 ng/m3, with the
highest concentrations measured closer to the European coast. The
authors noted that these higher concentrations were comparable to
what has been previously observed in rural areas of Europe
(Nizzetto et al., 2008).

P
PAH concentrations in the present study

were higher than all
P

PAH values ocean air that Nizzetto et al.
reported.

In the present study, the average
P

PAH measured in air at sites
with active NGE wells (sites A-C) was 31 ng/m3. In a previous study
conducted in the same area, average

P
PAH measured in air within

160m of active NGE wells was 8.3 ng/m3 (Paulik et al., 2016a).
Stationary air samplers on sites with active NGE wells in the pre-
sent study were closer to active NGE wells than stationary air
samplers closest to active NGE wells were in the previous study.
Specifically, air samplers closest to active NGE sites in the present
study were 55m from the NGE well pads. In contrast, air samplers
closest to active NGE in the previous study were within 160m from
active NGE well pads. Therefore, higher

P
PAH in this study may be

due in part to the samplers being closer to the well pads. The 3.7-
fold increase in average

P
PAH levels in air in the present study

may also be associated with the 20 �C increase in temperature
compared to the previous study. This would be consistent with
Huckins et al.’s suggestion that a 2e4-fold increase in vapor phase
PAH concentrations in air is observed with each 10 �C increase in air
temperature (Huckins et al., 2006). Other studies have commonly
observed about a 2-fold increase in PAH concentrations in air with
each 10 �C increase in temperature (Motelay-Massei et al., 2005;
Ravindra et al., 2006; Khairy and Lohmann, 2012). Seasonal dif-
ferences in NGE activity, or in other intermittent activities in the
region, could also affect PAH levels in air.

3.5. PAHs in wristbands

The highest
P

PAH concentrations weremeasured inwristbands
worn by participants in the Well on Property group (n¼ 3) (Figs. 4
and 5, Table S10). The median

P
PAH in wristbands from the Well

on Property group was 5-fold higher than in the No Well Nearby
group (n¼ 12); this difference was significant (Wilcoxon rank sum
test, p¼ 0.0044) (Fig. 5, Table S10, Table S11). There was a signifi-
cant negative correlation between

P
PAH in a participant's wrist-

band and the distance from that participant's home or work
location to the nearest active NGE well (Pearson's correla-
tion¼�0.76, p¼ 0.00010) (Fig. 4, Table 1). PCA showed partici-
pants grouping together based on both the proximity of their
reference locations to active NGEwells, and the PAH concentrations
measured in their wristbands. The Well on Property wristbands
clustered farthest to the left, indicating that the highest

P
PAH

concentrations were measured in these wristbands. In contrast, the
No Well Nearby wristbands clustered farthest to the right, indi-
cating that the lowest

P
PAH concentrations were measured in

these wristbands (Fig. 4). Given that wristbands can act as surro-
gates for participants' personal chemical exposures, this suggests
that living or working very close to active NGEwells was associated
with elevated personal PAH exposures in this study.

P
PAH concentrations in Well Nearby wristbands (n¼ 4) were

more similar to No Well Nearby wristbands than to Well on Prop-
erty wristbands (Figs. 4 and 5, Table S10, Table S11). This is
consistent with the stationary sampler data that indicated that
PAHs emitted from active NGE wells dissipate quickly. Specifically,
median

P
PAH inWell Nearbywristbandswas 3.0-fold smaller than

inWell on Property wristbands, and was 1.7-fold larger than
P

PAH



Fig. 5.
P

PAH concentrations in participants' wristbands (ng/g wristband). Participant
groups describe the proximity of a participant's home or workplace to the nearest
active NGE well. Horizontal lines inside each box represent the median

P
PAH con-

centration in each participant group.
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in No Well Nearby wristbands (Fig. 5). The difference between
P

PAH inwristbands from theWell on Property group and theWell
Nearby group was just above the significance level (Wilcoxon rank
sum test, p¼ 0.057). This suggests that NGE-related PAH exposures
of people living or working near an active well may be more similar
to exposures of people far from NGE wells, than to people with
wells on their property. This comparison indicates that, in this
study, PAHs emitted from NGE wells diffused quickly, and had
relatively little impact on personal PAH exposures of participants
who did not have NGE wells directly on their home or work
properties.
Fig. 6.
P

PAH in each participant's wristband (ng/g wristband) vs.
P

PAH in air
measured at the nearest stationary air sampling site to each participant's home or
workplace (ng/m3). There is a significant positive correlation between

P
PAH in a

participant's wristband and
P

PAH in the inner ring of air samplers at the stationary air
sampling site closest to that participant's home or workplace (simple linear regression,
R2¼ 0.64, p< 0.0001).
3.6. Wristband sourcing

The highest PAH concentrations in wristbands were primarily
found at locations where fluoranthene/pyrene isomer ratios indi-
cated there were petrogenic PAH sources (Pearson's correla-
tion¼e0.82, p< 0.00010) (Table 1). These findings are consistent
with participants who lived or worked closer to active NGE wells
having been exposed to greater proportions of PAHs from
petroleum-derived sources in this study.

There was no correlation between reported cigarette exposure
and

P
PAH in participants' wristbands (Pearson's correla-

tion¼�0.071, p¼ 0.61) (Fig. 4, Table 1). This indicates that the
number of cigarettes a participant smoked did not affect

P
PAH in

the wristbands. The average number of days that participants re-
ported using heavy, gas-powered machinery was higher in partic-
ipants in the Well on Property group (19 days; range: 16e20 days),
compared to theWell Nearby group (5.0 days; range: 0e16 days), or
the NoWell Nearby group (5.8 days; range: 0e19 days). Therewas a
significant positive correlation between the number of days par-
ticipants reported using heavy machinery and

P
PAH measured in

participants' wristbands (Pearson's correlation¼ 0.61, p¼ 0.0027)
(Fig. 4, Table 1). Exposure to exhaust while using heavy machinery
is therefore a potential confounding factor that may have increased
P

PAH in wristbands. While un-combusted gasoline is not a source
of PAHs, combustion of fuel in heavy machinery produces PAHs.
Thus, it is not surprising that exposure to exhaust from heavy
machinery was correlated with higher PAH concentrations in
wristbands. PCA also revealed that the distance from a participant's
reference location to the nearest active NGE well was significantly
negatively correlatedwith the number of days that participant used
heavymachinery (Pearson's correlation¼�0.57, p¼ 0.0051) (Fig. 4,
Table 1). This demonstrates that participants who lived or worked
closer to active NGE wells also used more heavy machinery.
Exposure to wood smoke was an additional consideration. How-
ever, only three participants (in the No Well Nearby group) re-
ported exposures towood smoke, with an average frequency of one
day exposed. Therefore, the predominantly petrogenic signatures
in wristbands of Well on Property participants suggest that these
participants' PAH exposures were more heavily influenced by
petroleum-derived emissions than by the combustion-derived
PAHs in exhaust from heavy machinery (Fig. 4).

3.7. Comparison between PAHs in wristbands and stationary air
samples

There was a significant positive correlation between
P

PAH in
participants' wristbands and in the stationary air samples deployed
closest to each participant's home or work location (simple linear
regression, R2¼ 0.64, p< 0.0001) (Fig. 6). The significant correla-
tion between PAH concentrations inwristbands and in nearby air is
compelling. Individuals are mobile, and PAHs are pervasive pol-
lutants that come from many sources. While there is potential for
multiple exposure pathways to contribute PAHs to wristbands,
participants' home and work locations appeared to affect their
overall PAH exposures in this study. This correlation provides
additional evidence supporting the ability of the wristband to
assess personal exposure to semi-volatile chemicals in the envi-
ronment, such as PAHs (O'Connell et al., 2014; Donald et al., 2016;
Kile et al., 2016; Anderson et al., 2017).

3.8. Limitations

Participants were selected for personal sampling from a group of
volunteers who lived or worked near the stationary air sampling
stations. Therefore they do not represent a random sample, and



L.B. Paulik et al. / Environmental Pollution 241 (2018) 397e405404
findings may not be directly applicable to the entire population or
to other regions affected by NGE. Additionally, the sample sizes for
the Well on Property and Well Nearby participant groups were
small (n¼ 3 and 4, respectively), due to the study taking place in a
sparsely populated rural area. In personal sampling analyses, par-
ticipants' reported homes or workplaces were used as reference
locations. Reference locations were used to spatially relate partic-
ipants' exposures to nearby NGE activity and to stationary air
sampling data. It is unknown exactly how much time participants
spent each day at their reference locations. This is a source of un-
certainty in the interpretation of how participants’ personal PAH
exposures are related to emissions from NGE activity. The PAH
sourcing analysis presented in this study relies on one ratio be-
tween a pair of isomers, fluoranthene and pyrene. Using more than
one isomer ratio can help strengthen sourcing inferences. However,
other PAHs that are commonly used in sourcing ratios were not
consistently detected in this study.
4. Conclusions

P
PAH in air was significantly higher at active NGE sites than

proposed NGE sites.
P

PAH in air quickly dissipated with distance
from active NGE sites.

P
PAHwas significantly higher inwristbands

worn by participants who lived or worked closer to active NGE
wells. PAH mixtures in both air and wristbands were more petro-
genic closer to active NGE sites. There was a significant positive
correlation between

P
PAH in wristbands and

P
PAH in air near

participants’ homes or workplaces. This correlation further affirms
the utility of the wristband to assess personal exposure to semi-
volatile contaminants, such as PAHs. This work suggests that NGE
emits PAHs into air, and that living or working very close to an
active NGE well may increase personal PAH exposure.
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