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Abstract. The United States has experienced a sharp in-
crease in unconventional natural gas (UNG) development
due to the technological development of hydraulic fracturing.
The objective of this study is to investigate the emissions at
an active Marcellus Shale well pad at the Marcellus Shale
Energy and Environment Laboratory (MSEEL) in Morgan-
town, West Virginia, USA. Using an ambient air monitoring
laboratory, continuous sampling started in September 2015
during horizontal drilling and ended in February 2016 when
wells were in production. High-resolution data were col-
lected for the following air quality contaminants: volatile or-
ganic compounds (VOCs), ozone (0O3), methane (CHy), ni-
trogen oxides (NO and NO;), and carbon dioxide (COj),
as well as typical meteorological parameters (wind speed
and direction, temperature, relative humidity, and baromet-
ric pressure). Positive matrix factorization (PMF), a mul-
tivariate factor analysis tool, was used to identify possible
sources of these pollutants (factor profiles) and determine the
contribution of those sources to the air quality at the site.
The results of the PMF analysis for well pad development
phases indicate that there are three potential factor profiles
impacting air quality at the site: natural gas, regional trans-
port/photochemistry, and engine emissions. There is a signif-
icant contribution of pollutants during the horizontal drilling
stage to the natural gas factor. The model outcomes show
that there is an increasing contribution to the engine emis-
sion factor over different well pad drilling periods through
production phases. Moreover, model results suggest that the
regional transport/photochemistry factor is more pronounced
during horizontal drilling and drillout due to limited emis-
sions at the site.

1 Introduction

There has been a rapid increase in unconventional natural
gas exploration by recent technological advances (USEIA,
2020). The success of the US in exploiting unconventional
natural gas has stimulated drilling activities in other coun-
tries. As a result, there is growing attention by the public
on the potential public health impacts of unconventional nat-
ural gas (UNG) extraction. In response to emerging pub-
lic concern regarding the process of hydraulic fracturing for
UNG extraction, several studies have investigated the poten-
tial public health risks of UNG development (Adgate et al.,
2014; Hays et al., 2015, 2017; Werner et al., 2015). Some
adverse health effects are related to exposure of environmen-
tal pollution (Elliott et al., 2017; Elsner and Hoelzer, 2016;
Paulik et al., 2016). The majority of environmental impact
studies focus on water quality impacts of unconventional nat-
ural gas development (Annevelink et al., 2016; Butkovskyi
et al., 2017; Jackson et al., 2015; Torres et al., 2016). How-
ever, relatively fewer studies focus on air quality impacts
(Hecobian et al., 2019; Islam et al., 2016; Ren et al., 2019;
Swarthout et al., 2015; Williams et al., 2018). Some studies
focus on collecting and analyzing data for the pre-operational
phase of fields to provide a baseline dataset for future work
that evaluates operational shale gas activities (Purvis et al.,
2019). Non-methane hydrocarbons (NMHCs) and nitrogen
oxides (NO,) are of the most interest as some NMHCs can
be toxic (such as benzene) (Edwards et al., 2014); therefore,
several studies focus on increases in methane, NMHC, and
ozone in oil- and gas-producing regions (Pacsi et al., 2015;
Roest and Schade, 2017). Another study explored the impor-
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tance of the deployment autonomy of portable measurement
systems by measuring exposure upwind, within and down-
wind of operation of hydraulic fracturing equipment to pro-
tect workers (Ezani et al., 2018). There are also more com-
prehensive studies for data collection. Swarthout et al. (2015)
conducted a field campaign to investigate the impact of UNG
production operations on regional air quality. The highest
density of methane, carbon dioxide, and volatile organic car-
bons (VOCs) was observed closer to UNG wells. A limited
number of studies are available on source apportionment for
major air pollutants (Abeleira et al., 2017; Gilman et al.,
2013; Majid et al., 2017; Prenni et al., 2016). These stud-
ies have lacked a comparison of the effects during distinct
operational phases of natural gas extraction: well pad con-
struction, drilling (vertical and horizontal), well stimulation
(hydraulic fracturing followed by flowback), and production.

Several compounds are associated with emissions from
each phase of well installation and development, depending
on the activity and equipment in use for each phase. Ac-
tivities that require the use of off-road diesel construction
vehicles have emissions of coarse particulate matter (PMg
aerodynamic diameter < 10 pm) from the suspension of dust
from vehicle traffic on dirt and gravel roads, as well as
volatile organic compounds (VOCs), nitrogen oxides (NO,),
and fine particulate matter smaller than 2.5 um in aerody-
namic diameter (PMj35) from the vehicle exhaust. During
vertical and horizontal drilling, there are emissions of NOj,
PM3; 5, and VOCs from diesel-powered drilling rigs and fugi-
tive emissions of natural gas (methane (CH4) and other hy-
drocarbons). Hydraulic fracturing activities add emissions
from truck traffic and diesel-powered compressors (NOy,
PMig, PM;3 5, VOCs). Emissions of VOCs and CHy4 from
water separation tanks, venting, and degassing of produced
waters occur during flowback operations. In addition to these
primary sources of emissions at the site, secondary produc-
tion of ozone (O3) and PM3 5 from photochemistry can result
from emissions during any of the operational phases.

This is the first study, to our knowledge, to collect high-
time-resolution ambient concentrations of compounds emit-
ted from well pad activity on Marcellus Shale during various
phases of operation such that the relative air quality effect of
each phase of development can be investigated. This detailed
information about the distribution of emission sources’ im-
pact through a well pad’s development phases is needed to
manage the associated risks from emissions.

2 Methods

2.1 Monitoring location: Marcellus Shale Energy and
Environment Laboratory

The Marcellus Shale formation covers an area of ap-

proximately 240000 km? across several states: New York,
Pennsylvania, Ohio, West Virginia, Maryland, and Virginia
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(Kargbo et al., 2010) (Fig. S1). The Marcellus Shale En-
ergy and Environment Laboratory (MSEEL) is an approxi-
mately 14 000 m? study well pad in Morgantown, WV, USA
(39.602° N, 79.976° W) (MSEEL, 2019). The MSEEL is a
multi-institutional, long-term collaborative field site where
integrated geoscience, engineering, and environmental re-
search has been conducted to assess environmental impacts
and develop new technology to improve recovery efficiency
as well as reduce environmental footprint of shale gas oper-
ations (MSEEL, 2019). The MSEEL is the site of two hor-
izontal production wells completed in 2011 (wells 4H and
6H, Fig. 1) and two horizontal production wells completed in
2015 (wells 3H and 5H, Fig. 1). Production from the newer
horizontal wells began in December 2015. Figure 1 shows
the location of the trailer with respect to the location of the
wells and the boundaries of the well pad. The distance be-
tween the wells and the trailer is 90 m. Dates and duration
for phases of operation are shown in Fig. S2, the total gas
production for the four wells is shown in Fig. S3. The verti-
cal drilling was conducted using three diesel Caterpillar 3512
engines with 1365 kW generators. Horizontal drilling made
use of two dual fuel (40 % diesel and 60 % natural gas) en-
gines. All activities at the well pad followed the industry’s
best management practices (MSEEL, 2019).

2.2 Air quality and meteorological data collection

An ambient air monitoring laboratory (5.5 m trailer with am-
bient air sampled from inlets on the trailer roof) was situated
at the northeastern corner of the MSEEL well pad (Fig. 1).
With wind direction at this location most frequently from the
southwest (Fig. 2), this position optimized the occurrences of
the laboratory being downwind of the well pad. Instrumenta-
tion in the laboratory and measured constituents are listed in
Table 1. All instruments were maintained and calibrated ac-
cording to manufacturer’s recommended protocols. Details
of the laboratory assembly and operation have been previ-
ously described (Pekney et al., 2014).

Data collected at the air monitoring site are classified
by activity at the well pad. Horizontal drilling occurred on
8 September—5 October 2015, first at well SH then at well 3H.
Hydraulic fracturing occurred on 10 October—16 November.
Cleanout activities followed on 2026 November, which in-
volved using a diesel-powered coil tubing rig to drill out
plugs and flush out residue left in the wells.

Flowback, the flowing of gas, formation fluid, and hy-
draulic fracturing fluid up the wells to the surface, took place
over 10-14 December, after which both wells were in pro-
duction. A reduced emission completion (REC) was per-
formed; gas produced during this time was captured using
portable equipment brought on site that separates the gas
from the liquids so that the gas can be retained as a product.

Air monitoring began 18 September 2015 and ended
1 February 2016. No data were collected for the vertical
drilling phase. Data collection was continuous except for cal-
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Figure 1. Location of the Marcellus Shale Energy and Environment Laboratory and the four production wells.

ibration and instrument downtime. The laboratory’s meteoro-
logical station measured relative humidity, temperature, rain-
fall, solar radiation, wind direction, wind speed, and baro-
metric pressure at an elevation of 10 m.

2.3 Source-receptor modeling

Positive matrix factorization (PMF), a factor analysis method
(Fig. S7), was applied to hourly averaged ambient concen-
trations of measured species to identify possible sources and
patterns for the stages of development. PMF decomposes the
sample data into two matrices: factor profiles (representa-
tive of sources) and factor contributions (Brown et al., 2015;
Norris et al., 2014). The fundamental objective of PMF is to
solve the chemical mass balance (Eq. 1) between measured
species concentrations and source profiles while optimizing
goodness of fit (Eq. 2).
Mass balance is as follows (Evans and Jeong, 2007):

p

Xi,j =Zgikfkj+eij, ()

k=1

where x; ; is the data matrix with dimensions of i (observa-
tions) by j (chemical species), p is the optimal number of
factors, gix is the factor contribution to the observation, f;
is the species profile of the factor, k is the factor, and ¢; ; is
the residual concentration for each observation.

Goodness of fit is as follows:

N A
Q=Z?=1Z7=1(x—” Z’Tflg”‘f”), @
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Figure 2. Wind speed and direction during the ambient air monitor-
ing campaign at MSEEL (September 2015-February 2016).

Atmos. Chem. Phys., 21, 4729-4739, 2021



4732

N. H. Orak et al.: Identifying and quantifying source contributions

Table 1. Constituents measured by the MSEEL mobile air monitoring laboratory (Pekney et al., 2018).

Measurement Unit Resolution Sampling  Instrument Measurement technique
rate
VOCs (52 compounds;  ppb 0.4 ppb l1h PerkinElmer ozone Gas chromatograph with
see Table S1 for full precursor analyzer flame ionization detec-
list) (Waltham, Massachusetts) tion (GC-FID) with ther-
mal desorption
Ozone, NOy ppb 0.4 ppb ozone, 50 ppb 1 min Teledyne-API gas UV absorption, chemilu-
NOy analyzers T400 and T200U  minescence
(San Diego, California)
Methane, carbon ppm < 5 ppb methane, s Picarro G2201-i (Santa Cavity ring-down spec-
dioxide 1 ppm CO, Clara, California) trometry
Meteorological para- Various  Various; 1° for wind 1 min Davis Instruments Vantage Various

meters: wind speed
and direction, tempera-
ture, relative humidity,

direction, 0.45m s~ for
wind speed for Vantage
Pro2 Plus; 0.1° for wind

Pro2 Plus (Oakland, Cali-
fornia) and R.M. Young
81000 ultrasonic

direction, 0.01 m s~ ! wind
speed for R.M. Young
81000

barometric  pressure,
rainfall, and solar
intensity

anemometer (Traverse City,
Michigan)

where Q is the goodness of fit, n is the total number of ob-
servations, m is the total number of chemical species, and s;;
is the uncertainty for each observation. Summary of meth-
ods for uncertainty calculations are provided in the Supple-
ment. Missing values within the dataset are replaced with the
median value of that species; also, uncertainty for missing
values is set at 4 times the species-specific median by the
program. Multiple runs with different numbers of factors are
executed for each dataset. The output of the PMF analysis
needs to be interpreted by the user to identify the number of
factors that may be contributing to the samples and the possi-
ble sources they represent. One of the main strengths of PMF
analysis is that each sample is weighted individually, which
allows the user to adjust the influence of each sample based
on the measurement confidence.

Signal-to-noise ratio (S/N), an indicator of the accuracy
of the variability in the measurements, can be used to iden-
tify a species as “strong”, “weak”, or “bad”. Generally, if
this ratio is greater than 0.5 but less than 1, that species has
a “weak” signal. “Strong” is the default value for all species
with an assumption of S/N greater than 1. The “bad” cat-
egory excludes the species from the rest of the analysis.
We considered the number of samples that are missing or
below the detection limit when choosing the category for
each species. (Norris et al., 2014). The expected goodness
of fit (Qexpected) is calculated for each scenario (Norris et al.,
2014).

Expected goodness of fit is as follows:

Qexpectedz(iXj)_{(pXi)+(pXj)}’ 3

where (i x j) is the number of non-weak data values in X;;,
and (p x i) and (p x j) are the number of elements in G and
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F, respectively. Qrobust 1S the calculated goodness-of-fit pa-
rameter that excludes points that are not fit by the model.
The lowest Orobust/ Qexpected 18 calculated to compare differ-
ent factor scenarios; when changes in Q become small with
increasing factors, it can indicate that there may be too many
factors in the solution (Brown et al., 2015).

In addition to these calculated parameters, factor profiles
and error estimation diagnostics are used to compare the
output of different simulations. Marker species (chemical
species that are unique to a particular source) and tempo-
ral or seasonal variations can be used to aid in identifying
the possible emission sources (Fig. 3). Associations between
factors can also provide useful information for profile charac-
terization. Moreover, meteorological data can provide useful
information about the geographic location of the sources.

In order to perform the PMF analysis, we utilized a user-
friendly graphical user interface (GUI) developed by the
U.S. Environmental Protection Agency (EPA), EPA PMF 5.0
(Norris et al., 2014). Hourly average data were used for each
pollutant to unify the measurement intervals. All pollutants
included in the matrix were identified as “strong” (signal-
to-noise ratio: S/N > 2). A total of 50 base runs were per-
formed, and the run with the minimum Q value was selected
as the base run solution. In each case, the model was run in
the robust mode with a number of repeat runs to ensure the
model least-squares solution represents a global rather than
a local minimum. First, the rotational (linear transformation)
Fpeax variable was held at the default value of 0.0. However,
there can be almost infinite possibilities of F and G matri-
ces that produce the same minimum Q value, but the goal is
producing a unique solution. As a result, rotational freedom
is one of the main sources of uncertainty in PMF solutions
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(Paatero et al., 2014). Therefore, Fpeak values were adjusted
(—=1.0, —0.5, 0.5, and 1.0) to explore how much rotational
ambiguity exists in PMF solutions. In other words, the model
adds and/or subtracts rows and columns of F and G matrices
based on the Fpeax, which is typically between —5 and +5
(Norris et al., 2014). Positive Fpeak values cause a sharpened
F matrix and smeared G matrix; negative Fpeax values result
in subtractions in the G matrix. The factor contributions were
analyzed to find the optimum Fpeqx value.

The PMF analysis was completed with error estimation.
We used three methods of error estimation: bootstrap (BS),
displacement (DISP), and BS-DISP, which guide under-
standing the stability of the PMF solution (Norris et al.,
2014). BS analysis is used to determine whether a set of ob-
servations affect the solution disproportionately. The main
idea of BS analysis is to resample different versions of the
original dataset and perform PMF analysis. Random errors
and rotational ambiguity affect BS error intervals. The main
reason for rotational ambiguity is the existence of infinite so-
lutions similar to the solution generated by PMF solution.
DISP analysis helps to analyze the PMF solution in detail.
Only rotational ambiguity affects DISP error intervals.

BS-DISP is a hybrid method that gives more robust results
than DISP results.

3 Results and discussion
3.1 Overview of results for measured compounds

Figure 3 shows a box-and-whisker graph of the measured
NO,, NO, NO,, ozone, and ethane during the whole mon-
itoring campaign at the study site. Similarly, Fig. 5 shows
a statistical summary of methane and carbon dioxide. The
y axis represents concentrations and the x axis represents the
phases of the well development. The black line on each of the
boxes represents the median for that particular dataset. The
small circles represent outliers. The blue circles represent the
mean. Since most of the VOC concentrations measured were
consistently below 10 ppb, only ethane is included. There
was an increase in NO, (25th percentile (g1) = 12.5 ppb)
and NO (g1 =2.7ppb) during the fracturing phase com-
pared to other phases. The whiskers show the high variabil-
ity for this phase, which can be a result of small sample
size for the fracturing phase. The NO/NO, ratio for 25th
and 75th percentiles was 1.2, indicating fresher, less oxi-
dized emissions. The skewness of the data for this phase indi-
cates that the data may not be normally distributed. The NO,
graph shows a similar trend for the fracturing phase. We did
not observe significant differences for different development
phases for ozone, which is not surprising as it is a secondary
pollutant and it can be related to the winter season of the
data collection period (Edwards et al., 2014). There was a
dramatic increase in ethane concentration for the flowback
phase. This 25th percentile was 24 ppb, while this concen-
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tration ranged between O and 11 ppb for other phases. The
75th percentile was 89 ppb, which is a significantly higher
value compared to other phases. We observed a similar trend
for methane concentration. The 25th percentile (2.5 ppm) and
the 75th percentile (4.3 ppm) were significantly higher than
other phases. Differences for development phases for CO,
were not statistically significantly different. CO, has many
emissions sources and variable background concentrations,
so distinguishing emissions from the well pad activities is
difficult.

The average concentrations of methane and ethane for the
entire monitoring campaign are shown in Fig. 4a. The high-
est ethane concentrations occurred during the flowback stage
(565.7 ppb). A mean that is significantly higher than the me-
dian comes from a distribution that is skewed due to peak
events (meanethane = 11.4 ppb, medianepane = 8.5 ppb). Fig-
ure 4b shows the time series of ethane-to-methane ratios
throughout the operational phases. The lowest average ra-
tio occurred at horizontal drilling with 2.5, while the high-
est ratio occurred at the flowback phase with an average ratio
of 17.4. The average ethane / methane ratios for fracturing,
drillout, and production phases are 3.4, 3.2, and 5.1, respec-
tively.

The hourly concentration graphs of NO,, O3, CHy, and
CO, were used to analyze the factor solutions (Fig. S8).
Hecobian et al. (2019) investigated the emissions during dif-
ferent well pad development phases to analyze emission rates
in the Denver-Julesburg and Piceance basins in Colorado,
US. They observed that emission rates of benzene and most
VOCs were highest during flowback for both basins; on the
other hand, they had much lower emission rates from the pro-
duction phase, which can be related to the differences in du-
ration of each phase (days to weeks). Light alkanes and ben-
zene concentrations were higher during hydraulic fracturing.
It is difficult to directly compare the results of the two stud-
ies, because the proposed study is based on continuous data
during each phase while Hecobian et al. (2019) collected 374
measurements from five drilling, eight fracking, nine flow-
back, one liquid load out, and 11 production sites to analyze
emission rate.

Figure S4 shows the dominant wind directions on overall
concentrations, as well as giving information on the different
concentration levels. Pollution roses show which wind direc-
tions contribute most to overall mean concentrations. For all
air quality species, southwestern winds control the overall
mean concentrations at the well pad. To explore the relation-
ship between methane and ethane, we conditioned ethane by
methane. Figure S5 indicates that higher ethane concentra-
tions are associated with the SW and higher methane con-
centrations. The results also show that lower ethane and
methane concentrations contributed from the east; the high-
est methane concentrations were obscured by a relatively
high ethane background. The highest contribution to the fac-
tors was provided by the SW data (Fig. S6).
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Figure 3. Summary statistics of input parameters for (a) NOy, (b) NO, (¢) NO,, (d) ozone, and (e) ethane (HD: horizontal drilling; I: idle;
F: fracturing; D: drillout; F1: flowback; P: production). The idle phase consists of gaps of time between other operational phases, when there

was little to no emissions-generating activity on the well pad.

3.2 Factor profiles

The three-factor model was chosen for the PMF anal-
ysis based on the interpretation of the factor profiles,
Orobust / Qexpected Tatios (Table S3), factor contributions,
error estimation results (Table S4, Fig. S9), and hourly
peak concentrations of pollutants. The three-factor solu-
tion was resolved to the following factors: natural gas for
the natural-gas-related emissions sources, regional trans-
port/photochemistry for the atmospheric regional molecu-
lar transport and oxidized background air, and engine emis-
sions for emissions from vehicles, drill rigs, generators, and
pumps used at the site (Fig. 5). The summary of PMF mod-
els with various peak values for well development activities
are shown in Table S4. The DISP, BS, and BS—DISP results
for two-, three-, and four-factor PMF solutions are summa-
rized in Table S2. For the three-factor analysis, the DISP re-
sults indicate that there are no swaps and the PMF solution is
stable, which means there are no exchange factor identities
and it is a well-defined solution for the case. According to
BS results, there is a small uncertainty; this could be an im-
pact of high variability in concentration. BS-DISP captures
both random errors and rotational ambiguity; these results
also indicate that the solution is reliable because there are
no swaps between factors for the PMF model. Error estima-
tion summary plots (Fig. S9) show a range of concentration

Atmos. Chem. Phys., 21, 4729-4739, 2021

by species in each factor: base value, BS 5th, BS median, BS
95th, BS-DISP 5th, BS-DISP average, BS—DISP 95th, DISP
min, DISP average, and DISP max.

3.3 Source profiles

The natural gas factor was named as such due to its composi-
tion of species that are present in natural gas: 89 % COy, 1 %
methane, 3 % ethane, 1.5 % propane, 0.5 % isobutane, 1 %
n-butane, 0.1 % pentane, and 0.2 % isopentane (Fig. S10).
Ethane is a particularly good marker for natural gas emis-
sions sources because its atmospheric sources are almost ex-
clusively from natural gas extraction, production, processing,
and use (Liao et al., 2017). A total of 92 % of ethane mass is
explained by the natural gas factor (Fig. 6). The highest con-
tribution for this factor occurred during the flowback phase.
The regional transport/photochemistry factor was charac-
terized by high contributions from ozone (12 %), methane
(1 %), and CO, (86 %) (Fig. S10). A total of 99 % of the
ozone mass was explained by this factor (Fig. 6). Ozone is a
product of photochemistry and not directly emitted by any of
the sources on the well pad. Although CH4 and CO, would
be emitted by well pad sources, they are also present in back-
ground ambient air and could be transported to the monitor-
ing location from other sources in the region. Contributions

https://doi.org/10.5194/acp-21-4729-2021
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Figure 5. Summary statistics of input parameters for methane (a) and carbon dioxide for (b) HD, horizontal drilling; I, idle; F, fracturing; D,

drillout; Fl, flowback; and P, production.

of this factor were relatively steady for all phases of opera-
tion during the entire monitoring campaign.

The engine emissions factor was composed of 39 % NO;,
33% NO, and 11 % NO, as well as 0.02 % toluene and
0.04 % benzene (Fig. S10). The portions of the mass of these
species explained by this factor are 74 %, 87 %, 60 %, 20 %,
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and 54 %, respectively (Fig. 6). Toluene is released mainly
from motor vehicle emissions and chemical spills (Gierczak
et al., 2017). Another important emission source is oil and
gas extraction (EPA, 1993). Contribution of this factor was
significantly highest during hydraulic fracturing, when there
were emissions from many diesel engines operating continu-

Atmos. Chem. Phys., 21, 4729-4739, 2021
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ously on the well pad. Contribution during flowback was also
elevated. Several peaks of contribution were observed during
production, which could be due to maintenance vehicles and
other short-lived vehicle-based activities on the well pad.
The main limitation of the study is having an uneven num-
ber of data points for each operational phase. This limitation
affects the analyses; however, we do not have control of the
durations of the operational phases. PMF models have sev-
eral limitations. First, they need large datasets. In this study,
the number of data varies based on the duration of the activ-
ity (Fig. S2). Therefore, the contribution to the factors is not
the same for each phase. This is the main reason behind the
uncertainty of defined factors. Second, the accuracy and pre-
cision of measured species limit the analysis. The determina-
tion of the number and character of factors is based on an ex-
pert’s interpretation. Comprehensive information is needed
on source profiles to verify the defined source profiles. Fi-
nally, the pre-set parameters play an important role in the
model results. For future work, integrating more data from
different fields can decrease the inherent uncertainty.

4 Conclusions

We investigated the effect of unconventional natural gas de-
velopment activities on local air quality by using an ambient
air monitoring laboratory near the Marcellus Shale well pad
in Morgantown, West Virginia. The results of PMF solutions
for well pad development phases show that there were three
potential factor profiles as outlined in Fig. 5: natural gas, re-
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gional transport/photochemistry, and engine emissions. The
horizontal drilling stage had an important contribution to the
natural gas factor. In addition, there was a significant concen-
tration contribution at the end of the horizontal drilling phase.
An increasing contribution to engine emission factor was ob-
served over different well pad drilling periods through pro-
duction phases. The peak concentration was observed during
the drillout stage. Even though it is difficult to compare the
regional transport/photochemistry contributions due to high
variability, the highest contributions occurred during hori-
zontal drilling and drillout.

As determined by the PMF analysis, a measurable increase
in natural-gas-related pollutant concentrations and the asso-
ciated natural gas factor contribution from different stages of
active phase was not observed. At the downwind distance of
600 m from the well pad center to the air monitoring labo-
ratory, the emissions from the well pad were not easily dis-
tinguishable from typical variations in ambient background
concentrations. West Virginia has many natural gas wells
that contribute to the ambient background, as evidenced by
ethane concentrations that are higher than the typical global
background (Rinsland et al., 1987; Rudolph et al., 1996).
Short-lived peak events that were observed when the wind
direction was coming from the well pad show that emissions
can be dispersed downwind and detected at this distance, but
when concentrations are averaged and analyzed with a PMF
analysis, the peak events were not significant enough to re-
sult in a measurable impact of the well pad emissions at the
receptor location. Understanding the air quality impacts of
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operational phases is important since it has the potential to
help inform future decision making and constrain cumulative
impact assessments.

Code and data availability. Model simulations presented in this
paper are available upon request.

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/acp-21-4729-2021-supplement.

Author contributions. NHO conceptualized the study, developed
the model, conducted the formal analysis, and wrote the paper. NJP
supervised, developed the model, and wrote the paper. MR devel-
oped the model with co-authors and validated the results.

Competing interests. The authors declare that they have no conflict
of interest.

Disclaimer. This report was prepared as an account of work spon-
sored by an agency of the United States Government. Neither the
United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any
legal liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process dis-
closed, or represents that its use would not infringe privately owned
rights. Reference therein to any specific commercial product, pro-
cess, or service by trade name, trademark, manufacturer, or other-
wise does not necessarily constitute or imply its endorsement, rec-
ommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed therein
do not necessarily state or reflect those of the United States Govern-
ment or any agency thereof.

Acknowledgements. The authors would also like to thank James 1.
Sams IIT and Richard W. Hammack. This technical effort was per-
formed in support of the National Energy Technology Laboratory’s
ongoing research under the Natural Gas Infrastructure Field Work
Proposal DOE 1022424. This research was supported in part by
appointments to the National Energy Technology Laboratory Re-
search Participation Program, sponsored by the U.S. Department of
Energy and administered by the Oak Ridge Institute for Science and
Education.

Financial support. This technical effort was performed in support
of the National Energy Technology Laboratory’s ongoing research
30 under the Natural Gas Infrastructure Field Work Proposal DOE
1022424. This research was supported in part by appointments to
the National Energy Technology Laboratory Research Participation
Program, sponsored by the U.S. Department of Energy and admin-
istered by the Oak Ridge Institute for Science and Education.

https://doi.org/10.5194/acp-21-4729-2021

4737

Review statement. This paper was edited by Thomas Karl and re-
viewed by two anonymous referees.

References

Abeleira, A., Pollack, I. B., Sive, B., Zhou, Y., Fischer, E. V., and
Farmer, D. K.: Source characterization of volatile organic com-
pounds in the Colorado Northern Front Range Metropolitan Area
during spring and summer 2015, J. Geophys. Res.-Atmos., 122,
3595-3613, https://doi.org/10.1002/2016JD026227, 2017.

Adgate, J. L., Goldstein, B. D., and McKenzie, L. M.: Potential Pub-
lic Health Hazards, Exposures and Health Effects from Uncon-
ventional Natural Gas Development, Environ. Sci. Technol., 48,
8307-8320, https://doi.org/10.1021/es404621d, 2014.

Annevelink, M., Meesters, J. A. J., and Hendriks, A.
J.: Environmental contamination due to shale gas
development, Sci. Total Environ., 550, 431-438,
https://doi.org/10.1016/j.scitotenv.2016.01.131, 2016.

Brown, S. G., Eberly, S., Paatero, P., and Norris, G. A.: Meth-
ods for estimating uncertainty in PMF solutions: examples
with ambient air and water quality data and guidance on re-
porting PMF results, Sci. Total Environ., 518-519, 626635,
https://doi.org/10.1016/j.scitotenv.2015.01.022, 2015.

Butkovskyi, A., Bruning, H., Kools, S. A. E., Rijnaarts,
H. H. M., and Van Wezel, A. P.. Organic Pollutants in
Shale Gas Flowback and Produced Waters: Identification,
Potential Ecological Impact, and Implications for Treat-
ment Strategies, Environ. Sci. Technol., 51, 4740-4754,
https://doi.org/10.1021/acs.est.6b05640, 2017.

Edwards, P. M., Brown, S. S., Roberts, J. M., Ahmadov, R., Banta,
R. M., de Gouw, J. A., Dube, W. P, Field, R. A., Flynn, J. H.,
Gilman, J. B., Graus, M., Helmig, D., Koss, A., Langford, A. O.,
Lefer, B. L., Lerner, B. M., Li, R., Li, S. M., McKeen, S. A.,
Murphy, S. M., Parrish, D. D., Senff, C. J., Soltis, J., Stutz, J.,
Sweeney, C., Thompson, C. R., Trainer, M. K., Tsai, C., Veres,
P. R., Washenfelder, R. A., Warneke, C., Wild, R. J., Young, C.
J., Yuan, B., and Zamora, R.: High winter ozone pollution from
carbonyl photolysis in an oil and gas basin, Nature, 514, 351—
354, https://doi.org/10.1038/nature 13767, 2014.

Elliott, E. G., Trinh, P, Ma, X., Leaderer, B. P, Ward,
M. H., and Deziel, N. C.: Unconventional oil and gas
development and risk of childhood leukemia: Assess-
ing the evidence, Sci. Total Environ., 576, 138-147,
https://doi.org/10.1016/j.scitotenv.2016.10.072, 2017.

Elsner, M. and Hoelzer, K.: Quantitative Survey and Structural
Classification of Hydraulic Fracturing Chemicals Reported in
Unconventional Gas Production, Environ. Sci. Technol., 50,
3290-3314, https://doi.org/10.1021/acs.est.5b02818, 2016.

EPA: US Environmental Protection Agency, Locating and Esti-
mating Sources of Toluene, available at: https://www3.epa.gov/
ttnchiel/le/toluene.pdf (last access: 25 November 2020), 1993.

Evans, G. J. and Jeong, J. H.: Data Analysis and Source Apportion-
ment of PM» 5 in Golden, British Columbia using Positive Ma-
trix Factorization (PMF), Environment Canada, The University
of Toronto, R-WB-2007-02, 2007.

Atmos. Chem. Phys., 21, 4729-4739, 2021


https://doi.org/10.5194/acp-21-4729-2021-supplement
https://doi.org/10.1002/2016JD026227
https://doi.org/10.1021/es404621d
https://doi.org/10.1016/j.scitotenv.2016.01.131
https://doi.org/10.1016/j.scitotenv.2015.01.022
https://doi.org/10.1021/acs.est.6b05640
https://doi.org/10.1038/nature13767
https://doi.org/10.1016/j.scitotenv.2016.10.072
https://doi.org/10.1021/acs.est.5b02818
https://www3.epa.gov/ttnchie1/le/toluene.pdf
https://www3.epa.gov/ttnchie1/le/toluene.pdf

4738

Ezani, E., Masey, N., Gillespie, J., Beattie, T. K., Shipton, Z.
K., and Beverland, I. J.: Measurement of diesel combustion-
related air pollution downwind of an experimental unconven-
tional natural gas operations site, Atmos. Environ., 189, 30—40,
https://doi.org/10.1016/j.atmosenv.2018.06.032, 2018.

Gierczak, C. A., Kralik, L. L., Mauti, A., Harwell, A. L., and Mar-
icq, M. M.: Measuring NMHC and NMOG emissions from mo-
tor vehicles via FTIR spectroscopy, Atmos. Environ., 150, 425—
433, https://doi.org/10.1016/j.atmosenv.2016.11.038, 2017.

Gilman, J. B., Lerner, B. M., Kuster, W. C., and de Gouw, J. A.:
Source signature of volatile organic compounds from oil and nat-
ural gas operations in northeastern Colorado, Environ. Sci. Tech-
nol., 47, 1297-1305, https://doi.org/10.1021/es304119a, 2013.

Hays, J., Finkel, M. L., Depledge, M., Law, A., and Shonkoff,
S. B. C.: Considerations for the development of shale gas
in the United Kingdom, Sci. Total Environ., 512-513, 3642,
https://doi.org/10.1016/j.scitotenv.2015.01.004, 2015.

Hays, J., McCawley, M., and Shonkoff, S. B.: Public health impli-
cations of environmental noise associated with unconventional
oil and gas development, Sci. Total Environ., 580, 448-456,
https://doi.org/10.1016/j.scitotenv.2016.11.118, 2017.

Hecobian, A., Clements, A. L., Shonkwiler, K. B., Zhou, Y., Mac-
Donald, L. P, Hilliard, N., Wells, B. L., Bibeau, B., Ham,
J. M., Pierce, J. R., and Collett, J. L.: Air Toxics and Other
Volatile Organic Compound Emissions from Unconventional Oil
and Gas Development, Environ. Sci. Tech. Let., 6, 720-726,
https://doi.org/10.1021/acs.estlett.9b00591, 2019.

Islam, S. M. N., Jackson, P. L., and Aherne, J.: Ambi-
ent nitrogen dioxide and sulfur dioxide concentrations
over a region of natural gas production, Northeastern
British Columbia, Canada, Atmos. Environ., 143, 139-151,
https://doi.org/10.1016/j.atmosenv.2016.08.017, 2016.

Jackson, R. B., Lowry, E. R., Pickle, A., Kang, M., DiGiulio, D.,
and Zhao, K.: The Depths of Hydraulic Fracturing and Accom-
panying Water Use Across the United States, Environ. Sci. Tech-
nol., 49, 8969-8976, https://doi.org/10.1021/acs.est.5b01228,
2015.

Kargbo, D. M., Wilhelm, R. G., and Campbell, D. J.: Natu-
ral Gas Plays in the Marcellus Shale: Challenges and Po-
tential Opportunities, Environ. Sci. Technol., 44, 5679-5684,
https://doi.org/10.1021/es903811p, 2010.

Liao, H. T., Yau, Y. C., Huang, C. S., Chen, N., Chow, J. C., Watson,
J. G, Tsai, S. W,, Chou, C. C., and Wu, C. E.: Source apportion-
ment of urban air pollutants using constrained receptor models
with a priori profile information, Environ. Pollut., 227, 323-333,
https://doi.org/10.1016/j.envpol.2017.04.071, 2017.

Majid, A., Val Martin, M., Lamsal, L. N., and Duncan, B. N.: A
decade of changes in nitrogen oxides over regions of oil and nat-
ural gas activity in the United States, Elementa: Science of the
Anthropocene, 5, https://doi.org/10.1525/elementa.259, 2017.

MSEEL: Marcellus Shale Energy and Environment Laboratory,
available at: http://www.mseel.org/ (last access: 1 July 2020),
2019.

Norris, G., Duvall, R., Brown, S., and Bai S.: EPA: positive
matrix factorization (PMF) 5.0 fundamentals and user guide,
Washington, D.C., USA, available at: https://www.epa.gov/sites/
production/files/2015-02/documents/pmf_5.0_user_guide.pdf
(last access: 3 July 2020), 2014.

Atmos. Chem. Phys., 21, 4729-4739, 2021

N. H. Orak et al.: Identifying and quantifying source contributions

Paatero, P., Eberly, S., Brown, S. G., and Norris, G. A.: Meth-
ods for estimating uncertainty in factor analytic solutions, At-
mos. Meas. Tech., 7, 781-797, https://doi.org/10.5194/amt-7-
781-2014, 2014.

Pacsi, A. P, Kimura, Y., McGaughey, G., McDonald-Buller, E. C.,
and Allen, D. T.: Regional Ozone Impacts of Increased Nat-
ural Gas Use in the Texas Power Sector and Development in
the Eagle Ford Shale, Environ. Sci. Technol., 49, 3966-3973,
https://doi.org/10.1021/es5055012, 2015.

Paulik, L. B., Donald, C. E., Smith, B. W., Tidwell, L. G., Hob-
bie, K. A., Kincl, L., Haynes, E. N., and Anderson, K. A.:
Emissions of Polycyclic Aromatic Hydrocarbons from Natural
Gas Extraction into Air, Environ. Sci. Technol., 50, 7921-7929,
https://doi.org/10.1021/acs.est.6b02762, 2016.

Pekney, N. J., Veloski, G., Reeder, M., Tamilia, J., Rupp, E., and
Wetzel, A.: Measurement of atmospheric pollutants associated
with oil and natural gas exploration and production activity in
Pennsylvania’s Allegheny National Forest, J. Air Waste Manage.,
64, 1062-1072, https://doi.org/10.1080/10962247.2014.897270,
2014.

Pekney, N. J., Reeder, M. D., and Mundia-Howe, M.: Air quality
measurements at the Marcellus Shale Energy and Environment
Laboratory site A&AWMA’s 111th Annual Conference & Exhibi-
tion, 25-28 June 2018, Hartford, Connecticut, USA, 2018.

Prenni, A. J., Day, D. E., Evanoski-Cole, A. R., Sive, B. C., Heco-
bian, A., Zhou, Y., Gebhart, K. A., Hand, J. L., Sullivan, A. P, Li,
Y., Schurman, M. 1., Desyaterik, Y., Malm, W. C., Collett Jr., J.
L., and Schichtel, B. A.: Oil and gas impacts on air quality in fed-
eral lands in the Bakken region: an overview of the Bakken Air
Quality Study and first results, Atmos. Chem. Phys., 16, 1401—
1416, https://doi.org/10.5194/acp-16-1401-2016, 2016.

Purvis, R. M., Lewis, A. C., Hopkins, J. R., Wilde, S. E., Dun-
more, R. E., Allen, G., Pitt, J., and Ward, R. S.: Effects of “pre-
fracking” operations on ambient air quality at a shale gas explo-
ration site in rural North Yorkshire, England, Sci. Total Environ.,
673, 445-454, https://doi.org/10.1016/].scitotenv.2019.04.077,
2019.

Ren, X., Hall, D. L., Vinciguerra, T., Benish, S. E., Stratton, P. R.,
Ahn, D., Hansford, J. R., Cohen, M. D., Sahu, S., He, H., Grimes,
C., Fuentes, J. D., Shepson, P. B., Salawitch, R. J., Ehrman, S.
H., and Dickerson, R. R.: Methane Emissions from the Mar-
cellus Shale in Southwestern Pennsylvania and Northern West
Virginia Based on Airborne Measurements, J. Geophys. Res.-
Atmos., 124, 1862-1878, https://doi.org/10.1029/2018jd029690,
2019.

Rinsland, C. P, Zander, R., Farmer, C. B., Norton, R. H., and
Russell, J. M.: Concentrations of ethane (CoHg) in the lower
stratosphere and upper troposphere and acetylene (CpHjp) in
the upper troposphere deduced from atmospheric trace molecule
spectroscopy/Spacelab 3 spectra., J. Geophys. Res.-Atmos., 92,
11951-11964, https://doi.org/10.1029/JD092iD10p11951, 1987.

Roest, G. and Schade, G.: Quantifying alkane emissions in the
Eagle Ford Shale using boundary layer enhancement, Atmos.
Chem. Phys., 17, 11163-11176, https://doi.org/10.5194/acp-17-
11163-2017, 2017.

Rudolph, J., Koppmann, R., and Plass Dulmer, C.: The bud-
gets of ethane and tetrachroloethane: Is there evidence for an
impact of reactions with chlorine atoms in the troposphere?,

https://doi.org/10.5194/acp-21-4729-2021


https://doi.org/10.1016/j.atmosenv.2018.06.032
https://doi.org/10.1016/j.atmosenv.2016.11.038
https://doi.org/10.1021/es304119a
https://doi.org/10.1016/j.scitotenv.2015.01.004
https://doi.org/10.1016/j.scitotenv.2016.11.118
https://doi.org/10.1021/acs.estlett.9b00591
https://doi.org/10.1016/j.atmosenv.2016.08.017
https://doi.org/10.1021/acs.est.5b01228
https://doi.org/10.1021/es903811p
https://doi.org/10.1016/j.envpol.2017.04.071
https://doi.org/10.1525/elementa.259
http://www.mseel.org/
https://www.epa.gov/sites/production/files/2015-02/documents/pmf_5.0_user_guide.pdf
https://www.epa.gov/sites/production/files/2015-02/documents/pmf_5.0_user_guide.pdf
https://doi.org/10.5194/amt-7-781-2014
https://doi.org/10.5194/amt-7-781-2014
https://doi.org/10.1021/es5055012
https://doi.org/10.1021/acs.est.6b02762
https://doi.org/10.1080/10962247.2014.897270
https://doi.org/10.5194/acp-16-1401-2016
https://doi.org/10.1016/j.scitotenv.2019.04.077
https://doi.org/10.1029/2018jd029690
https://doi.org/10.1029/JD092iD10p11951
https://doi.org/10.5194/acp-17-11163-2017
https://doi.org/10.5194/acp-17-11163-2017

N. H. Orak et al.: Identifying and quantifying source contributions 4739

Atmos. Environ., 30, 1887-1894, https://doi.org/10.1016/1352-
2310(95)00385-1, 1996.

Swarthout, R. F., Russo, R. S., Zhou, Y., Miller, B. M., Mitchell, B.,
Horsman, E., Lipsky, E., McCabe, D. C., Baum, E., and Sive,
B. C.: Impact of Marcellus Shale natural gas development in
southwest Pennsylvania on volatile organic compound emissions
and regional air quality, Environ. Sci. Technol., 49, 3175-3184,
https://doi.org/10.1021/es504315f, 2015.

Torres, L., Yadav, O. P., and Khan, E.: A review on risk as-
sessment techniques for hydraulic fracturing water and pro-
duced water management implemented in onshore unconven-
tional oil and gas production, Sci. Total Environ., 539, 478-493,
https://doi.org/10.1016/j.scitotenv.2015.09.030, 2016.

https://doi.org/10.5194/acp-21-4729-2021

USEIA: Shale Gas Production, available at: https://www.eia.gov/
dnav/ng/ng_prod_shalegas_s1_a.htm, last access: 10 June 2020.

Werner, A. K., Vink, S., Watt, K., and Jagals, P.: Environmental
health impacts of unconventional natural gas development: a re-
view of the current strength of evidence, Sci. Total Environ., 505,
1127-1141, https://doi.org/10.1016/].scitotenv.2014.10.084,
2015.

Williams, P. J., Reeder, M., Pekney, N. J., Risk, D., Os-
borne, J., and McCawley, M.: Atmospheric impacts of a
natural gas development within the urban context of Mor-
gantown, West Virginia, Sci. Total Environ., 639, 406416,
https://doi.org/10.1016/j.scitotenv.2018.04.422, 2018.

Atmos. Chem. Phys., 21, 4729-4739, 2021


https://doi.org/10.1016/1352-2310(95)00385-1
https://doi.org/10.1016/1352-2310(95)00385-1
https://doi.org/10.1021/es504315f
https://doi.org/10.1016/j.scitotenv.2015.09.030
https://www.eia.gov/dnav/ng/ng_prod_shalegas_s1_a.htm
https://www.eia.gov/dnav/ng/ng_prod_shalegas_s1_a.htm
https://doi.org/10.1016/j.scitotenv.2014.10.084
https://doi.org/10.1016/j.scitotenv.2018.04.422

	Abstract
	Introduction
	Methods
	Monitoring location: Marcellus Shale Energy and Environment Laboratory
	Air quality and meteorological data collection
	Source–receptor modeling

	Results and discussion
	Overview of results for measured compounds
	Factor profiles
	Source profiles

	Conclusions
	Code and data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

