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Abstract

Increased energy demands and innovations in upstream oil and natural
gas (ONG) extraction technologies have enabled the United States to
become one of the world’s leading producers of petroleum and natural
gas hydrocarbons. The US Environmental Protection Agency (EPA) lists
187 hazardous air pollutants (HAPs) that are known or suspected to cause
cancer or other serious health effects. Several of these HAPs have been
measured at elevated concentrations around ONG sites, but most have not
been studied in the context of upstream development. In this review, we
analyzed recent global peer-reviewed articles that investigated HAPs near
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ONG operations to (a) identify HAPs associated with upstream ONG development, (b) identify
their specific sources in upstream processes, and (c) examine the potential for adverse health out-
comes from HAPs emitted during these phases of hydrocarbon development.

1. INTRODUCTION

Over the past several decades, as energy demands have increased contemporaneously with in-
novations in upstream oil and natural gas (ONG) extraction technologies, the United States has
become the world’s top producer of petroleum and natural gas hydrocarbons (34).The US Energy
Information Administration (104) reported that US petroleum and other liquid fuel production
reached 9.3 million barrels per day, and dry natural gas production averaged 73.6 billion cubic feet
per day in 2017, with increases projected for 2018 and 2019. In some areas, including Pennsyl-
vania, Colorado, Texas, and California, ONG extraction and development have expanded closer
to residential communities, increasing risks of population exposures to air, water, soil, noise, and
light pollution. Research suggests that current setback standards—or distances in which the ONG
industry can develop from water sources, residential structures, and other facilities—may not be
sufficient to reduce potential risks to human health from ONG activities (12, 53). A growing, yet
still relatively small body of studies has investigated the relationship between the proximity of
these facilities and human health impacts (21, 22, 31, 60, 78, 79, 96, 97, 99). With a dearth of
scientific data characterizing exposure risks, it is difficult to offer scientific guidance on specific
adequate setback requirements, despite the fact that an estimated 18 million people live within
1,600 m (∼1 mile) from an active ONG well (32). Special disclosure exemptions from the federal
Emergency Planning and Community Right-to-Know Act allow the ONG industry to withhold
information regarding chemical constituents used, produced, and emitted, further compounding
the difficulty in identifying chemical-related hazards and their associated exposure pathways (106).

The current body of scientific literature suggests that upstream ONG development pro-
cesses emit numerous air pollutants, including methane, nonmethane-volatile organic compounds
(VOCs), particulate matter (PM), aliphatic and aromatic hydrocarbons, aldehydes, and nitrogen
oxides, some of which are also precursors to tropospheric ozone and secondary organic aerosol
(SOA) production (18, 41, 89, 95, 111, 115, 122).UpstreamONG development includes all phases
and processes necessary to extract ONG hydrocarbons from subsurface reservoirs, excluding the
transportation, transmission, storage, refinement, and wholesale of refined products. Upstream
processes consist of four broad phases of operation: (a) exploration and well pad and infrastruc-
ture construction; (b) well drilling and construction of associated surface and subsurface equipment
and facilities; (c) application of well stimulation or secondary oil and gas recovery techniques (e.g.,
water flooding and steam injection) and completion, or both; and (d) hydrocarbon production
and processing. Various attempts to identify and classify all products and chemicals used or emit-
ted during the upstream ONG development process have resulted in disparate lists ranging from
343 to 1,177 unique chemicals, some classified as HAP compounds with known carcinogenic and
noncarcinogenic toxicological properties (26, 38, 82, 108). Current research on oil and gas de-
velopment provides conflicting evidence over the concentrations of various pollutants in the air
across geographic, regulatory, and corporate spaces; however, a consensus exists regarding the
presence of air pollutants that can pose human health hazards around ONG sites (19, 27, 48, 56,
68, 73, 79, 88).

Emissions of hazardous air pollutants (HAPs) from ONG are of particular concern because
they are known or suspected to cause cancer or other serious noncancer health effects. The US
Clean Air Act currently lists 187 HAPs for regulation (107), some of which have been associated
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with ONG activities. The Committee on Energy and Commerce and the Endocrine Disruption
Exchange have identifiedmore than 20 different HAPs,which have been associated with upstream
ONG activities or processes (101, 109).While the number of studies examining the human health
impacts of ONG development is growing, limited information exists on the role of HAPs in the
upstream process and the health impacts of HAP-related emissions (18, 44, 80, 114).

The purpose of this review is to summarize the research conducted to date on the associa-
tions betweenHAPs and upstreamONG development. Specifically, this article aims to (a) identify
HAP compounds that have been investigated near upstream operations within the peer-reviewed
literature; (b) determine which of these compounds has been traced to a specific upstream phase,
process, or source; and (c) examine the potential health hazards attributable to these HAPs. Our
synthesis of the science is intended to inform future research priorities and to assist in public health
protection. A list of ONG industry terms can be found in the sidebar titled Terms and Definitions.

TERMS AND DEFINITIONS

Anthropogenic: originating from human activities. With air pollution, these activities include those related to
transportation (or mobile), agriculture, or industry sources.

BTEX: the group of compounds, including benzene, toluene, ethylbenzene, and total xylenes. These compounds
occur naturally in petroleum and are released primarily through motor vehicle emissions, but they are also emitted
naturally via volcanoes and forest fires.

Condensate: broadly defined as a liquid formed by condensation.With oil and natural gas, condensate is a gas that
condenses into a liquid hydrocarbon mixture after being liberated from the high-pressure environment within a
well.

Hazardous air pollutant (HAP): the US EPA defines HAPs as pollutants that are known or suspected to cause
cancer or other serious health effects, such as reproductive effects or birth defects, or adverse environmental effects.

Oil and natural gas (ONG): describing both liquid and gas fossil fuel products. Oil refers to crude oil hydrocar-
bon mixtures that exist in liquid form, whereas natural gas consists mainly of methane (CH4), a small amount of
hydrocarbon gas liquids, and nonhydrocarbon gases. Oil, gas, and liquid gas hydrocarbons can be found in under-
ground reservoirs, sedimentary rocks, or tar sands and can be recovered in the near absence of the other forms or
simultaneously.

Polycyclic aromatic compounds (PAHs): a class of organic compounds composed of multiple aromatic rings that
occur naturally in crude oil. More than 100 different PAHs exist, including benzo[a]pyrene, benz[a]anthracene, and
chrysene, with varying degrees of toxicity.

Petrogenic: originating from hydrocarbons formed by the decomposition of organicmatter. In regard to petrogenic
air pollutants, these may be released when fuel oil and crude oil are exposed during upstream oil and natural gas
operations.

Polycyclic organic matter (POM): defines a broad class of compounds that generally includes structures con-
taining 2–7 fused aromatic rings and are present in the atmosphere mostly in particle form. PAHs are a subset of
POMs.

Proppant: a material (often sand) used to prop open cracks within fractured shale rocks to harvest oil, natural gas,
or other targeted materials. Proppant is often mixed with a chemical liquid mixture and forced into shale formations
at high pressure.
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Reference effect level (REL): a reference exposure level from the Office of Environmental Health Hazard As-
sessment (OEHHA) of the California Environmental Protection Agency (Cal/EPA). The REL is a concentration
of a single chemical at or below which adverse noncancer health effects are not anticipated to occur for a speci-
fied exposure duration. RELs have been developed for a limited number of compounds for acute, eight-hour, and
chronic exposures.

Repository for Oil and Gas Energy Research (ROGER) database: PSE’s nearly exhaustive database of
peer-reviewed literature on shale gas development, which can be found on the PSE website (http://www.
psehealthyenergy.org).

Wet gas: a natural gas that contains less than ∼85% methane and increased amounts of ethane and other hydro-
carbons, as opposed to dry gas, which occurs in the near absence of condensate or liquid hydrocarbons.

2. MATERIALS AND METHODS

2.1. Scope

We began with the inclusion of all 187 HAPs listed by the US Environmental Protection Agency
(EPA).Hydrogen sulfide (H2S) was removed from the official USEPA list in 1991 but was included
in our review owing to its toxic properties, detection at low concentrations (0.03–0.05 ppm), and
prevalence in oil and gas development operations. From this point forward, when referring to
HAPs,we include all 187 compounds listed by theUSEPA, plusH2S for a total of 188 compounds.
Given the rapid expansion of ONG development activities over the past few years, only peer-
reviewed articles published between January 1, 2012, and February 28, 2018, were included in the
current review.ManyHAPs have been measured and monitored near ONG operations as primary
pollutants; however, some HAPs—including, for example, formaldehyde and acetaldehyde—are
also secondary pollutants formed from the atmospheric transformation of precursor compounds
emitted from ONG operations (27). Although they are central to the question of HAP formation
and atmospheric concentrations, HAP precursors fall outside the scope of this review.

2.2. Keyword Search

Wedeveloped a list of keywords to assist in a comprehensive literature search of all upstreamONG
processes and target pollutants. Owing to the inconsistency of the terminology surrounding the
upstream ONG development process, we cast a wide net to be inclusive of possible iterations
when building the keyword search. These keywords included, but were not limited to, the terms
“fracking,” “fracturing,” “hydraulic fracturing,” “oil and natural gas development,” and common
acronyms including “UNGD” and “ONG.” In all, we incorporated 18 iterations and acronyms.
Additionally, we included keywords for transport media to ensure that search results encompassed
airborne compounds. We erred on the side of being overly inclusive and integrated broad group
names, including volatile organic compounds (VOCs), nonmethane hydrocarbons (NMHCs), and
hazardous air pollutants (HAPs) during the search process. Keywords and search queries are pro-
vided in Supplemental Table 1.

2.3. Electronic Database Search

We searched peer-reviewed journal articles within three electronic search databases in
March 2018. First, we searched the Clarivate Analytics Web of Science database (http://
www.webofknowledge.com) using their Advanced Search query tool. Boolean operators were
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used to narrow English language article search results by topic and by publication timeframe.
We also searched PubMed (http://www.ncbi.nlm.nih.gov) to ensure our literature review in-
cluded a comprehensive search of peer-reviewed journal articles focused on the human health di-
mensions of upstream ONG development. Results were narrowed by text words and publication
timeframe. Search queries resulted in 639 and 1,146 peer-reviewed journal articles in the Web of
Science and PubMed, respectively. After comparing databases and eliminating duplicate articles,
search results were then compared with PSE Healthy Energy’s Repository for Oil and Gas En-
ergy Research (ROGER) database (https://www.psehealthyenergy.org/our-work/shale-gas-
research-library/). Articles found in the ROGER database that were not included in searches
from the electronic databases were added to the collection, for a final count of 1,833 journal ar-
ticles. These articles were then collected, organized, and evaluated using the inclusion/exclusion
criteria.

2.4. Inclusion and Exclusion Criteria

A Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flowchart
shows how the inclusion/exclusion criteria resulted in the final article count (Figure 1). We first
scanned titles to remove papers from our review on the bases of whether a paper met the follow-
ing criteria: (a) not written in English; (b) was a review, commentary, or response paper and not
a primary study; and (c) did not investigate air quality near ONG development. After reviewing
the abstracts and content of the remaining papers, we excluded studies that did not collect pri-
mary,modeled, or estimated HAP emissions and concentrations or did not conduct other primary
HAP analyses from secondary data sources.We focused on papers that described ground-level or
local-level pollutant concentrations and papers that focused on source attribution of HAPs to up-
stream ONG operations. Several articles using concentrations of HAP compounds to model the
formation of secondary non-HAP air pollutions were excluded if they did not directly investigate
impacts of local-scale HAP compounds or their emission sources.

3. RESULTS

A total of 37 peer-reviewed journal articles, published between January 1, 2012, and February 28,
2018, met our inclusion/exclusion criteria (Supplemental Table 2). One peer-reviewed article
focused on ONG operations in Poland, and the rest of the articles focused on operations within
the United States. Thirty-one articles (84%) included primary HAP measurements within eight
states, including Arkansas, Colorado,Ohio, Oklahoma, Pennsylvania, Texas, Utah, andWyoming.
The remaining articles included primary data analyses from secondary data sources or publicly
accessible data sets.

3.1. HAPs Identified Within Review

To enable generalization of results across all studies, we extracted the reported HAP concentra-
tions from the article content, tables, or supporting information; we did not extract concentrations
from graphs or figures. HAPs that were not found in the atmosphere above the sample limit of
detection (LOD) were labeled as “Not Detected” (for additional information on the metric of in-
terest, see the sidebar titled Metric of Interest: Sample Limits of Detection versus Health-Based
Comparison Values). Of the 37 studies we reviewed, a total of 61 unique HAP compounds were
measured near upstream ONG or investigated from secondary data sources. Forty-four HAPs
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1,536 articles excluded
after title/abstract
screen

254 articles excluded
after full text screen

6 articles excluded
during data extraction

Web of Science
Jan 2012–Feb 2018

639 citations

ROGER
Jan 2012–Feb 2018

227 citations

1,833 nonduplicate
citations screened

297 articles
retrieved

37 articles included

Inclusion/exclusion
criteria applied

Inclusion/exclusion
criteria applied

PubMed
Jan 2012–Feb 2018

1,146 citations

Figure 1

A Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram for
hazardous air pollutant (HAP) emissions near upstream oil and natural gas (ONG) development.
Abbreviation: ROGER, PSE Healthy Energy’s Repository for Oil and Gas Energy Research.

were collected and reported in more than one article as primary or in-situ data, of which 32 were
found above the sample LOD. Supplemental Figure 1 provides the full inventory of HAP com-
pounds investigated within the collected literature. HAPs collected from primary data sources
were further listed by the state in which they were investigated and included in Supplemental
Table 4.

Many of the peer-reviewed studies investigated a broad range of target analytes in ambient
air, several of which are ubiquitous in the environment and are sourced not only in upstream
ONG operations. While some of the HAP compounds listed in Supplemental Figure 1 and
Supplemental Table 4 may have a source in upstream ONG, without point source or source
attribution methodologies, their association is speculative. Therefore, in the following sections,
we have further assessed the 61 HAP compounds identified within the peer-reviewed literature to
classify pollutants assessed for contributing sources and to determine their potential association
with upstream ONG development.
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METRIC OF INTEREST: SAMPLE LIMITS OF DETECTION VERSUS HEALTH-BASED
COMPARISON VALUES

The sample limit of detection (LOD) expresses the lowest concentration of the targeted analyte that can be distin-
guished within a given sample, instrument, or method. We use the sample LOD as our metric of interest instead
of commonly referenced health-based comparison values for several reasons. First, the heterogeneity of sampling
methodologies prevents direct comparison between concentration results (6). Second, it is difficult to select a single
health-based standard exposure timeframe that adequately represents the variety of sampling durations present in
the reviewed literature (Supplemental Table 3). Finally,many health-based standards are derived from limited data
sets and inadequate conversion factors that do not appropriately define the risk threshold of sensitive populations
nor do they address the risks of exposure to multiple HAPs concurrently and, thus, may inappropriately imply the
absence of health risks.

Despite these advantages, an LOD above health-based standards may erroneously imply low exposure risk when
concentrations are not detected within the sample. To address these issues, we advise researchers to include LODs
within the results to avoid misleading the reader. Failure to supply sample LODs encumbers accurate descriptions
of atmospheric concentrations, leading to underestimations of exposure, an issue we have found rife in the ONG
literature.

3.2. Sources of HAP Emissions

The range of air pollutant emission sources identified in the reviewed literature includes equip-
ment (e.g., dehydrators, condensate tanks), activities (e.g., flashings, gauging flowback tanks), de-
velopment phases (e.g., drilling, well stimulation), and facilities (e.g., flowback and produced water
treatment and recycling center, oil storage facility). To simplify these broadly categorized emis-
sion sources, we recategorized equipment, activities, and facilities into one of the four most ap-
propriate upstream ONG phases: (a) exploration and well pad and infrastructure construction;
(b) well drilling and construction of associated facilities; (c) well stimulation, enhanced oil recovery,
and completion; and (d) ONG production and processing. For example, air quality measurements
collected from flowback were recategorized into the third phase (well stimulation, enhanced oil
recovery, and completion) because flowback is a fluid often recovered as a result of well stimula-
tion (e.g., hydraulic fracturing). Storage tanks and impoundments can be present at the well pad
through multiple phases or can be transported off-site via trucks or pipeline networks. Since the
location of storage-related equipment and associated activities varies by location,HAP compounds
identified from these sources have been recategorized into a separate storage and impoundment
phase and described in Section 3.2.4.

Point source data are collected from stationary, identifiable locations and equipment that re-
lease pollutants into the atmosphere. Studies that included the collection of on-site primary point
source air quality data, including Brantley et al. (15), Esswein et al. (39), and Hildenbrand et al.
(58), provided detailed information about the equipment and activities that occurred during their
sampling periods. On the basis of these detailed descriptions, we collected and recategorized the
reported data into one of our five phases. In the absence of identifiable emission points, source at-
tribution methods are important to estimate probable sources or categories of sources. Examples
of source attribution methods employed in the reviewed literature include factor analyses (1, 43,
90), distance decay gradients (125), and sourcing ratios (45, 46, 50, 54, 85, 99), among others. Ad-
ditional studies, including Macey et al. (73) and Colborn et al. (27), collected samples off-site and
provided information about potential emission sources by detailing the most proximate upstream
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Exploration, well 
pad, and 
infrastructure 
construction
No articles identified 
in review

1

Drilling of the well 
and construction of 
associated facilities  
POMs including:
Naphthalene 
Phenanthrene
Fluorene
Indeno(1,2,3-cd)pyrene
Benzo(g,h,i)perylene
Dibenzo(a,h)anthracene
Benzo(a)pyrene
Benzo(b)fluoranthene
Benzo(k)fluoranthene
Benzo(a)anthracene
Chrysene
Acenaphthylene

2

Well stimulation 
and completion 
2,2,4-trimethylpentane
Benzene
Ethylbenzene
n-Hexane
Hydrogen sulfide
Methyl chloride
Naphthalene
POMs
Toluene
Xylenes

3

ONG production 
and processing
1,3-butadiene
2,2,4-trimethylpentane
Benzene
Cumene
Ethylbenzene
Formaldehyde 
n-Hexane
Hydrogen sulfide
Mercury
Methanol
Styrene
Toluene
Xylenes

4

Storage and 
impoundments 
2,2,4-trimethylpentane 
Benzene
Ethylbenzene 
Hydrogen sulfide 
Methanol
n-Hexane
Styrene
Toluene
Xylenes 

5

Figure 2

Hazardous air pollutant (HAP) compounds collected through primary measurements and recategorized. Abbreviations: ONG, oil and
natural gas; POMs, polycyclic organic matter.

ONG equipment or activities during the data collection timeframe but did not specifically apply
commonly used source attribution techniques. Recognizing the limitations of off-site activity re-
porting in the absence of well-established source attribution analyses, we cautiously used these
descriptions as a guide for recategorization but used our best discretion for inclusion.

A complete summary of recategorized HAP emissions from primary measurements within the
reviewed literature is provided in Figure 2. We did not identify any HAPs that were sourced
to emissions during the first phase of development (exploration and well pad and infrastructure
construction).

3.2.1. HAP emissions from well drilling and construction of subsurface infrastructure.
After the site has been cleared and a well pad is established, a vertical well is drilled often using
gas-powered rigs and other ancillary equipment to reach depths of several hundred meters below
the surface. If necessary, operators will continue to drill directionally (e.g., horizontally) to increase
the surface area of the target petroleum geologic zone (e.g., in the case of shale gas development).
Drilling through intermediate geological formation on theway to the target formationmay release
trapped hydrocarbons that can migrate to the atmosphere (23, 51). Thus, both ancillary drilling
equipment and subsurface pockets of gaseous fluids within intermediate geologic formation are
a source of various HAP emissions into the ambient environment during the drilling and well
construction phase (17).

Colborn et al. (27) measured the most elevated chemical concentrations in the ambient air
from a stationary monitoring site located 1.1 km from a well pad during drilling activities in rural
Colorado. Samples identified twelve different polycyclic aromatic hydrocarbon (PAH) com-
pounds, a subset of polycyclic organic matter (POM) compounds, during a timeframe dominated
by drilling activities. Elevated carbonyl and VOC concentrations were also detected; however,
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the individual VOC species were not detailed within the paper and, thus, are not included in this
section. Source attribution using temporal patterns of PAH concentrations in the ambient en-
vironment without supplementary sourcing analyses is difficult to interpret, especially for PAHs
that lack chemical disclosures or inventories as well as PAHs commonly formed from combustion
or other anthropogenic sources. Yet, analyses of similar PAH compounds found evidence of pet-
rogenic sources during a range of upstream ONG activities in Ohio (85); thus, we have included
these within the current section. Additional mobile measurements in Pennsylvania detected ac-
etaldehyde, acetonitrile, benzene, methanol, and toluene downwind from a drilling rig; however,
concentrations were not elevated above background, suggesting that the rig was not operating at
full capacity, the emissions from this activity in this particular geographic and geologic area did
not have high emissions, or the activities and equipment associated with the drilling phase were
not the source of these pollutants and thus were not included in our sourcing analyses (51).

3.2.2. HAP emissions from well stimulation, secondary recovery, and completion. The
well completion phase encompasses all processes associated with preparing a newly drilled well
for the production of oil and gas. This phase is relatively short in duration (3–15 days) but can
include a variety of activities, including flowback collection, flaring, workovers, and completion
venting. Once the well is drilled, cement and casing are installed to stabilize the wellbore and
provide zonal isolation to minimize subsurface migration of liquid and gaseous fluids. This step is
followed by the perforation of the casing in the target hydrocarbon reservoir to allow for the stim-
ulation and other injected fluids to gain access to the petroleum reservoir and then subsequently
for the flow of hydrocarbons into the well. In low-permeability reservoirs, where hydraulic frac-
turing and other stimulation are required to extract hydrocarbons, between 0.25 and 50 million
gallons of water, chemicals, and proppant are injected down the well at a pressure high enough
to increase the permeability of the target geology. The return of these stimulation fluids to the
wellhead is referred to as “flowback.” Although chemical constituents from the geological forma-
tion are present in this flowback, these fluids are often opaquely distinguished from “produced”
water, which surfaces shortly thereafter and often throughout the lifetime of active hydrocarbon
production (13). Because flowback is limited mostly to the current phase, we include emissions
associated with flowback, and not produced water, which is reviewed in subsequent sections. It
should be noted, however, that scientific distinctions between the flowback and produced water
phases of oil and gas development are not specific and vary considerably across geological and
regulatory spaces (70).

BTEX, 1,3-butadiene, n-hexane, cumene, styrene, and 2,2,4-trimethylpentane were identified
around the perimeter of five well pads in Colorado during completion activities and, with the
exception of styrene, cumene, and 1,3-butadiene, median concentrations were higher than back-
ground in ONG area samples (79). Field sampling downwind of a well pad in Pennsylvania during
flaring activities measured benzene, toluene, and n-hexane above the sample LOD and at concen-
trations higher than the upwind direction (76).Occupational and off-site measurements identified
POMs (including naphthalene) and H2S near flowback and workover rigs (39, 73).

BTEX compounds and n-hexane are found in diesel combustion emissions from equipment
and vehicles used in ONG, drilling fluids, and fracturing additives. BTEX compounds, in particu-
lar, occur naturally in oil and gas geological formations, and emissions of these compounds during
oil and gas development are likely attributable to various processes, including those that provide an
opportunity for gas compounds to migrate to the surface and volatize into the ambient air. There-
fore, many of the HAPs identified in ambient air near ONG operations during well stimulation
and completion could be direct emissions from ancillary well pad equipment, loss of wellbore in-
tegrity, improper handling of flowback fluids, and volatilization from the chemical mixtures used
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for stimulation fluids or completion activities (61, 101, 108, 109). With the current evidence, we
cannot identify the specific source activity or equipment, although ONG development appears to
be a likely source of these compounds identified at elevated concentrations in the ambient air.

3.2.3. HAP emissions from oil and gas production and processing. During the production
phase, ONG is collected from the well and processed with various ancillary equipment, including
wellhead compressors, pneumatic devices, separators, and dehydrators. The production phase is
the longest of all the upstream phases with the potential to emit maximum peak values that ex-
ceed the stimulation and completion phase (17), and it was linked to the most varied number of
HAPs within our review.While a given shale well may be depleted within 1–5 years, migrated oil
reservoirs may produce for decades.Hydrocarbon production in geological zones richer in oil and
wet gas may be associated with HAPs and other larger-molecular-weight hydrocarbon emissions
during the production and processing phase when target alkanes are separated from heavier com-
pounds. Operational practices, the spud date, the petroleum geology, and production volumes can
also heavily impact emissions from producing wells within the same shale play (51, 98). There-
fore, without insight into reservoir composition and well pad operations, it is difficult to predict
the geography and magnitude of HAP emissions or to extrapolate results to larger areas.

Wellheads, dehydrators, and separators are important sources of elevated HAP emissions dur-
ing production and processing in regions rich in oil, wet gas, and condensate (43, 112). Dehy-
dration units account for an estimated 40% of HAP emissions (36). Point source measurements
collected on a well pad in Colorado identified BTEX compounds, styrene, n-hexane, and 2,2,4-
trimethylpentane near producing wellheads, dehydrators, and separator units (15). Off-site mea-
surements in Texas and Wyoming identified similar emissions with an addition of cumene and
H2S near wellheads, separators, and produced water tanks and discharge canals (35, 73). Com-
pressors used to maintain hydrocarbon flow were associated with emissions of BTEX compounds,
1,3-butadiene, methanol, formaldehyde, mercury, and n-hexane (35, 51, 65, 73, 75, 90). With the
exception of mercury, these compounds are commonly emitted from continuously reciprocating
natural gas–fired engines, and their presence within the collected samples was not unexpected. A
report analyzing point source emissions data from 58 compressor stations found formaldehyde to
be the fourth largest chemical released by compressors by total pounds, just after total VOCs (92).
Mercury, a trace component in natural gas condensate, is removed from the compressor process;
thus, its emission may actually be a result of ineffective mercury removal systems and therefore is
included in this phase (65).

Abnormal process conditions including control failures, design failures, and malfunctions up-
stream of the point of emission occur in only a small fraction of facilities, yet they may be responsi-
ble for a significant portion of ONG-related air pollution (16, 30, 59, 123). Flyover measurements
in the Haynesville and Marcellus Shale gas production regions found that only ∼10% of facili-
ties were responsible for up to ∼40% of the total CH4 emissions emitted from these operations
(120). Although these measurements might not be representative of all associated HAP emissions,
enhancement ratios and correlations between CH4 and benzene suggest a similar source. Further-
more, mobile measurements in the Barnett Shale area found that only 4% of measured ONG fa-
cilities were responsible for a relatively large amount of the measured atmospheric mercury (65).
Within the current review, few air quality samples were reported as collected during abnormal
ONG development process conditions, yet it is possible that off-normal events occurred without
operator knowledge or public disclosure. For example, samples collected near production phase
equipment described as “rusty” recorded HAP concentrations up to 47 times higher than those
described as being in “good” operating condition, yet neither were identified as abnormal pro-
cesses (15). In the instance where infrared video captured a clear example of a leaking natural gas
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wellhead, elevated concentrations of benzene, xylenes, n-hexane, and toluene were detected on-
and off-site and near residential homes (40).

3.2.4. HAP emissions from storage tanks and impoundments. Storage tanks and impound-
ments are often used to hold production and maintenance chemicals or condensate and recovered
fluids collected and separated during various phases. Chemicals stored at upstream ONG sites in-
clude chemical additives and mixtures for well stimulation and various well and equipment main-
tenance needs. Condensate is different from stored chemicals, flowback, and produced water in
that it has been separated from extracted crude oil or natural gas matrices in preparation for addi-
tional processing or disposal. Emissions from storage and condensate tanks have been associated
with H2S, BTEX, n-hexane, styrene, methanol, and 2,2,4-trimethylpentane (15, 67, 112). Many
of the stored liquids are volatile and enter a gaseous phase as a result of increases in temperature
and decreases in pressure.Workers in the upstream ONG industry, especially those working with
flowback and condensate tanks, are at increased risk of exposure during routine gauging,measure-
ment, and oil flashing activities, which provide an opportunity for stored liquids to volatilize and
escape into the atmosphere. A number of occupational deaths have been reported among workers
taking volume measurements of condensate tanks (55).

Such condensate tank emission events, even if brief, can be significant, which may have a sub-
stantial impact on local air quality (46), especially in oil-producing areas (72). Storage tanks can
be housed at the well site that provide additional emissions source points during the associated
phase; however, they can also be sited at different locations, far from the well pad, or piped off-site
through transmission pipeline networks (45). Many of the listed HAPs in this section were found
at well pads during production, but they were recategorized into the current separate group as the
location of storage equipment and related activities varies by well site.

3.3. Summary of Health Impacts from HAP Compounds

HAP compounds are associated with multiple cancer and noncancer health outcomes and have,
in some studies, been detected near ONG sites at levels that exceed health-based standards and
reference concentrations. The current ONG literature offers limited insights into specific etio-
logical agents and health outcomes because granular measurements of exposure have largely not
been undertaken. To better understand health risks and impacts from HAP exposures near up-
stream ONG development, we further evaluated the studies that included a health component in
the analysis. Although exposure to any of the 188 listed HAP compounds may pose reason for
concern, we identified several HAPs that were consistently found to be above sample LODs or
above health benchmarks or that posed the highest risk from inhalation exposures. A summary of
some of the key findings is provided in the following sections.

3.3.1. HAPs of highest concern. BTEX compounds are associated with several serious human
health impacts, including neurological damage, birth defects, some cancers, and hearing loss (117).
Ubiquitous in the environment, these compounds commonly exceed sample LODs in urban areas
as a result of transportation and industrial processes (11); however, many of the reviewed samples
were collected near ONG activities in rural regions, where urban emission sources are likely to
have minimal impact on local and regional ambient air quality. Several of the studies included
in this review found rural BTEX concentrations to exceed those measured in dense urban areas
and at concentrations that exceed health-based standards, with some concentrations over 2,900
ppb (parts per billion) (37, 43, 45, 46, 48, 51, 54, 73, 88, 91, 99, 102, 112). For reference, the Of-
fice of Environmental Health Hazard Assessment (OEHHA) acute reference effect level (REL)
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in nonoccupational settings for benzene is 8 ppb, and the 8-hour and chronic RELs for benzene
are 1.0 ppb (29). Studies that report ambient BTEX concentrations below existing health-based
standards have implied that upstream ONG emissions of these compounds may not have a sub-
stantial impact on human health, yet ambient BTEX concentrations, below health benchmarks,
have been associated with adverse health outcomes in numerous epidemiological studies (2, 3, 7,
33, 47, 63, 64, 69, 71, 74, 87, 119, 121, 124).

While health-based air quality standards provide a guide on which to base regulatory thresh-
olds, many standards are extrapolated from in vivo or in vitro animal studies or human-based
occupational studies that may not be appropriate for the protection of sensitive populations such
as children and pregnant women (42, 110, 113). Recognizing the possible inadequacies of exist-
ing uncertainty factors for benzene, the OEHHA in California recently applied a stricter REL
to include additional protections to sensitive populations (29), yet questions remain over whether
these updated standards are protective enough. On the basis of the existing evidence of expo-
sure risks from chronic, low-level concentrations, current noncancer health benchmarks, such
as the OEHHA RELs, may be insufficient for estimating health impacts from benzene-related
exposures near upstream ONG development. Recognizing the cancer risks associated with ben-
zene exposures, the World Health Organization states that “no level of exposure can be recom-
mended,” implying that there is likely no safe lower threshold of exposure as implied by the RELs
(116).

Formaldehyde and acetaldehyde were found to be the most abundant carbonyl species when
sampling ambient air near ONG facilities. The chronic OEHHA nonoccupational RELs for ac-
etaldehyde and formaldehyde are 80 ppb and 7 ppb, respectively (84).While many of the observed
concentrations around ONG operations were below health standards, the International Agency
for Research on Cancer has classified formaldehyde as a group 1 carcinogen, meaning it causes
cancer in humans (8) and, generally, does not have a threshold below which there is a safe level
of exposure. Furthermore, simplified health risk assessments and modeling estimates near ONG
activities have suggested that formaldehyde and acetaldehyde are the dominant contributors to
cancer risks (25, 99). The abundance of formaldehyde detection in ambient collected samples
may actually indicate secondary atmospheric formation as the dominant source and not primary
emissions released directly from an ONG point source. Mandated state inventories that focus on
primary emissions may actually lead to underreporting if secondary atmospheric formation is the
dominant pollutant source.

The natural gas and crude oil impurity H2S is a colorless and flammable toxicant easily iden-
tifiable by its rotten egg odor. H2S becomes detectable at concentrations as low as 0.5 ppb (10),
becomes chronically toxic at 8 ppb (83), and has a National Institute for Occupational Safety and
Health (NIOSH) immediately dangerous to life or health (IDLH) concentration of 100 ppm (24).
Within the current review, H2S has been measured in ambient air at various phases of upstream
ONG development, including during separation, in storage tanks, and in discharge canals at con-
centrations exceeding those known to be safe (35, 39, 67, 73). Concentrations of H2S above the
odor threshold were measured just beyond the fence line in 8% of natural gas production sites in
Texas during mobile measurements (35).

The simplest unsaturated aldehyde, acrolein, is fairly ubiquitous throughout the environment
at concentrations above chronic noncancer benchmarks (77, 81, 100, 118). Used as a biocide addi-
tive and H2S scavenger in ONG operations, acrolein is also emitted from more common sources,
including incomplete combustion of petroleum products, tobacco smoke, and cooking activities.
Owing to the current health burden of exposure in the ambient environment, the OEHHA iden-
tified acrolein as one of the top five most important pollutants of concern in California (4), and
an additional exposure from ONG operations could compound the existing public health burden.
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Acrolein is difficult to measure accurately, and controversy over prevailing sampling methods per-
sists (49, 57, 62). Exposure to acrolein may cause adverse health effects, including eye, nose, and
throat irritation, chest pain, and difficulty breathing (9). In California underground natural gas
storage facilities, acrolein is reported as the eighth highest emitted air pollutant in California and
was found at elevated levels in indoor environments near the site of the Aliso Canyon natural gas
storage blowout (66, 94). Acrolein plays a substantial role in the upstream ONG process, and yet
methodological constraints limit the availability of reliable industry-related emissions estimates
and, consequently, obscure the understanding of the potential impact to human health.

3.3.2. Gaps in health research. Recent health-based studies have uncovered a spatial relation-
ship between upstream ONG and a range of health outcomes. Epidemiological and health-based
studies have found increased risk and incidence of adverse birth outcomes near ONG activity
compared with further away (22, 31, 60, 96). Similarly, studies that utilize distance metrics as
proxies of exposure reported increased health risks for individuals living near ONG activity com-
pared with further away (21, 79, 99). These findings are corroborated by symptom surveys that
found that the number of reported symptoms was higher among residents living closer to well
pads compared with those living further away (97). Moreover, McKenzie et al. (78) paired in-
situ air quality measurements with distance and cancer risk assessment. The study found that
within 152 m (∼500 feet) of active oil and gas development, the cancer risk estimate was 8.3 cases
per 10,000 individuals, greatly exceeding the US EPA’s upper threshold for acceptable risk (1 ex-
cess case in 10,000).

Despite findings of a spatial dimension of health data near upstream ONG development, mea-
sured pollutant concentrations, including concentrations of HAPs, were generally below health-
based standards. It is unclear why ambient air samples have failed to capture concentrations above
health benchmarks while the majority of epidemiological studies continue to find incidence of
poor health outcomes increasing as distance from these operations decreases. Recent literature
provides insights into methodological shortcomings that make investigations more prone to null
air pollutant concentration findings. First, in-situ measurements of emissions collected at a dis-
tance from well pad activities are prone to effects of atmospheric degradation, dispersion, and
deposition (86), and yet they are commonly, and inappropriately, extrapolated to describe local
exposures. Studies that utilize data from standard air monitoring networks, such as the Texas Com-
mission on Environmental Quality (19, 40, 93), may fail to capture concentrations that pose actual
exposure risks as a result of such methodological biases.

Second, samples collected with short collection timeframes (e.g., “grab samples”) are capable
of detailing only conditions at a particular—and short—moment in time and often fail to capture
the episodic peaks commonly associated with many of the upstreamONG development processes
(17). Similarly, integrated concentrations derived from longer sampling timeframes may dilute
elevated concentrations during peak emission events and, thus, underestimate the full range of
potentially recurring acute exposures (54). Recent evidence suggests that abnormal process con-
ditions or uncontrolled emission events from a small proportion of wells or associated ancillary
infrastructures may better explain the complex exposure environment from local to regional scales
(123). Studies that estimate exposures on the basis of modeled emission masses and rates may miss
peak exposures from abnormal process conditions that are more accurately characterized via field
sampling. Air quality studies that focus on granular geographic estimates of exposures via continu-
ous, local-level monitoring better characterize ambient concentrations during brief peak emission
episodes, common in upstream ONG development, that may be missed using intermittent sam-
pling methods at select stages (28, 54).
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Third, the current state of toxicological data and exposure science may not adequately address
potential risks associated with long-term, chronic, lower levels of exposure, particularly whenmul-
tiple air pollutants might be implicated (18, 20, 52). Thus, available health standards developed
from inadequate uncertainty factors may not provide protection for human populations and es-
pecially for sensitive subpopulations, including infants, children, pregnant mothers, and people
with preexisting medical conditions. Using OEHHA’s conservative list of approved risk assess-
ment health values as a guide to understand the current state of available health benchmarks (5),
we found that fewer than 40% of all HAP compounds had inhalation cancer risks or noncancer
health-based exposure levels. Several compounds that lack reference values were detected in air
near, and are likely associated with,ONG sites.Other contaminants with health benchmarks, such
as benzene,may still elicit health effects at concentrations lower than theREL.Furthermore,many
HAP compounds are associated with cancer end points that, even at low atmospheric concentra-
tions, generally do not have a threshold below which there is a safe level of exposure. Therefore,
health studies that provide only comparisons to noncancer benchmarks may be misleading in their
estimates of actual long-term health impacts.

Finally, health studies that use single pollutant health-based standards may fail to provide accu-
rate risk estimates from concurrent or close-succession exposures to multiple pollutants that may
act biologically antagonistic, synergistic, or additive (105). This situation of potential exposures
to multiple air pollutants is particularly relevant for upstream ONG development where emission
inventories and air quality monitoring have identified a wide range of pollutants that are often
coemitted. Without knowledge of a specific etiological agent or exposure pathway, investigators
may find that these studies fail to sample and analyze the full range of biologically relevant ONG
pollutants or determine the most appropriate exposure pathways.

4. DISCUSSION

We identified 37 peer-reviewed journal articles that met our inclusion/exclusion criteria, of which
all but one focused on ONG operations within the United States. In our review, we found a lack
of peer-reviewed literature from outside the United States, likely owing to the growing concerns
about human health and environmental impacts, which may have slowed adoption of novel extrac-
tion methods in other countries.With the exception of Russia, the United States produced at least
twice as much natural gas compared with all other regions in the world (103). In Europe, most
exploratory shale gas extraction has occurred in Poland and the United Kingdom, but France and
Norway have some of the most promising reserves that remain largely unexploited (44). Within
the collected literature, we identified 61 HAPs, of which only 32 were collected during in-situ
monitoring. Hydraulic fracturing has received the greatest attention for its potential impact to
human and environmental health (14). In the context of HAPs, however, we did not find evidence
to support the common assumption that the discrete hydraulic fracturing phase itself is associated
with the highest risk of exposure. Instead, we found that the production phase—with its lengthy
operation timeframe, episodic peak emission events, and largest number of HAPs sourced to the
various equipment and operations—has the potential to emit the highest concentrations and the
most varied mixture of HAPs over the longest time period, especially in regions rich in oil, wet
gas, and condensate. Our review of the literature further suggests that exposure risks can be much
higher if production equipment is colocated with condensate storage and wastewater impound-
ments. ONG development does not necessarily involve hydraulic fracturing but may include a
myriad of different oil and gas development techniques, many that were not investigated within
the collected literature.
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In general, in-situ air pollutant measurements were found to be below health benchmarks, and
yet multiple health-based studies found evidence of a spatial relationship between concentrations
ofHAPs and incidence of cancer and noncancer health end points in the context of proximity to oil
and gas development operations. These findings suggest several possible explanations: (a) Spatial
sampling methodologies fail to properly characterize exposures prior to atmospheric degradation,
dispersion, and disposition of sampled pollutants; (b) ambient air sampling timeframes are inap-
propriate for capturing the episodic peak emission events characteristic of upstream ONG; and
(c) prevailing health benchmarks are inadequate to identify exposures to chronic, low levels of
pollutants, multiple chemical exposures or from multiple exposure pathways.

This review has several limitations. First, some HAPs targeted for this review include broad-
range categories (e.g., POM) that contain multiple constituents of varying degrees of toxicity, of
which some may have been overlooked during the inclusion/exclusion review. Second, some ac-
tivities and equipment are used in both upstream and midstream (e.g., hydrocarbon transport)
processes, and it was not always clear which was being measured when in-situ monitoring data
was being collected. For example, compressors can be used to transport hydrocarbons and other
compounds off the well pad during upstream activities, but the act of transportation would classify
associated releases as midstream emissions.We used our best judgment when collecting and recat-
egorizing HAP compounds; however, without clarification from the studies’ authors, we may have
included some midstream processes in our reclassification efforts. Third, several studies included
in our review suffered from methodological limitations resulting in over- or underestimated con-
centrations of summary findings.Althoughwe attempted to recognize and address these inadequa-
cies we may not have adjusted for all possible shortcomings in the reviewed literature. Fourth, we
used sample LODs as the most appropriate metric of interest because the heterogeneity of sam-
pling methodologies limited direct comparisons of measured or estimated concentrations across
studies (formore information, see the sidebar titledMetric of Interest: Sample Limits of Detection
versus Health-Based Comparison Values). While it would be helpful to consider sample LODs
when evaluating nondetected HAPs, we identified a consistent failure to supply sample detection
limits within the peer-reviewed literature in this review. Finally, our review was limited to con-
stituents classified as HAPs; non-HAP compounds were beyond the scope of this article. Similarly,
HAP compounds that were excluded from the collected literature were not extensively discussed
here. By design, this review was limited to a select group of compounds that have been previously
studied within the peer-reviewed literature. However, non-HAP compounds, HAP compounds
not measured, and HAP compounds found under the sample LOD may still have a significant
role in upstream ONG development and should be investigated in future studies.

Through our synthesis of the peer-reviewed literature, we have identified the following re-
search priorities: (a) Increase research of HAPs near upstream ONG development with an em-
phasis on those that have not been extensively measured or reported on in the peer-reviewed lit-
erature, especially those that overlap with chemicals identified in state inventories or disclosures;
(b) undertake detailed source attribution investigations of emissions using spatially and temporally
appropriate measurements; (c) conduct detailed health studies that focus on granular estimates of
exposures near upstream ONG development via personalized and community-based monitoring;
and (d) implement additional research on health impacts from chronic, low-level ambient HAP
exposures. Adoption and implementation of these research priorities will help guide future policy
aimed to implement appropriate upstream ONG development emission control measures that
will protect human and environmental health and decrease the adverse impacts of upstream oil
and gas development.
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