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Abstract

Investigating the Human Health Impact Zone and Exposures near Oil and Natural Gas
Development and Storage during both Routine and Non-routine Operations
by

Diane A. Garcia-Gonzales
Doctor of Philosophy in Environmental Health Sciences
University of California, Berkeley
Professor Michael Jerrett, Chair

Within the past decade, major technological advancements in oil and natural gas development
have made extraction of hydrocarbon resources economically feasible. As the demand for oil and
natural gas development increases, the public and regulatory agencies have become increasingly
concerned about human and environmental impacts of the development and storage processes.
Oil and natural gas operations are known sources of greenhouse gases and of emissions
associated with adverse environmental and human health outcomes; however, research efforts
aimed at understanding these impacts have been outpaced by the rapidly evolving technology
and increased production efforts of the past decade. While recent research has provided insights
into the impacts of oil and natural gas development, there is still limited information on the full
range of potential exposures from the upstream process, and a dearth of literature on the impacts
of emissions from natural gas storage.

Various attempts to identify and classify all products and chemicals used during the oil and
natural gas development processes have resulted in disparate, and often contradictory, lists
ranging from hundreds to thousands of chemical constituents. Chemicals of particular concern
due to their potential to cause cancer and other serious health effects, have been categorized as
hazardous air pollutants (HAPs) by the U.S. Environmental Protection Agency (U.S. EPA). To
identify the full range of HAPs measured near upstream oil and natural gas development sites in
recent scientific literature, we conducted a critical review of peer-reviewed research published
between 2012 and 2018. From this review, we identified over 61 individual HAPs that have been
investigated, of which 32 HAPs were collected as primary datasets. Additional efforts to
recategorize sourced emissions found that the production phase, with its lengthy operation
timeframe and episodic peak emission events, has the potential to emit the highest concentrations
of associated HAPs over the longest time period. Results from chapter one provided the impetus
for investigations included in the following chapters.

From the critical review conducted in chapter one, we identified a growing, yet still relatively
small body of studies that investigates the relationship between the proximity of upstream oil and
natural gas facilities and exposures to air pollutant emissions. With a dearth of scientific data, it
is difficult to fully understand exposure risks and offer scientific guidance on specific adequate
set-back requirements. In chapters two and three, we expanded our investigations to include the
oil and natural gas air pollution exposure impact zones during upstream activities. From the



evidence elucidated from the previous chapter, we targeted active oil and natural gas wells in the
production phase and measured several indicative HAP compounds. We deployed passive
samplers at varying distances along transects through upstream oil and natural gas development
facilities to understand emission related gradient behaviors. Results along the sampled transects
in semi-rural Colorado, suggest benzene, toluene, and n-hexane reach background concentrations
at around 220 meters from the facilities. Additional measurements of various sized particles
suggest PM can be measured in ambient air at distances as far as 560 meters from the facility
fence line.

While much of the focus has been on the oil and natural gas development in rural and semi-rural
regions, few studies have focused on emissions and the impact on human health in the state of
California, where there are approximately 58,000 active wells. Despite the presence of multiple
competing sources and the difficulties associated with deployment in dense urban environments,
we were able to identify gradient behavior along the transect downwind of the target facility;
correlate target HAPs with the natural gas tracer compound, n-pentane; and identify the added air
quality exposure burden from the targeted facility. From these investigations, distance decay
gradient samples suggest benzene and n-hexane reach background concentrations between 125
and 150 meters from the facility fence line within this dense urban environment.

The 2015 Aliso Canyon natural gas blowout provided a unique research opportunity to further
our investigations during an on-going anthropogenic disaster event. Armed with the findings
from the previous chapters, we focused our investigations on HAP compounds and speciated
particles. Initial results revealed higher and more variable concentrations of particles in the
outdoor air at locations close to the blowout site compared to those farther away. Subsequent
sampling of indoor environments found a characteristic “fingerprint” of metals in the indoor dust
samples similar to samples taken at the blowout site. Canonical correlation analyses of this metal
signature showed that newer homes and homes with professionally installed weather proofing
materials installed as a result of the blowout had lower metal concentrations. Additionally, we
found compelling evidence that several HAPs were elevated in the surrounding communities of
Porter Ranch during the blowout event, and final attempts to plug the well were associated with
particle emissions. Taken together, our results suggest that the blowout and attempts to plug the
well had a discernable effect on the indoor air environments of sampled homes.

The full understanding of human health impacts from exposures to underground natural gas
storage related emissions remain tenuous. To the best of our knowledge, the work contained
within the listed chapters is the first to investigate gradient behaviors around oil and natural gas
development in downtown Los Angeles, to measure and characterize the impact zone of
speciated particles near upstream activities, and to characterize potential exposures from particles
from an anthropogenic natural gas storage blowout event. The current results expand on the
dearth of studies examining impacts from oil and natural gas development and storage emissions,
yet the need for additional research remains of high importance. We anticipate these results will
serve as a guide for future research and help develop necessary policies to protect communities
at risk of exposures from both routine and non-routine emission events.
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1.1 Abstract
Increased energy demands and innovations in upstream oil and natural gas (ONG)
extraction technologies has allowed the United States to become one of the leading
producers of petroleum and natural gas hydrocarbons in the world. The United States
Environmental Protection Agency (U.S. 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 ONG
operations to (1) identify HAPs associated with upstream ONG development, (2) identify
their specific sources in upstream processes, and (3) examine the potential for adverse
health outcomes from HAPs emitted during these phases of development.

1.2 Introduction
Increased energy demands and innovations in upstream oil and natural gas (ONG)
extraction technologies have enabled the United States to become the world’s top
producer of petroleum and natural gas hydrocarbons!. The U.S. Energy Information
Administration? reported U.S. petroleum and other liquid fuels production reached 15.6
million barrels per day and dry natural gas production averaged 73.6 billion cubic feet per
day in 2017; with projected increases in 2018 and 2019. In some areas, ONG extraction
and development has expanded closer to residential communities, increasing risks of air,
water, soil, noise, and light pollution exposures in proximate populations. Research
suggests 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>*. There is a growing, yet
still relatively small body of studies that investigate the relationship between the
proximity of these facilities and human health impacts. With a dearth of scientific data
characterizing exposure risks, it is difficult to offer scientific guidance on specific
adequate set-back requirements, despite the fact that an estimated 18 million people live
within 1,600 meters (~1 mile) from an active ONG well>. Special disclosure exemptions
from the federal Emergency Planning and Community Right to Know Act allows the
ONG industry to withhold information regarding chemical constituents used, produced
and emitted, further compounding the difficulty in the identification of chemical-related
hazards and their associated exposure pathways.

Upstream processes consist of four broad phases of operation: (1) exploration, well pad
and infrastructure construction; (2) drilling of the well and construction of associated
surface and subsurface equipment and facilities; (3) well stimulation and completion; and
(4) oil and natural gas production and processing. The current body of scientific literature
suggests that upstream ONG development processes emit numerous air pollutants
including methane, non-methane-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. Upstream ONG 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. Various attempts to



identify and classify all products and chemicals used or emitted during the upstream
ONG development process have resulted in disparate lists ranging from 343 to 1,177
unique chemicals®!°. Current research provides conflicting evidence over the
concentrations of various pollutants in the air; however, a consensus exists regarding the
presence of air pollutants that pose human health hazards!!~!8,

Emissions of hazardous air pollutants (HAPs) from ONG are of particular concern as
they are known or suspected to cause cancer or other serious health effects. Currently the
Clean Air Act lists 187 HAPs for regulation!®, some which have been associated with
ONG activities. The Committee on Energy and Commerce and the Endocrine Disruption
Exchange have identified over 20 different HAPs, which have been associated with
upstream ONG activities or processes®?°. 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?!~
26

The purpose of this review is to summarize the research conducted to date on the
associations between HAPs and upstream ONG development. Specifically, we will
pursue the following aims: to identify compounds that have been investigated near
upstream operations within the peer-reviewed literature; to determine which of these
compounds have been traced to a specific upstream phase, process, or source; and to
examine the potential health hazards attributable to these HAPs. Our synthesis of the
science is intended to inform future research priorities related to ONG development and
to assist in public health protection.

1.3 Materials and Methods
We began with the inclusion of all 187 HAPs listed by the United States Environmental
Protection Agency (U.S. EPA). Hydrogen sulfide (H2S) was removed from the official
list in 1991 but was included in our review due to its high toxicity at lower concentrations
and prevalence in oil and gas development operations. From this point forward, when
referring to HAPs, we include all 187 compounds listed by the U.S. EPA, plus HzS 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. A number of HAPs 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?’. While
central to the question of HAP formation and atmospheric concentrations, HAP
precursors fall outside of the scope of this review.

Keyword Search

We developed a list of keywords to assist in a comprehensive literature search of all
upstream ONG processes and target pollutants. Due 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
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included, but were not limited to, the term “fracking”, “fracturing”, “hydraulic
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fracturing”, “oil and natural gas development”, and common acronyms including
“UNGD” and “ONG”. In all, we incorporated 18 iterations and acronyms. Additionally,
we included key words for transport media to ensure search results encompassed airborne
compounds. We erred on the side of being overly inclusive and integrated broad group
names including volatile organic compounds (VOCs), non-methane hydrocarbons
(NMHC), and hazardous air pollutants (HAPs) during the search process. Keywords and
search queries are provided in Table 1.1.

Electronic Database Search

We searched peer-reviewed journal articles within three electronic search databases in
March 2018. First, we searched the Thomson Reuter’s Web of Science database
(http://www.webofknowledge.com) using their Advanced Search query tool. Boolean
operators were used to narrow English language article search results by topic, and
publication timeframe. We also searched PubMed (http://www.ncbi.nlm.nih.gov) to
ensure our literature review included a comprehensive search of peer-reviewed journal
articles focused on the human health dimensions of upstream ONG development. Results
were narrowed by text words and publication timeframe. Search queries resulted in 639
and 1146 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 Energy Research
(ROGER) database?®, a nearly exhaustive database of peer-reviewed literature on shale
gas development, which can be found on the PSE website at www.psehealthyenergy.org.
Articles found in the ROGER database that were not included in searches from the
electronic databases were added to the collection. A final count of 1,833 journal articles
was then collected, organized, and evaluated using the inclusion/exclusion criteria.

Inclusion and Exclusion Criteria

We first scanned titles to remove papers for exclusion based on the following criteria: not
written in English; were review, commentary, or response papers; and papers that 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 primary HAP
measurements, modeled or “estimated” HAP concentrations, or conduct 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 sourcing HAPs to
upstream 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. 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 1.1).

1.4 Results
We identified a total of 37 peer-reviewed journal articles, published between January 1,
2012 and February 28, 2018 that met our inclusion/exclusion criteria (Table 1.2). All but
one peer-reviewed article focused on ONG within the United States. Thirty-one articles
(84%) included primary HAP measurements within eight states including Arkansas,



Colorado, Ohio, Oklahoma, Pennsylvania, Texas, Utah, and Wyoming; remaining articles
included primary data analyses from secondary data sources or publicly accessible
datasets.

HAPs Identified within Review

The sample limit of detection (LOD) expresses the lowest concentration of the targeted
analyte that can be distinguished 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®. 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 (Table 1.3).
Finally, many health-based standards are derived from limited datasets and inadequate
conversion factors that do not appropriately define the risk threshold of sensitive
populations nor does it address the risks of exposure to multiple HAPs concurrently and,
thus, may inappropriately imply the absence of health risks. Despite these advantages, a
LOD above health-based standards may erroneously imply low exposure risk when
concentrations are not detected within the sample. To address these issues, it is advised to
include LODs within the results, as not to mislead 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.

To generalize results across all studies, we extracted the reported HAP concentrations
from the article content, tables, or supporting information; we did not extract
concentrations from graphs or figures. HAPs that were not found above the sample LOD
were labeled as “Not Detected”. 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 were collected and reported in more than one article as primary
data, of which, 32 were found above the sample LOD. Table 1.4 provides the full
inventory of HAP compounds 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 Table 1.5.

Sources of HAP Emissions

The range of air pollutant emission sources identified in the reviewed literature include
equipment (e.g. dehydrators, condensate tanks, etc.), activities (e.g. flashings, gauging
flowback tanks, etc.), development phases (e.g. drilling, well stimulation, etc.), facilities
(e.g. water treatment and recycling center, oil storage facility, etc.), and areas (e.g. dense
ONG development regions). To simplify these broadly categorized emission sources, we
re-categorized equipment, activities, and facilities into one of the four most appropriate
upstream ONG phases: (1) exploration, well pad and infrastructure construction; (2)
drilling of the well and construction of associated facilities; (3) well stimulation and
completion; and (4) oil and natural gas production and processing. For example, air
quality measurements collected from flowback were re-categorized into the third phase
(well stimulation and completion) because it is a fluid often recovered as a result of well
stimulation. Storage tanks and impoundments can be present at the well pad through



multiple phases or be transported off site via trucks or pipeline networks. Due to the
mercurial nature of upstream ONG storage and associated activities, they have been re-
categorized into a separate “storage and impoundment” phase. Although these sources
can be associated with emissions into other mediums such as soil and water, we are
focused only on HAPs emitted into the atmosphere for the current review.

Occupational and on-site studies — including Brantley et al.>’, Esswein et al.’!, and
Hildenbrand et al.>? — where primary data was collected at the well pad, reported
concentrations from point sources and often provided detailed information about the
equipment or activities that occurred during the sampling period. Based on their detailed
descriptions, we collected and re-categorized emissions into one of our five phases, when
appropriate. Several studies including Macey et al.!® and Colborn et al.!¢ collected
samples off-site but provided information about potential sources of HAP compounds in
ambient air by detailing closest upstream ONG equipment or activities during the
collection timeframe. We cautiously used these source descriptions as a guide for re-
categorization but used our best discretion for inclusion. We further re-categorized HAP
compounds using common off-site sourcing and attribution techniques including factor
analyses®*3, distance decay gradients®, and sourcing ratios*’*2, among others. We
recognize that these off-site techniques provide insights into possible origins but, unlike
point source emission measurements, fall short of identifying a single causal source.

A complete summary of re-categorized HAP emissions from primary measurements
within the reviewed literature is provided in Figure 1.2. We did not identify any HAPs
that were sourced to emissions during the first phase of development (exploration, well
pad and infrastructure construction). Additional HAPs that were associated with the
upstream ONG industry, but not a specific phase, include acetaldehyde, acetonitrile, and
tetrachloroethylene (not included in Figure 1.2).

Well Drilling and Construction of Subsurface Infrastructure

After the site has been cleared, a vertical well is drilled using gas-powered rigs and other
ancillary equipment to reach depths of several hundred meters underground. If necessary,
operators will continue to drill horizontally to increase subsurface extraction capacity
(e.g., in the case of shale gas development). Drilling through intermediate geological
formation on the way to the target formation may release trapped hydrocarbons that can
migrate to the atmosphere?***. 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**,

Compared to all other stages of development, Colborn et al.!¢ measured the most
chemical spikes 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 12 Polycyclic
Organic Matter (POM) compounds, including naphthalene, during a timeframe
dominated by drilling activities. POM defines a broad class of compounds that includes
polycyclic aromatic hydrocarbons (PAHs) formed primarily from combustion. Temporal
patterns of emissions without supplementary sourcing analyses are arguably suspect, but
additional sourcing ratio analyses of similar compounds found evidence of petrogenic



sources during a range of upstream ONG activities in Ohio*!'. Additional mobile
measurements in Pennsylvania detected acetaldehyde, acetonitrile, benzene, methanol,
and toluene downwind from a drilling rig, but concentrations were not elevated above
background, suggesting the rig was not operating at full capacity or the activities and
equipment associated with the drilling phase were not the source of these pollutants and
thus not included in our sourcing analyses?*.

Well Stimulation and Completion

The well completion phase encompasses all processes associated with preparing a newly
drilled well for the production of oil and natural gas. This phase is relatively short in
duration (3-15 days) but can include a variety of activities including flowback collection,
flaring, work-overs, and completion venting. Once the well is drilled, casing is installed
to stabilize the wellbore and provide zonal isolation to minimize subsurface migration of
liquid and gaseous fluids, followed by perforation of the casing in the target hydrocarbon
reservoir to allow for the flow of hydrocarbons into the well. In low-permeability
reservoirs, where hydraulic fracturing and other stimulation is required to extract
hydrocarbons, between 0.25 and 50 million gallons of water, chemicals, and proppant is
injected down the well at a pressure high enough to increase the permeability of the target
geology. When these stimulation fluids return to the wellhead, it is referred to as
“flowback.” Although chemical constituents from the geological formation are present in
this flowback, these fluids are often distinguished from produced water which is
produced shortly thereafter and often throughout the lifetime of active hydrocarbon
production®. Since flowback is mostly limited to the current phase, we include emissions
associated with flowback, and not produced water, which is reviewed in subsequent
sections.

The term BTEX refers to the group of compounds: benzene, toluene, ethylbenzene, and
total xylenes. These compounds occur naturally in petroleum and are released primarily
through motor vehicles emissions, but also emitted naturally via volcanoes and forest
fires. 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 completions
activities and, with the exception of styrene, cumene, and 1,3-butadiene, median
concentrations were higher than background in ONG area samples'*. Additional field
sampling downwind of a well pad in Pennsylvania during flaring activities measured
benzene, toluene, and n-hexane above the sample LOD and at concentrations higher than
the upwind direction*®. Additional occupational and off site measurements identified
POMs (including naphthalene) and H,S near flowback and work-over rigs'®3!. BTEX
compounds and n-hexane are found in vehicular emissions, drilling fluids, and fracturing
additives. BTEX compounds, in particular, occur naturally in ONG formations and are
largely sourced from processes that provide an opportunity for unsurfaced compounds to
migrate upward and volatize into the ambient air. Therefore, many of the identified
compounds in this section could be direct emissions from industry trucks, ancillary well
pad equipment, flowback, or volatized from the chemical mixtures of stimulation fluid or
general stimulation and completion activities®’-**47, With the current evidence we cannot
identify the specific source activity or equipment, although ONG development appears to
be the likely source.



Oil and Natural Gas Production and Processing

During the production phase, natural gas 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 of the upstream
phases. While shale may be depleted within 1-5 years, migrated oil reservoirs may still be
producing after decades of use. In regions with oil deposits or wet gas, larger-molecular
weight hydrocarbons, including aromatics, can be emitted during the production and
processing phase, when target alkanes are separated from heavier compounds. Operating
practices, spud date, and production volumes, however, can also heavily impact
emissions from producing wells within the same shale play?**3. Therefore, without
insight into reservoir composition and well pad operations, it is difficult to predict
potential emission compounds and volumes or interpolate results to larger areas.

Wellheads, dehydrators, and separators are important sources of heavy VOC emissions
during production and processing in regions rich in oil, wet gas, and condensate®>*°.
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*’. Off-site measurements in Texas and Wyoming
identified similar emissions with an addition of cumene and H»S near wellheads,
separators, and produced water tanks and discharge canals!®>°. Compressors used to
maintain hydrocarbon flow were associated with emissions of BTEX compounds, 1,3-
butadiene, methanol, formaldehyde, mercury, and n-hexane!®243359-52 ' With the
exception of mercury, these compounds are commonly emitted from continuously
reciprocating natural gas fired engines, such as those used to power compressors, and
their presence within the collected samples was not unexpected. Mercury, a trace
component in natural gas condensate, is removed from the compressor process; thus, its
emission and may actually be a result of ineffective mercury removal systems, and
therefore is included in this phase'.

Abnormal process conditions including control failures, design failures, and malfunctions
upstream of the point of emission occur in only a small fraction of facilities, yet may be
responsible for a significant portion of ONG related air pollution®*->°, Fly-over
measurements in the Haynesville and Marcellus Shale gas production regions found that
only ~10% of facilities were responsible for up to ~40% of the total CHs emissions®, and
mobile measurements in the Barnett Shale area found only 4% of measured ONG
facilities were responsible for a relatively large amount of the measured atmospheric
mercury>!. Within the current review, there were few air quality samples collected during
abnormal ONG development process conditions, yet it is possible that they occurred
without operator knowledge or public disclosure. For example, samples collected near
production phase equipment described as “rusty” recorded concentrations up to 47 times
higher than those described as in “good” operating condition, yet neither were identified
as abnormal processes’’. In the instance where infrared video captured a clear example of
a leaking natural gas wellhead, elevated concentrations of benzene, xylenes, n-hexane,
and toluene were measured on and off site, and near residential homes’”’.



Storage Tanks and Impoundments

Storage tanks and impoundments are used to hold production and maintenance chemicals
or condensate collected and separated during various phases. Chemicals stored at
upstream ONG sites include chemical additives and mixtures for stimulation and various
maintenance needs. Condensate is different from stored chemicals, flowback, and
produced water as has been separated from extracted crude oil or natural gas matrices in
preparation for additional processing or disposal. Emissions from storage and condensate
tanks have been associated with H>S, BTEX, n-hexane, styrene, methanol, and 2,2,4-
trimethylpentane®®+%-38, 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, measurement 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>®.

Such emission events are often brief but significant, especially in oil-producing areas®,
which may have a substantial impact on local air quality®®. Storage tanks can be housed at
the well site, providing additional emissions source points during the associated phase;
however, they can also be stored at different locations, far from the well pad, or piped off
site through transmission pipeline networks®’. Many of the listed HAPs in this section
were found at well pads during production but they were re-categorized into a separate
current group due to the mercurial nature of storage activities.

Summary of Health Impacts from HAP compounds

HAP compounds are associated with multiple cancer and non-cancer 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 etiological agents and health outcomes, with granular measurements
of exposure often lacking. To better understand health risks and impacts from HAP
exposures near upstream 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 above sample LODs, above health benchmarks, or posed the highest
risk from inhalation exposures. A summary of some of the key findings are provided in
the following sections.

HAPs of Highest Concern

BTEX compounds are linked to several serious human health impacts including
neurological damage, fetal defects, some cancers and hearing loss®!. Ubiquitous in the
environment, it is common for these compounds to exceed sample LODs in urban areas
as a result of transportation and industrial processes®?; however, many of the reviewed
samples were collected near ONG activities in rural regions, where urban sources are
likely to have minimal impact on 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 the health-based standards, with some



concentrations over 2,900 ppb!3:17-18.24.35.37.38.40.4249.63-65 Reference Effect Level (REL) is
a reference exposure level from the Office of Environmental Health Hazard Assessment
(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 specified exposure duration. For reference, the 8-hour and
chronic REL for benzene is 1.0 ppb®. Studies that report ambient BTEX concentrations
below existing health-based standards, have implied that upstream ONG emissions of
these compounds may not have a substantial impact on human health, yet ambient BTEX
concentrations, below health benchmarks, have been associated with adverse health
outcomes in numerous epidemiological studies®’*°,

While health-based air quality standards provide a guide in which to base regulatory
thresholds, many standards are derived from animal models or occupational studies that
apply inappropriate conversion factors leading to underestimates of the actual exposure
risks, particularly to sensitive populations such as children and pregnant women.
Recognizing the possible inadequacies of existing uncertainty factors for benzene, the
Office of Environmental Health Hazard Assessment (OEHHA) recently applied a stricter
REL to include additional protections to sensitive populations®, yet questions remain
over whether these updated standards are protective enough. Based on the existing
evidence of exposure risks from chronic, low-level concentrations, current health non-
cancer 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 benzene exposures, the World Health Organization
(WHO) states that “no level of exposure can be recommended™!.

Formaldehyde and acetaldehyde were found to be the most abundant carbonyl species
when sampling ambient air near ONG facilities. The chronic RELs for acetaldehyde and
formaldehyde are 80 ppb and 7 ppb, respectively®?. While many of the observed
concentrations were below health standards, the International Agency for Research on
Cancer (IARC) has classified formaldehyde as a Group 1 carcinogen, meaning it causes
cancer in humans®’ and, generally, does not have a threshold below which there is a safe
level of exposure. Further, simplified health risk assessments and modeling estimates
have suggested that formaldehyde and acetaldehyde are the dominant contributors to
acute and chronic cancer risks*>**. The abundance of formaldehyde detection in ambient
collected samples may actually indicate secondary atmospheric formation as the
dominate source and not primary emissions released directly from an ONG point source.
This may actually lead to under reporting in mandated state inventories that focus on
primary emissions.

The natural gas and crude oil impurity, HS, is a colorless and flammable toxicant easily
identifiable by its “rotten egg” odor. H>S becomes detectable at concentrations as low as
0.5 ppb®, chronically toxic at 8 ppb®, and has a National Institute for Occupational
Safety and Health (NIOSH) immediately dangerous to life or health (IDLH)
concentration of 100 ppm®’. Within the current review, H>S has been measured in
ambient air at various phases of upstream ONG development including separation,
storage tanks, and discharge canals at concentrations exceeding those known to be
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safe!®315058  Concentrations of H>S above the odor threshold were measured just beyond
the fence line in 8% of natural gas production sites in Texas during mobile
measurements>”,

The simplest unsaturated aldehyde, acrolein, is fairly ubiquitous throughout the
environment at concentrations above chronic non-cancer benchmarks® !, Used as a
biocide additive and H>S scavenger in ONG operations, acrolein is also emitted from
more common sources including incomplete combustion of petroleum products, tobacco
smoke, and cooking activities. Due to the current health burden of exposure in the
ambient environment, OEHHA identified acrolein as one of the top five most important
pollutants of concern in California®?, and an additional exposure from ONG operations
could compound the existing public health burden. Acrolein is difficult to measure
accurately and controversy over prevailing sampling methods persists®>~%>. Exposure to
acrolein may cause adverse health effects including eye, nose, and throat irritation, chest
pain, and difficulty breathing®®. In underground natural gas storage facilities, acrolein is
the eighth highest emitted air pollutant in California and was found at elevated levels in
indoor environments near the Aliso Canyon natural gas storage leak®”?%. Acrolein is an
important toxicant emitted in the upstream ONG process, yet methodological constraints
limit the availability of reliable industry-related emission estimates and, consequently,
obscures the understanding of the potential impact to human health.

Gaps in the Health Research

Recent health-based studies have uncovered a spatial relationship 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 to further away”®~192, Similarly, studies that utilize distance metrics as proxies
of exposure reported increased health risks for individuals living near ONG activity
compared to further away!'4*>19 These findings are corroborated by symptom surveys
that found the number of reported symptoms was higher among residents living closer to
well pads compared to those living further away!%. Further, McKenzie et al.!% paired in-
situ air quality measurements with distance and cancer risk assessment. The study found
that within 152 meters (~500 feet) of active oil and gas development, the cancer risk
estimate was 8.3 cases per 10,000 individuals, greatly exceeding the EPA’s upper
threshold for acceptable risk (1 case in 10,000).

Despite findings of a spatial dimension of health data near upstream ONG development,
measured 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 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 findings. First, in-situ measurements of emissions
collected at a distance from well pad activities are prone to effects of atmospheric
degradation, dispersion, and disposition!%; yet they are commonly, and inappropriately,
extrapolated to describe local exposures. Studies that utilize data from standard air
monitoring networks, like the Texas Commission on Environmental Quality!!*7197 'may
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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 only
capable of detailing conditions at a particular “moment in time” and fail to capture the
episodic peaks commonly associated at many stages of the upstream ONG development
process**. Recent evidence suggests that abnormal process conditions or uncontrolled
emission events from a small proportions of wells may better explain the complex
exposure environment at both local and regional scales®. Studies that estimate exposures
based on modeled emission 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 continuous, local-level
monitoring better characterize ambient concentrations during brief peak emission
episodes, common in upstream ONG development, that may be missed using as
intermittent sampling methods at select stages!©®.

Third, current exposure science does not adequately address potential risks associated
with long-term, chronic, lower levels of exposure to air pollutants and!®, thus, health
standards developed from inadequate uncertainty factors may not provide protection for
human populations and especially for sensitive subpopulations including children,
infants, and pregnant mothers. For some of the contaminants such as benzene, it is
possible the lower dose exposures may still elicit health effects. Furthermore, many HAP
compounds are associated with cancer endpoints that, even at low emissions levels,
generally do not have a threshold below which there is a safe level of exposure.
Therefore, health studies that only provide comparisons to non-cancer benchmarks may
be misleading in their actual long-term health impacts.

Finally, health studies using single pollutant health-based standards may fail to provide
accurate risk estimates for concurrent or close-succession exposures to multiple
pollutants that may act biologically antagonistic or synergistic and additive. This is
especially relevant in upstream ONG development where emission inventories and
exploratory air quality analyses have identified a wide range of pollutants that are capable
of being co-emitted. Without knowledge of a specific etiological agent or exposure
pathway, it is possible that these studies are not sampling and analyzing the full range of
biologically relevant ONG pollutants or investigating the most appropriate exposure
pathways.

1.5 Discussion
We identified 61 HAPs that have been investigated in recent peer-reviewed research.
Well stimulation (e.g., hydraulic fracturing) has received the greatest attention for its
potential impact to human and environmental health!'°, In the context of HAPs, however,
we did not find evidence to support the common assumption that this phase is associated
with highest risk of exposure. Instead, we found that the production phase, with its
lengthy operation timeframe and episodic peak emission events, has the potential to emit
the highest concentrations of associated HAPs over the longest time period, especially in
regions rich in oil, wet gas, and condensate. Emissions of HAP compounds from the
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production phase can be much higher if co-located with condensate storage and
wastewater impoundments.

In general, measured pollutant concentrations, were below health benchmarks yet
multiple health-based studies found evidence that a spatial relationship exists;
concentrations of HAPs and incidence of cancer and non-cancer health endpoints are
generally higher closer to operations than further away. This suggests several possible
explanations: (1) spatial sampling methodologies fail to properly characterize exposures
prior to atmospheric degradation, dispersion, and disposition of sampled pollutants; (2)
ambient air sampling timeframes are inappropriate for capturing sporadic, peak emission
events characteristic of upstream ONG; or (3) prevailing health benchmarks are
inadequate for identifying 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 which, some
may have been overlooked during the inclusion/exclusion review. Second, some activities
and equipment are used in both upstream and midstream processes, and it was not always
clear which was being measured when collecting primary data. For example, compressors
can be used to transport hydrocarbons and other compounds off the well pad during
upstream activities; however, the act of transportation would classify associated releases
as midstream emissions. We used our best judgement when collecting and recategorizing
HAP compounds, but without clarification from the authors, it is possible that we
included some midstream processes in our reclassification efforts. Third, several studies
included in our review suffered from methodological limitations resulting in over- or
underestimated concentrations or summary findings. Although we attempted to recognize
and address these inadequacies we may not have adjusted for all possible shortcomings in
the reviewed literature.

Through our synthesis of the peer-reviewed literature we have identified the following
research priorities: (1) increase research on HAPs near upstream ONG development with
an emphasis on those that have not been extensively measured or reported on in the peer-
reviewed literature, especially those that overlap with chemicals identified in state
inventories or disclosures; (2) undertake detailed source attribution investigations of
emissions using spatially and temporally appropriate measurements; (3) conduct detailed
health studies that focus on granular estimates of exposures near upstream ONG
development via personal and community-based monitoring; and (4) 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 at the implementation of appropriate upstream ONG development control
measures and protocols that will protect human and environmental health and decrease
the impacts of the ONG industry.

13



1.6 Tables and Figures

PubMed Web of Science ROGER
Jan 2012 - Feb 2018 Jan 2012 - Feb 2018 Jan 2012 - Feb 2018
1146 Citations 639 Citations 227 Citations

!

1833 Non-Duplicate
Citations Screened

Inclusion/Exclusion 1536 Articles Excluded
Criteria Applied After Title/Abstract Screen

297 Articles
Retrieved

\

254 Articles Excluded

After Full Text Screen
J

Inclusion/Exclusion
Criteria Applied
N
6 Articles Excluded During
Data Extraction

J

37 Articles Included

/

Figure 1.1: PRISMA flow diagram for HAP emissions near upstream ONG development.
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Figure 1.2: Recategorized primary HAP measurements near upstream ONG development.
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Table 1.1: Keywords used to build the Web of Science and PubMed search query.

List 1: Upstream ONG descriptors® List 2: Environmental medium descriptors
Hydraulic fracking Air

Hydraulic fracturing Ambient

Hydrocarbon extraction Hazardous Air Pollutant
Natural gas development HAP

ONG Non-methane hydrocarbon
O&NG NMHC

0&G Particle

Oil and gas development Particulate

Oil and natural gas development Volatile Organic Carbon
Shale development VOC

Shale extraction

Shale gas

Natural gas field

Natural gas production

Unconventional gas development

Unconventional natural gas development

Unconventional oil and gas development

UNGD

A Boolean search was completed by separating keywords within each list with an “OR” operator and including an “AND” operator
in-between lists to narrow results.
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Table 1.2: List and citations for all articles included in the current review.

Article #

Citation

1

McKenzie, Lisa M., Roxana Z. Witter, Lee S. Newman, and John L. Adgate. "Human health
risk assessment of air emissions from development of unconventional natural gas
resources." Science of the Total Environment 424 (2012): 79-87.

Gilman, Jessica B., Brian M. Lerner, William C. Kuster, and J. A. De Gouw. "Source
signature of volatile organic compounds from oil and natural gas operations in northeastern
Colorado." Environmental Science & Technology 47, no. 3 (2013): 1297-1305.
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Swarthout, Robert F., Rachel S. Russo, Yong Zhou, Andrew H. Hart, and Barkley C. Sive.
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Table 1.3: Summary of sampling methods and frequencies used in the reviewed articles.

Article Method Sample
Frequency

Evacuated Summa passivated stainless-steel canisters, U.S.

Mckenzie et al. (2012) EPA Method TO-12 24-hr
2-L electropolished stainless steel canisters; gas
chromatographs (GC) equipped with two flame ionization
detectors, two electron capture detectors, and a mass

Swarthout et al. (2013) spectrometer 35-mins
Custom-built, two-channel gas chromatograph—mass

Gilman et al. (2013) spectrometer (GC-MS) 5-min

Steinzor et al. (2013) Summa canisters, U.S. EPA's TO-14 and TO-15 24-hr

Bloomdabhl et al. (2014)

Data provided by well operators, reports, and field samples
and used in two models of volatilization

not specified

Bunch et al. (2014)

Automated gas chromatography (autoGC) samplers

40-min

Canister samples, gas chromatography—mass spectrometry
(GC-MS)

24 h

Colborn et al. (2014)

6-L summa canister, U.S. EPA TO-12/U.S. EPA
Photochemical Assessment Monitoring Stations (PAMS)
Protocol using gas chromatography/flame ionization
detection (GC-FID), U.S. EPA Method TO-15 using gas
chromatography/mass spectrometry (GC-MS)

4-hr, 6-hr

Filter/Polyurethane (PUF), U.S. EPA Method TO-13 using
gas chromatography/mass spectrometry (GC-MS)

24-hr

2-4 Dinitrophenylhydrazine (DNPH) coated Silica Gel
Cartridge, U.S. EPA Method TO-11A

4-hr, 6-hr

Rich et al. (2014)

6-L Summa canisters, American Society for Testing and
Materials Method D-1357-95, U.S. EPA TO-14A using gas
chromatograph/mass spectrometer (GC-MS)

24-hr

Pekney et al. (2014)

Gas chromatograph flame ionization detection (GC-FID)
with thermal desorption

1-hr

Eapi et al. (2014)

Picarro G2204 cavity ring-down spectrometer (CRDS)

3-sec

Zielinska et al. (2014)

6-L Summa canister, gas chromatography/mass
spectrometry/flame ionization detector (GC/MS/FID), U.S.
EPA Method TO-15

grab samples,
1-hr, 7-day

RAE Systems model PGM-7240, photoionization detector
(PID)

not specified

Teflon and quartz filter samples from portable Airmetrics

MiniVol samplers 7-day
Radiello diffusive samplers, thermal desorption-cryogenic
pre-concentration method, high-resolution gas

chromatograph/mass spectrometer GC-MS 7-day

2,4-Dinitrophenyl hydrazine (DNPH) impregnated Sep-Pak
cartridges, U.S. EPA Method TO-11

grab samples,
1-hr

Esswein et al. (2014)

SKC Pocket Pumps, Gilian low-flow personal sampling
pumps, Anasorb CSC activated coconut shell charcoal
sorbent tubes, NIOSH Methods 1500, 1501, and 1550

Full shift and
area sampling

Direct reading

ToxiRae, MiniRae 2000, MultiRae Plus with and spot
photoionization detectors (PIDs), UltraRAE 3000 PID measurements
TraceAir passive aldehyde badges, high-performance liquid | Direct reading
chromatography (HPLC) with ultraviolet detection, and spot
modified NIOSH Method 2532 measurements
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SKC Pocket Pumps, Gilian low-flow personal sampling

Direct reading

pumps, and SKC silica gel sorbent tubes, NIOSH Method and spot
2000 measurements
SKC XR-5000 personal sampling pumps, XAD-2 sorbent Direct reading
tubes, polytetrafluoroethylene (PTFE) filters, NIOSH and spot
Method 5506 measurements
Evacuated sampling (“bucket”) vessel, U.S. EPA Method
Macey et al. (2014) TO-15 using gas chromatograph/mass spectrometer 2 or 3-min
UMEXx100 passive samplers, ASTM D 5504-08 using gas
chromatograph equipped with a sulfur chemiluminescence
detector 8-hr
6-L stainless steel Summa canisters with Veriflo flow
controllers, U.S. EPA Method TO-14 using automated gas
chromatograph-mass spectrometer/flame ionization 5-min, 3-hr,
Thompson et al. (2014) detection (GC-MS/FID) 24-hr
Warneke et al. (2014) Proton Transfer Reaction Mass Spectrometry (PTR-MS) 0.5-sec
Gas chromatograph-mass spectrometer (GC-MS) 5-min
Lietal. (2014) Protontransfer-reaction mass-spectrometry (PTR-MS) 1-sec
Picarro cavity ring down spectroscopy (CRDS) instrument | 5-sec

Ethridge et al. (2015)

Thermo Scientific TVA 1000portable vapor analyzer with a
flame ionization detector (FID)

not specified

Thermo Scientific TVA 1000B with flame ionization
detector (FID) and photo ionization detector (PID)

not specified

RAE Systems AreaRAE Wireless Multi-Gas monitor

not specified

RAE Systems MiniRAE 2000 and 3000 with
photoionization detector (PID)

not specified

UltraRAE 3000 with enhanced photo ionization detector
(PID)

not specified

Special emissions inventory provided by well operators

not specified

Stationary automated gas chromatograph (AutoGC) with
dual capillary columns and dual flame ionization detectors

(FIDs), U.S. EPA Method TO-14 40-min
SUMMA canister samples, thermal desorption into a gas
chromatograph/mass spectrometer (GC/MS), modified U.S.
EPA TO-15 1-hr, 24 hr
Goetz et al. (2015) Proton-Transfer Reaction Mass Spectrometer (PTR-MS) 3-sec
Tekran 2537A instrument with a cold vapor atomic
Lan et al. (2015) fluorescence (CVAF) spectrometer 2.5-min
Swarthout et al. (2015) 2-L passivated stainless steel canisters 1-hr
Proton-transfer reaction-mass spectrometer (PTR-MS) 2-min
Subatmospheric 6-L stainless steel canister with a valve and
passivated interior, gas chromatography with flame
Brantley et al. (2015) ionization detection (GC-FID) 20-min

Casey et al. (2015)

Indoor radon sample inventory

not specified

Thermo Scientific 551 back-flush gas chromatographic

Field etal. (2015) system GC/FID 1-min
Perkin Elmer OPA system gas chromatographic system grab, 1-hr,
GC/FID 24-hr, 3-day
Radiello diffusive samplers, thermal desorption/gas

Field et al. (2015) chromatography/mass spectrometry 3-7-day
Prototype pocket diffusive samplers, thermal desorption/gas
chromatography/flame ionization detection 3-days
Proton-transfer-reaction quadruple mass spectrometry

Halliday et al. (2016) (PTR-QMS) instrument 1-min
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NCAR Trace Organic Gas Analyzer (TOGA) gas

chromatograph/mass spectrometer (GC/MS) 35-sec
Whole air canister samples, gas chromatography (GC) 30-sec
MultiRae Plus gas monitor (MultiRAE), photoionization

Maskrey et al. (2016) detector (PID) 60-sec
MultiRae ppbRAE 3000 TVOC monitor, photoionization
detector (PID) 60-sec
6-L Summa canisters, U.S. EPA Method TO-15 24-hr

Hildenbrand et al. (2016)

Mass spectrometer (MS) and residual gas analyzer

not specified

Paulik et al. (2016)

Low-density polyethylene (LDPE) passive samplers,
Agilent 7890A gas chromatograph interfaced with an
Agilent 7000 GC/MS-MS

3-4 weeks

Marrero et al. (2016)

2-L electropolished stainless steel canisters, multicolumn,
multidetector gas chromatographic system

not specified

Passive samplers with PerkinElmer style tubes containing
Carbopack X sorbent, PE Turbo Matrix ATD thermal
desorption system followed by gas chromatography/mass
spectrometry detection using an Agilent 6890N/5975 inert
gas chromatography/mass spectrometry system (Methods

Eisele et al. (2016) 325A/B) 14-day
Schade & Roest (2016) Automated gas chromatography (autoGC) samplers 40-min
6-L Summa canisters with a certified 24-hour mass-flow
regulator, U.S. EPA Compendium Method Toxic Organics
Rich & Orimoloye (2016) | (TO-14A) 24-hr

Abeleira et al. (2017)

Automated four-channel online gas chromatographic (GC)
system with four different separation columns and four
detectors

not specified

Chen & Carter (2017)

Calculated using various inventories

Estimates

Goetz et al. (2017)

Proton-Transfer Reaction Mass Spectrometer (PTR-MS)

3-sec
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Table 1.4: Summary of all HAPs investigated within the reviewed studies.

benzene

toluene

xylenes*
ethylbenzene
n-hexane

styrene
1,3-butadiene

2,2 4-trimethylpentane
formaldehyde
acetaldehyde

carbon tetrachloride
ethylene dichloride
methanol
1,2,4-trichlorobenzene
carbon disulfide
methyl chloride
methylene chloride
tetrachloroethylene
1,1,2-trichloroethane
1,1,2,2-tetrachloroethane
1,4-dichlorobenzene(p)
chlorobenzene
chloroform

cumene

methyl chloroform
naphthalene
propylene dichloride
trichloroethylene
vinyl chloride
acetonitrile

acrolein

ethylene dibromide
ethylidene dichloride
hexachlorobutadiene
methyl bromide
methyl tert butyl ether
1,4-dioxane
bromoform
carbonyl sulfide
ethyl chloride
hydrogen sulfide
radon

mercury

methyl isobutyl ketone
propionaldehyde
1,3-dichloropropene
acrylonitrile

allyl chloride

benzyl chloride
chloroprene

POM**

propylene oxide
vinyl acetate

vinyl bromide
dimethyl formamide
acrylamide
epichlorohydrin
acrylic acid
dichloroethyl ether
aniline

vinylidene chloride
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*xylenes include all isomers and mixtures
** Polycyclic organic matter (POM)
! Signal-to-noise ratio below threshold

Included in study

HAP not detected

+ HAP found above sample LOD

Not included in study

+/- HAP not specficied if measured above sample LOD

++ HAP data extracted from secondary source
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Table 1.5: Summary of HAPs by state included in analysis as primary data.

24

Arkansas Ohio Texas*
e [,3-butadiene e [,3-butadiene e 1,1,2-trichloroethane
e Acrylonitrile e Acrylonitrile e 1,1,2,2-tetrachloroethane
e Benzene e Benzene e 1,2,4-trichlorobenzene
e  Carbonyl sulfide e  Carbonyl sulfide e [,3-butadiene
e Chlorobenzene e  Chlorobenzene e 1,3-dichloropropene
e Cumene e Cumene e [,4-dichlorobenzene
e Dichloromethane e Dichloromethane o 22 A-trimethylpentane
e Ethylbenzene e Ethylbenzene e Acetaldehyde
e Formaldehyde e Formaldehyde e Acrolein
e Hydrogen sulfide e Hydrogen sulfide e Benzene
e n-Hexane e n-Hexane e  Carbon disulfide
e Toluene e POMs e  Carbon tetrachloride
e Xylenes e Toluene e  Carbonyl sulfide
e Xylenes e Chlorobenzene
Colorado e  Chloroform
e 1,1-dichloroethane Oklahoma e  Chloroprene
e 1,1,2-trichloroethane e Benzene e Cumene
e 1,1,2,2-tetrachloroethane e n-Hexane e Ethylbenzene
e 1,2,4-trichlorobenzene e Ethylene dibromide
e [,3-butadiene Pennsylvania e Ethylene dichloride
e [,4-dichlorobenzene e 1,1,2-trichloroethane e Ethylidene dichloride
e [,4-dioxane e 1,1,2,2-tetrachloroethane e Formaldehyde
o 22 A-trimethylpentane e 1,2, 4-trichlorobenzene e  Hexachlorobutadiene
o 22 A-trimethylpentane e [,3-butadiene e Hydrogen sulfide
e Acetaldehyde e [,3-dichloropropene e  Mercury
e Acetonitrile e 1,4-dichlorobenzene(p) e  Methyl bromide
e Acrolein e [,4-dioxane e  Methyl chloride
e Acrylonitrile e 2.2 4-trimethylpentane e  Methyl chloroform
e  Allyl chloride e Acetaldehyde e  Methyl isobutyl ketone
e Benzene e Acrylonitrile e  Methyl tert butyl ether
e Benzyl chloride e Benzene e  Methylene chloride
e  Bromoform e  Bromoform e n-Hexane
e  Carbon disulfide e  Carbon disulfide e Naphthalene
e Carbon tetrachloride e Carbon tetrachloride e POMs
e  Carbonyl sulfide e  Carbonyl sulfide e Propionaldehyde
e Chlorobenzene e  Chlorobenzene e Propylene dichloride
e  Chloroform e  Chloroform e  Styrene
e Cumene e Cumene e  Tetrachloroethylene
e  Ethyl chloride e Dichloromethane e Tetrachloroethylene
e Ethylbenzene e  Ethyl chloride e Toluene
e Ethylene dibromide e Ethylbenzene e  Trichloroethylene
e Ethylene dichloride e Ethylene dibromide e  Vinyl chloride
e Formaldehyde e Ethylene dichloride e Vinylidene chloride
e Hexachlorobutadiene e Ethylidene dichloride e Xylenes
e Hydrogen sulfide e Formaldehyde
e  Methanol e Hexachlorobutadiene Utah
e  Methyl bromide e Hydrogen sulfide e Benzene
e  Methyl chloride e  Methanol e Hydrogen sulfide
e  Methyl chloroform e  Methyl bromide e  Methanol




e  Methyl isobutyl ketone e  Methyl chloride e Toluene
e  Methyl tert-butyl ether e Methyl chloroform
e  Methylene chloride e Methyl tert butyl ether Wyoming
e n-Hexane e  Methylene chloride e [,3-butadiene
e Naphthalene e n-Hexane e Acrylonitrile
e POMs e  Propylene dichloride e Benzene
e Propionaldehyde e  Styrene e  Carbonyl sulfide
e  Propylene dichloride e  Tetrachloroethylene e  Chlorobenzene
e Propylene oxide e Toluene e Cumene
e  Styrene e  Trichloroethylene e Dichloromethane
e  Tetrachloroethylene e  Vinyl chloride e Ethylbenzene
e  Tetrachloroethylene e Xylenes e Formaldehyde
e Toluene e Hydrogen sulfide
e  Trichloroethylene e n-Hexane
e  Vinyl acetate e Napthalene
e  Vinyl bromide e POMs
e  Vinyl chloride e  Styrene
e Xylenes e Toluene
e Xylenes

* Includes data collected via the TCEQ monitoring network
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2.1  Abstract
Upstream oil and natural gas development (ONG) has expanded rapidly across the United
States over the past decade, particularly in Colorado where natural gas and oil production
has increased 35 and 434 percent, respectively, since 2006!!!. Research aimed at
understanding the full range of health impacts from ONG development has been outpaced
by the rapidly evolving technology and increased production efforts of the past decade. A
growing body of evidence exists identifying an association between proximity from ONG
development and potential health risks; however, the research has failed to feature any
rigorous spatial analysis of pollutant levels, only suggesting that a spatial dimension
exists. In this work, we investigate air pollutant gradient behavior around ONG facilities
located within the semirural region of the Northern Front Range of Colorado in order to:
1) investigate the potential air pollution exposure impact zone and; 2) characterize
ambient air quality in communities near upstream ONG development. Results from the
current analysis suggest benzene, toluene, n-hexane, and n-pentane concentrations reach
background concentrations around 220 meters from the facility fence line. Although
limited, we found evidence that particles from ONG activities, particularly re-casing
activities, may be measured in ambient air as far as 560 meters from the facility. While
we have an adequate understating about particles near roadways, there is a dearth of
scientific literature investigating the constituents of particles from upstream ONG
development and their impact to human health. Correlations between n-pentane and
measured hazardous air pollutants including benzene, n-hexane, and toluene, suggest that
a broad range of pollutants are co-emitted during upstream ONG development and
activities. These co-emissions may increase original estimates of health risks of exposure
if compounds are biologically additive or synergistic, especially in environments with an
already high pollutant burden, as seen with carbon monoxide at the Platteville sampling
location.

2.2 Introduction
Upstream oil and natural gas development (ONG) has expanded rapidly across the United
States over the past decade. Since 2006, the production of natural gas has increased 35
percent, while oil production has increased 434 percent in Colorado!!!. In the highest
producing region of Weld County, natural gas and oil production has increased 258 and
815 percent respectively, over the same time period'!!. Existing research on chemicals
and equipment associated with ONG development reveal a potential for adverse health
outcomes and a number of studies have shown an association between proximity from
site and potential health risks!4!6:41:42.99.101,102,104,105,112-119 ‘Mgt of these health studies,
however, have not featured any rigorous spatial analysis of pollutant levels, only
suggesting that a spatial dimension exists!2’.

Research efforts aimed at understanding the full range of health impacts from ONG
development has been outpaced by the rapidly evolving technology and increased
production efforts of the past decade. Further complicating these efforts are that shale
geologies, production volumes, development phases, well pad equipment, and chemicals
vary between well pads. In an attempt to incorporate some of these variables, researchers
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have developed activity metrics when evaluating the impact of distance on health
impacts®>!!". These studies may elucidate the impacts using a comprehensive approach,
yet these methodologies fail to identify specific etiologic agents or exposure pathways.

Given the sparse amount of literature on exposures to hazardous air pollutants near ONG
operations and the potential for impacts on health, we investigated the air pollution
exposure impact zones around ONG operations in Colorado’s Northern Front Range
(NFR). We measured four key volatile organic compounds (VOCs), common in ONG
emissions, using passive samplers placed along a transect through two active well pads.
Time weighted average concentrations were evaluated for evidence of a distance decay
gradient. Studies have demonstrated gradient behavior in combustion related emissions
where elevated emissions near roadways decreased to or near background levels as
distance from the roadway increased'?!"'2°; however, few studies have repeated this
methodology around ONG well pads, despite the need to understand the behavior and
potential exposure pathways of well pad emissions. Additionally, we measured a broader
range of gas phase species and size-speciated particulates to characterize the air quality of
semirural environments in dense ONG regions. Therefore, the aim of this study was two-
fold: (1) to investigate the potential air pollution exposure impact zone and; (2)
characterize air quality near upstream ONG operations in semirural environments.
Results identified potential exposures of populations residing at various distances from
oil and natural gas operations and help guide policy around developing necessary setback
requirements.

2.3 Methods

Sampling Site Description

The current study coincides with the 2014 “Deriving Information on Surface Conditions
from Column and Vertically Resolved Observations Relevant to Air Quality”
(DISCOVER-AQ) campaign. The DISCOVER-AQ campaign is a collaborative effort
between the National Center for Atmospheric Research (NCAR), National Aeronautics
and Space Administration (NASA), and several other institutions and has the aim of
understanding the air quality of the NFR. Upstream ONG operations in the NFR mainly
occur around the rural and semirural areas of Weld County. Sites were selected based on
accessibility, host interest, and ability to represent a distance decay gradient without
significant influence from confounding emissions sources (see map in Figure 2.1 for
location of sampling sites).

A total of six sampling sites were selected for the current study and are numbered on the
map in Figure 2.1: (1) Control; (2) Parkland Airport; (3) Boulder Atmospheric
Observatory (BAO); (4) Longmont; (5) Platteville; and (6) Weld Tower. Four sampling
sites (Control, BAO, Platteville, and Weld Tower) overlapped with the DISCOVER-AQ
deployment locations and, thus, were co-located with other air quality monitors from the
campaign. With the exception of the control, all sites were located within rural or semi-
rural areas of Weld County. The control site, located in Boulder county, was
geographically positioned away from all major competing pollution sources, with the
closest producing well over one kilometer in distance.
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Monitors deployed at the Parkland Airport sampling site were located in the yard of a
single non-smoking residential home within a multi-acre, fly-in community with taxi
easements and a private 4,200-foot aircraft runway located northeastern of the sampling
site. Monitors deployed along the first transect at the Longmont sampling site targeted a
producing ONG facility on a public-school campus, located between the parking lot and
baseball fields. Hosts at both the Parkland Airport and Longmont sampling sites were
advised to avoid activities that may expose the monitors to additional VOC emissions
during the sampling timeframe. All other sampling locations overlapped with the
DISCOVER-AQ campaign and were selected based on their distance from active ONG
wells. BAO is a research facility in Erie, Colorado, maintained by National Oceanic and
Atmospheric Administration’s (NOAA) Earth System Research Laboratory (ESRL)
Physical Sciences Division and is used for studying the planetary boundary layer. We
selected this particular site for our second distance decay gradient because of the
proximity of an active ONG well 260 meters west of the property boundary. During our
sampling timeframe, the targeted facility was conducting re-casing activities: relining the
inside of the drilled wellbore with steel pipe. We selected the rural Platteville site to
characterize air quality in one of the densest ONG areas of the NFR; we selected both the
Weld Tower and Parkland Airport sites to characterize air quality in ONG development
regions with competing urban-related sources.

Data Collection

Passive TraceAir Badges

Passive samplers are inexpensive air quality sensors capable of measuring time weighted
average concentrations from a variety of VOCs. They are commonly used in occupational
settings but have shown success in ambient environments with longer exposure
timeframes. The proven utility of passive samplers has been demonstrated across several
ONG monitoring studies!®31:3¢41:63 but have not been used extensively for spatial
gradient monitoring within the existing ONG literature. Passive TraceAir badges, from
Assay Technology (http://www.assaytech.us/), are capable of collecting a panel of
organic air pollutants through passive diffusion in a time-integrated manner. We
deployed 30 passive TraceAir badges across all six sampling sites. To protect the
samplers from the elements, all passive TraceAir badges were placed within an open-
bottom, non-treated AllCan West (http://allstatecan.com/) tin can affixed to a metal fence
post or existing structure at each site. A conceptual model of the distance decay
monitoring set-up and sample of the passive TraceAir badge can be found in Figure 2.2.

At the BAO and Longmont sampling sites, we used several passive TraceAir badges to
create transects through ONG well pads, similar to a study conducted near a major
highway by Beckerman et al. (2008)'?!. At the Longmont sampling site, passive TraceAir
badges were placed at the east and west sides of the facility’s fence line. Five badges
were placed along the eastern transect, several meters apart, up to 300 meters between the
first and last passive badge. On the western side of the facility, one passive TraceAir
badge was placed at the fence line and one additional badge was placed 100 meters
further down the western transect. At the BAO sampling site, passive TraceAir badges
were placed 230 meters from the eastern fence line, and an additional eight badges were
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placed at increasing distances along the eastern transect, up to 1,200 meters apart. On the
western side of the facility, one passive TraceAir badge was placed 180 meters from the
fence line and two additional badges were placed along the western transect, up to 300
meters apart.

Latitude and longitude coordinates were collected for each passive TraceAir badge using
a Garmin eTrek GPS device. After 14 days in-field, samplers were collected and sent to
Assay Technology laboratories in Ohio for analysis of n-pentane (CAS 109-66-0), n-
hexane (CAS 110-54-3), benzene (CAS 71-43-2), and toluene (CAS 108-88-3). Badges
were processed using a modified OSHA 7 method which included desorption in carbon
disulfide with co-solvent and analysis by gas chromatography with flame ionization
detector (GC/FID). Data was blank corrected and provided as average concentrations for
period of time monitored.

Active Sensor Networks for Air Quality Monitors

Sensor Networks for Air Quality (SNAQ) monitors used for active air quality monitoring
were developed at the Chemistry Department, University of Cambridge, UK. These
monitors are capable of measuring carbon monoxide (CO), nitrogen oxide (NO), ozone
(03), sulfur dioxide (SO2), nitrogen dioxide (NO.), and nitrogen oxides (NOx) gas phase
species using electrochemical sensors developed by Alphasense (www.alphasense.com).
In addition, SNAQ monitors measure carbon dioxide (CO>) and total volatile organic
compounds (tVOC) via optical sensors. A compact optical particle counter, designed and
built at the Center for Atmospheric and Instrumentation Research at the University of
Hertfordshire, also incorporated into the unit, measures aerosol concentrations every 20
seconds in the form of 16-bin histograms covering size ranges between 0.38 — 17.4 um.
Meteorological data including temperature, relative humidity (RH), wind speed and
direction are also gathered by each node. Monitors contain a geographic positioning
system (GPS) receiver and data was collected and stored via an onboard universal serial
bus (USB) drive and manually downloaded on a weekly basis.

Six of the SNAQ monitors were deployed at five locations around Colorado and each was
co-located with a passive TraceAir badge. Due to security concerns, a SNAQ monitor
was not deployed at the Longmont sampling site. Two SNAQ monitors were co-located
along the eastern transect at the BAO sampling site. All SNAQ monitors were placed in
the field for approximately 3-4 weeks prior to collection.

Secondary Data Sources

Well production data for all sites was collected from the Colorado Oil and Gas
Conservation Commission (COGCC) and summed for the month of August 2014. We
used the geographic center of each well pad to create a buffer and determine density of
producing wells within a half mile. For regional monitoring sites, we used the geographic
coordinates of each SNAQ monitor to create buffers for density calculations. Wind speed
and direction for the Longmont and BAO sampling sites were collected from
MesoWest!3°,
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Data Analysis

Data from SNAQ monitors was post-processed at Cambridge University. Air quality and
meteorological datasets were collected, saved as comma separated value (csv) files, and
uploaded into R programming environment for data processing, visualization, and
analysis. Data was analyzed using the open-source tools for air pollution data analysis,
OpenAir'3!, a Natural Environment Research Council (NERC) knowledge exchange
project for the analysis of air pollution data (www.openair-project.org). Gas phase
species and size-speciated particulates were analyzed using the OpenAir package for
bivariate concentration polar plots and cluster analysis to identify and group similar
characteristics by region, similar to previous source attribution efforts of various criteria
air pollutants!'3%133,

2.4 Results

Well Production Data

During the field campaign, Weld County sampling sites had an average of 18.4 producing
wells within 0.5 miles (0.8 km) radius with an average gas production of 44,038 million
cubic feet (Mcf) and oil production of 1,705 bbls (Table 2.1). Compared to all other sites,
the Platteville monitoring site was located within in the highest density ONG field.
Active wells within 0.5 miles from the Platteville monitoring site produced a total of
166,528 Mcf of gas, approximately three times more than all other Weld County
monitoring sites combined over the same time period. This site also had the highest
natural gas to oil production ratio (87 Mcf of gas per 1 bbls of oil). The BAO Tower site
produced the most oil compared to the gas equivalent (1.69 Mcf for each 1 bbls of oil).

Passive TraceAir Badges

Summary Statistics and Correlation Analysis

The precision of passive TraceAir badge duplicates was <10%, with the exception of
benzene and toluene at the Weld Tower sampling site where the duplicate samples were
outside this range. Median two-week time weighted concentrations of all measured VOC
species in Weld County were elevated above concentrations measured at the Control
sampling site (Table 2.2). Passive TraceAir badges co-located with SNAQ monitors
found a range of concentrations at each sampling site. Concentrations were highest in
Platteville where mean concentrations of benzene, toluene, n-hexane, and n-pentane were
0.65,0.73, 4.45, and 11.5 ppbv, respectively (data not included in table). Mean benzene
concentration along the transect at the Longmont sampling site was significantly higher
(0.60 ppbv) compared to the transect at the BAO sampling site (0.16 ppbv). Highest two-
week time weighted concentration for a single passive TraceAir badge was measured at
the Longmont sampling site (1.30 ppbv), where the targeted ONG facility was located on
a public-school campus. Mean concentrations of toluene, n-pentane, and n-hexane were
also higher along the transect at the Longmont compared to the BAO sampling site where
toluene was below the sample limit of detection (LOD).

All measured VOC species from Weld County passive TraceAir badge samples were

highly correlated (Table 2.3); however, the strength of these correlations varied slightly
between sites. The relationship of all measured species at the Longmont sampling site
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showed a strong and significant positive correlation (R? > 0.99, p-value < 0.001). Weaker
correlations between all measured VOC species were found at the BAO sampling site.
Toluene was found below the sample limit of detection (< 2.0 ppbv) and, therefore, could
not be included in the correlation analyses. Weaker correlations between n-pentane and
n-hexane were measured at the BAO sampling site, although a relatively strong, positive
correlation remained between n-pentane and benzene (R? = 0.91). Median toluene-to-
benzene tracer ratios less than 1.0 at the Longmont sampling site further suggest minimal
air quality impacts from urban and vehicle emission sources. Using half the sample limit
of detection as the concentration of toluene to build tracer ratios, we found a median
toluene-to-benzene ratio of 1.33 ppbv/ppbv at the BAO sampling site.

Spatial Gradient Monitoring

Passive TraceAir badges were deployed at increasing distances along the transects at the
Longmont (Figure 2.3A) and BAO (Figure 2.3B) sampling sites in both the east and west
directions. Wind data from MesoWest for the BAO (Station ID: D4448) and Longmont
(Station ID: AR720) sampling sites were plotted with wind rose diagrams for the two-
week deployment timeframe for the passive TraceAir badges. Visual inspection of the
resulting diagrams revealed prevailing wind patterns originated from a southeast and
southwest direction at the BAO and a northwest direction at the Longmont sampling
sites; the sampled transects experienced approximately 10% of the total wind during the
sampling timeframe.

Two-week time weighted concentrations for all VOC species were standardized using the
maximum value of the respective VOC from the full transect in the denominator and
presented as a percent of the maximum (Figure 2.4). Standardized results were plotted
against distance (in meters) from the center of the targeted ONG facility in both
directions. For the current work, we defined background concentrations as the
concentration found at the furthest passive badge along the western transect (less
dominate wind direction). Figure 2.4A plots the distance decay gradient at the Longmont
sampling site where, the highest concentrations were measured along the more dominate
(eastern) transect. On the western transect, concentrations of all measured VOCs were
approximately 45% of the maximum value measured at samples collected closest to the
facility and decayed an additional 10% between the first and second passive badge for
benzene, n-hexane, and n-pentane; toluene was below the sample LOD at the sample
furthest from the fence line. The eastern fence line measured the largest concentrations
for all VOCs during the sampling timeframe. At this site, maximum two-week time
weighted average concentrations of benzene measured 1.30 ppbv in the passive samples
collected adjacent to the fence line. Between the first and second passive badges (35
meters), concentrations for all VOCs declined approximately 55% from the maximum
value. Concentrations along this transect continued to decline until values neared
background concentrations, around 220 meters from the ONG facility fence line.

Figure 2.4B represents distance decay gradient plots using standardized two-week time
weighted average concentrations for measured VOCs at the BAO sampling site, where
the targeted facility was re-casing drilled wells. Compared to the Longmont sampling
site, samples collected along the transect at BAO revealed a narrower range of
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concentrations. Passive samplers were placed at the western and eastern edge of the
property line, approximately 180 and 230 meters from the targeted ONG facility,
respectively. Toluene was measured below the sample limit of detection within every
sample collected during the sampling timeframe. The maximum benzene concentration of
0.18 ppbv was measured at the passive badge closest to the western fence line and
decayed approximately 5% of the maximum value between the first and last passive
badge along the western transect. Along the eastern transect, benzene measured
background concentrations at the first passive sampler and remained relatively consistent
along the transect. n-Pentane gradient behavior was similar to benzene, but
concentrations neared background at slightly further distances. n-Hexane measured the
largest decay between the first and second passive sampler along the eastern transect and
again at further distances.

Characterization of Criteria Air Pollutants in Colorado

Concentrations of gas-phase species collected from the SNAQ monitors were similar
across all monitoring sites with the exception of carbon monoxide (CO), where elevated
concentrations were found well above measured background concentrations (Figure 2.5).
Specifically, CO concentrations were elevated at sites with the highest density of gas
wells, where median concentrations were approximately two to three times higher than
median concentrations at the control site (Table 2.4). To elucidate potential emission
sources, k-means cluster analysis of bivariate polar plot features (wind speed and wind
direction) was used with CO concentrations at the Parkland Airport (Figure 2.6), Weld
Tower (Figure 2.7), and Platteville (Figure 2.8) sampling sites. The number of clusters
were selected to maximize sample size and describe all potential source pathways.

A six-cluster analysis of CO concentrations at the Parkland Airport site revealed an
elevated CO source originating from the north/east of the sampling monitor, the direction
of the airport runway, with a median CO concentration of 204.25 ppbv. All other clusters
were analyzed in a time variation plot where peak concentrations are seen in the morning
and late afternoon, similar to diurnal patterns from on-road vehicle emissions. A similar
analysis was conducted at the Weld Tower site and revealed an elevated CO source
originating from the north/west and in the direction of a major highway. Within this
cluster, median CO concentrations of 117.63 ppbv were measured and a time series
variation plot of all clusters revealed diurnal patterns similar, but more pronounced, than
those seen in at the Parkland Airport sampling site.

The Platteville sampling location reported the highest concentrations of CO compared to
the other sampling sites. A polar cluster analysis revealed two elevated CO clusters: a
south/east cluster with a median CO concentration of 148.97 ppbv and an eastern cluster
with a median CO concentration of 118.12 ppbv. A time variation plot of these two
clusters revealed unique temporal patterns with peak CO concentrations most pronounced
during early morning hours. Although the other clusters reflect temporal patterns similar
to on-road vehicle emissions, peak morning concentrations were noticeably earlier than
the other two sampling locations.
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Additional analyses were conducted to further attribute potential sources using
combustion tracer ratios and correlations to speciated particles. Both CO and NOx are
commonly used tracer species for anthropogenic emissions, and their relationship can
provide additional insight into potential combustion sources!'3* 137, Peak [CO]/[NOx]
ratios were identified within clusters with elevated CO concentrations at the Parkland
Airport, Weld Tower, and, to a lesser extent, Platteville sampling locations. Moderate,
positive correlations were identified between PMz s and CO levels within peak
[COJ/[NOx] ratio clusters at Parkland Airport and Weld Tower, where distances from
likely sources were less than 0.80 kilometer, but these results were not replicated within
any of the Platteville clusters.

BAO Tower PM

A ground-level CH4 Picarro monitor was deployed at the BAO sampling site by Fischer’s
Group at Colorado State University’s Department of Atmospheric Science as part of the
DISCOVER-AQ mission. A time variation plot for CH4 was created and provided in
Figure 2.9 to show ambient concentrations over the available timeframe (July 31, 2014 —
August 22, 2014). A cluster plot was created but did not reveal meaningful variations in
the CH4 dataset, and therefore, additional analysis between clusters was not pursued.

To better characterize distribution of PM in the dense ONG region and the relationship
with CH4, two SNAQ monitors were co-located at the BAO Tower sampling site
approximately 335 meters apart (Figure 2.10). First, SNAQ 19 was deployed at the far
west fence line of the BAO sampling facility (henceforth referred to as BAO Fenceline),
approximately 230 meters east from the edge of the targeted ONG facility (denoted
within the red polygon in Figure 2.10). Second, SNAQ 11 was deployed near the BAO
tower (henceforth referred to as BAO Tower), approximately 560 meters east from the
edge of the targeted ONG facility. Multiple wind directions contributed to the overall
particle means (Figure 2.11), but the southwest wind quadrant dominated source direction
for PM collected at the BAO Fenceline, south of the targeted ONG facility. A similar
pattern was found in the BAO Tower sampling location with the addition of the southeast
wind quadrant.

We isolated a single cluster from the previous cluster analysis with CHs concentrations
originating from the direction of the ONG facility (cluster 2 in Figure 2.12). This cluster
captured a small sample (n = 169) of infrequent mean CH4 concentrations throughout the
sampling timeframe. Data from both SNAQ monitors were averaged into one-minute
mean concentrations and merged with CHs measurements from the Picarro based on date
and time. To account for varying dispersion rates in the atmosphere and distance between
co-located monitors, we lagged the particle and CH4 data by up to 20-minutes prior to the
merge. Moderate, positive correlations were identified (Figure 2.13) between PM; and
CHs4 in multiple lags created at the BAO Fenceline sampling site and at one lag in the
BAO Tower sampling location for the targeted cluster. Although the sampling size within
the cluster was small and PM concentrations were not elevated above concentrations
measured in the other clusters, the coefficients of determination were fairly consistent
between monitors and increased significantly when relative humidity was added to the
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model (Table 2.5). Similar results were found when speciated particles (with a diameter
ranging between 0.43 — 0.97 um) were substituted into the model (data not shown).

2.5  Discussion
Inexpensive passive TraceAir badges provided reliable results comparable to
measurements from previous research and co-located monitors from the DISCOVER-AQ
campaign, especially for benzene. Mean benzene concentrations of 0.16 ppbv were
measured at the BAO sampling site, similar to concentrations reported by Swarthout et al.
(2013), where one-hour 2L electropolished stainless steel canister samples reported a
mean concentration of 0.19 ppbv*%. Additionally, a mean benzene concentration of 0.60
ppbv at the Longmont sampling site was similar to a mean concentration of 0.57 ppbv
reported by Thompson et al. (2014) where 24-hour and 3-hour integrated 6-L stainless
steel Summa canister samples were used to measure VOCs in ambient air near residential
homes in the cities of Erie and Longmont, Colorado®. Finally, a mean benzene
concentration of 0.65 ppbv at the Platteville sampling site (data not shown) was similar to
a mean concentration of 0.53 ppbv measured via a co-located one-second time resolution
PTR-QMS?*. Concentrations of toluene, n-pentane, and n-hexane varied more between
studies, but mean and median concentrations of all Weld County passive TraceAir badge
samples were well within the range of samples reported by Swarthout et al. (2013) and
Thompson et al. (2014)4%:6,

Strong correlations with light alkanes and poor correlations with combustion tracers have
indicated that n-pentane is likely associated with emissions from ONG development in
the NFR, with some estimates of nearly 100% attributable to these activities!>!17-34:40.65.138,
With approximately 3.0 tonnes emitted per hour in the NFR!*, we included n-pentane in
the current analysis for its ability to act as a tracer compound. At the Longmont sampling
site, strong correlations between benzene, toluene, and n-hexane with n-pentane indicate
the VOCs measured at the Longmont sampling site were predominantly influenced by
ONG activity, very close to multiple athletic fields on a public-school campus. Further
analysis of toluene-to-benzene (T:B) tracer ratios found values < 1.0, further suggesting
minimal air quality impacts from urban and vehicle emission sources, where the closest
major road was over one kilometer to the east of the targeted facility. At the BAO
sampling site, weaker correlations between n-pentane and n-hexane suggest the presence
of competing emission sources or dispersion at greater distances, although a strong,
positive correlation remained between n-pentane and benzene (R? = 0.91). Using half the
sample limit of detection as the concentration of toluene to build tracer ratios, we found a
median T:B ratio of 1.33 ppbv/ppbv at the BAO sampling site, similar to previous work
in which wind direction analyses suggested advection of the Denver plume*®.

Benzene, n-hexane, and toluene are classified as hazardous air pollutants (HAPs) by the
U.S. EPA due to their serious health effects, some with known carcinogenic properties!®.
Benzene, in particular, has been associated with various adverse health outcomes
including hematological, immunological, and reproductive effects!3®. Ambient air quality
studies near ONG operations have found benzene as the major contributor to the
increased cumulative cancer risks near active wells'*. At the Longmont sampling site,
two-week time weighted average concentrations of benzene remained elevated at 0.41
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ppbv at the furthest distance measured from the targeted ONG facility (440 meters from
the eastern fence line). With the exception of Detroit and Los Angeles, benzene
concentrations at this semi-rural public school in Longmont exceeded those found in all
urban cities measured by Baker et al. (2008)%2,

Measured concentrations at the Longmont sampling site were concerning for several
reasons. First, the maximum time weighted average concentration of benzene exceeded
the 8-hour and chronic Reference Effect Level (REL) set by the Office of Environmental
Health Hazard Assessment (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 specified exposure duration.
While such health-based air quality standards provide a guide in which to base regulatory
thresholds, it is possible that actual health risks of exposure are higher for sensitive
populations such as children. This sampling site is located on a public-school campus,
near outdoor sport facilities, where children experience increased respiratory volumes
during athletic activities. The observed benzene concentration is expected to elicit
adverse health outcomes, but these risks may be further exacerbated within children with
higher respiratory volumes!'#%!#!, Second, correlations between n-pentane and measured
HAP compounds suggest influence by ONG activity, but further denote emissions from a
wider range of air pollutants. A review of the available peer-reviewed literature on air
pollutants measured and sourced to upstream ONG development found multiple HAP
compounds emitted during various phases of development including ethylbenzene,
styrene, methanol, formaldehyde, and cumene!?. While the review focused on the
compounds suspected to cause cancer or other serious health effects, the full range of
unique products and chemicals associated with these processes may be in the hundreds®
10 Co-emissions may increase health risks of exposure if pollutants are biologically
additive or synergistic, yet little research exists on health effects of co-exposures. Third,
the transect was not placed in the prevailing wind direction, thus, the measured
concentrations may be significantly underestimated during the sampling timeframe.

At the Longmont sampling site, the symmetrical decay along the sampled transect
suggests diffusion from a stationary source; thus, combined with results from the
correlation analysis, this finding implies the targeted ONG facility at the Longmont
sampling site is the dominant source of measured VOCs. Zielinska et al. (2014) deployed
passive samplers at varying distances from an active natural gas well and a compressor
station located in the Barnett Shale in Texas®¢. Results indicated that most of the
measured VOCs decayed to background concentration levels within 100 meters of both
facilities. Results from the current analyses found concentrations reached background
around 220 meters from the active ONG facility fence line, but these results may be
underestimated since the transects experienced only 10% of the normal prevailing winds
during the sampling timeframe. At the BAO sampling facility, measured concentrations
were likely at or near background concentrations since the closest passive samplers were
placed ~200 meters in both directions and the transects experienced only 10% of the
normal prevailing winds during the sampling timeframe. Furthermore, toluene was below
the sample LOD in all collected passive badges and concentrations for benzene and n-
hexane did not vary significantly between samples. Results from the distance decay
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gradient indicate that the passive samplers along the measured transect may have been
placed outside the zone of impact; however, we found limited evidence that particles
from ONG activities may be measured in ambient air as far as 560 meters from the
targeted facility.

Ancillary equipment and infrastructure associated with upstream ONG development
including compressor stations, generators, truck engines, and drilling rigs have been
identified as sources of combustion related emissions with potential of contributing to
human and environmental health risks!'%143-147: however, these emission sources have
proven difficult to distinguish from on-road traffic emissions and other urban sources*®.
The common traffic emission tracer compound and greenhouse gas, CO, was measured at
concentrations significantly higher in the dense ONG development area of Platteville
compared to all other sampling sites. We applied cluster analyses, time variation plots,
and ratios of tracer compounds to identify potential sources. At the Parkland Airport and
Weld Tower sampling sites, most CO clusters contained [CO]/[NOXx] ratios consistent
with those emitted by different fuel types and diurnal temporal patterns analogous to
daily traffic patterns suggest contributions from traffic emissions!#®. There were two
exceptions that fell outside the [CO]/[NOx] ratios range for combustion sources. The first
was the peak CO cluster originating from the direction of the small private aircraft
runway north/east of the Parkland Airport monitoring location with a [CO]/[NOx] ratio of
15.43 ppbv/ppbv, consistent with emission ratios from taxying aircraft'. The second,
measured at the Weld Tower sampling site, was a slightly elevated CO concentration
cluster originating from the direction of a large multilane highway, possibly indicating
contributions from larger diesel combustion engines. Furthermore, moderate, positive
correlations were identified between PM» s and CO levels within peak [CO]/[NOx] ratio
clusters at Parkland Airport and Weld Tower, where distances from combustion sources
were less than 0.80 kilometers.

At the Platteville site, peak CO clusters were associated with [CO]/[NOx] ratios
consistent with those emitted by different fuel types; however, this rural sampling
location was located far from any major roadways: the closest major roadway, U.S.
Highway 85, is located approximately 7.7 kilometers due east. Furthermore, these
clusters measured CO concentrations that peaked at early morning hours and were not
correlated with any speciated particles. During the DISCOVER-AQ campaign, a
collocated monitor by Thompson’s Group identified a similar peak CO source in the
southwest wind quadrant*’. Results indicated that observed peak CO concentrations are
likely emitted from a stationary source, and not from mobile vehicle emissions. In this
rural sampling location, at a distance from any major roadway and a temporal pattern
distinctive from on-road vehicle emissions, our data corresponds with these results. It is
possible that idling diesel trucks or other non-mobile combustion sources from the local
ONG industry may contribute to the elevated CO at the Platteville sampling site;
however, without additional data, a specific source could not be elicited from the current
analyses.
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2.6  Conclusion
From this study, we identified a zone of impact near ONG facilities in semi-rural areas of
the NFR for select VOCs. Results from the current analysis suggest measured HAP
concentrations near background levels around 220 meters from the facility fence line;
however, beyond 220 meters, concentrations of these VOCs remain elevated at
concentrations higher than most urban sites. With the exception of one fence line sample
at the Longmont sampling site, all two-week time integrated concentrations of individual
compounds were below RELs; however, single pollutant health-based standards may fail
to provide accurate risk estimates, especially for sensitive subpopulations. Although
limited, we found further evidence that particles from ONG activities, particularly re-
casing activities, may be measured in ambient air as far as 560 meters from the facility.
While we have an adequate understating about particles near roadways, there is a dearth
of scientific literature investigating the constituents of particles from upstream ONG
development and their impact to human health. Particle concentrations in the targeted
cluster, however, were not elevated above concentrations measured in other clusters from
the same monitor. Correlations between n-pentane and measured hazardous air pollutants
including benzene, n-hexane, and toluene, suggest that a broad range of pollutants are co-
emitted during upstream ONG development and activities. These co-emissions may
increase original estimates of health risks of exposure if compounds are biologically
additive or synergistic, especially in environments with an already high pollutant burden,
as seen with carbon monoxide at the Platteville sampling location.

In review of the current results, we recommend additional research on the ONG
development exposure impact zone to better understand the relationship between
proximity and health risks. Additional research is needed on health impacts from chronic,
low-level ambient HAP exposures and exposures from multiple concurrent or close-
succession toxic VOCs to more accurately characterize environments near ONG
facilities. Findings of HAP concentrations above health benchmarks in close proximity to
a public-school reflects the critical need for increased research on exposures from ONG
facilities, especially on impacts to sensitive populations. We hope that the current
analysis will help guide the development of necessary policy for setback requirements
and, thus, minimize potential health risks of populations residing near ONG operations.
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2.7  Tables and Figures

Figure 2.1: Map of air sampling locations and ONG wells in the Northern Front Range.
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Air sampling locations are referenced as follows: (1) Control; (2) Parkland Airport; (3) BAO; (4) Longmont; (5) Platteville; and (6)
Weld Tower. Geographic shapefiles are from the Colorado Department of Local Affairs, the Colorado Online Transportation
Information System, the Colorado Oil and Gas Conservation Commission, and the Colorado Department of Public Health and
Environment.
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Figure 2.2: Conceptual model of a transect through an active site to capture gradient behavior of ONG
related emissions.
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The imbedded photo is a sample set-up of a TraceAir badge deployed at the BAO sampling site. Photo was taken at the BAO sampling
site where an ONG rig can be seen in the distance.
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Figure 2.3: Wind rose diagrams for BAO and Longmont sampling sites (August 1-14, 2014).
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Figure 2.4: Plots of standardized two-week time weighted average passive TraceAir badge concentrations
along the and BAO sampling site transects.
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Figure 2.5: Timeplot for CO at all sampling sites in Colorado.
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Figure 2.6: K-means cluster analysis of CO at the Parkland Airport sampling site and correlations between
CO and PM1, PM2 s, and PMo.

Cluster n Median | CO/ PM; (ug/m®) | PMas (pug/m?) PMI‘O (pg/m?)
[CO] | NOx | Median | R? | Median | R?> | Median | R?
1 9,279 5593 | 2.04 1.37 <0.01 2.70 |1 0.02| 15.70 | 0.05
2 1,571 84.86 | 3.62 1.23 <0.01 254 |10.03| 1093 |0.05
3 191 82.73 | 2.51 1.62 <0.01 3.02 |0.03| 1745 |0.03
4 101,166 | 69.72 | 4.65 0.85 <0.01 2.15 10.02 9.36 | 0.04
5 22 68.08 | 1.35 4.75 <0.01 6.73 0.05| 22.18 | 0.05
6 56 204.25 | 15.43 1.47 0.12 420 044 | 33.81 | 0.04

CO concentrations provided in ppb; [CO]/[NOx] concentrations provided as ppbv/ppbv
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Figure 2.7: K-means cluster analysis of CO at the Weld Tower sampling site and correlations between CO
and PMi, PMa s, and PMo.
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Median | CO/ | PM; (ug/m?) | PMys(ug/m? PMo (ug/m’

Cluster n [CO] | NOx | Median | R? |Median | R?> | Median | R?

| 62,829 | 75.77 | 1.62 | 127 | <001 | 295 ]0.02 | 11.39 |<0.01

2 38,696 | 60.95 | 1.51 1.55 0.02 320 | 0.02 | 16.02 | <0.01

3 1,112 | 117.63 | 532 | 2.16 0.28 4.21 037 | 13.78 | 0.05

CO concentrations provided in ppb; [CO]/[NOx] concentrations provided as ppbv/ppbv
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Figure 2.8: K-means cluster analysis of CO at the Platteville sampling site and correlations between CO
and PMi, PMa s, and PMo.

1 1

Clusters 2 & 4
Clusters 1,3, 5,6

cl Median | CO/ PM, (ug/m’) PM, ;s (ug/m’ PMo (ug/m*)
uster n - 5 p 5 : 3
[CO] NOx | Median R Median R Median R

1 3,653 96.74 | 3.79 1.39 | <0.01 341 <0.01 13.24 | <0.01
2 23,242 | 148.97 | 4.23 1.01 0.01 2.52 <0.01 7.20 | <0.01
3 31,123 | 67.97 | 2.33 1.49 | <0.01 3.56 <0.01 13.06 | <0.01
4 10,004 | 118.12 | 4.00 1.08 | <0.01 2.86 <0.01 10.37 | <0.01
5 27,903 | 96.89 | 3.54 1.11 <0.01 2.84 <0.01 12.34 | <0.01
6 545 74.90 | 2.30 1.68 | <0.01 3.60 <0.01 12.23 0.01

CO concentrations provided in ppb; [CO]/[NOx] concentrations provided as ppbv/ppbv
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Figure 2.9: Time variation analysis of CH4 concentrations at the BAO Tower.
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Figure 2.10: Location of SNAQ and Picarro CH4 monitors at the BAO sampling site.
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Monitors are identified by red dots and active ONG facility within the red polygon.
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Figure 2.11: Weighted mean polar frequency plots for PM1, PMz.s, and PMio at both BAO sampling sites.
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Figure 2.12: K-means cluster analysis of CH4 at the BAO Tower.

Targeted upstream oil and gas development facility is identified within the red polygon.

n CH4(ppm) | CO(ppb) (R?)
Cluster 1 8,028 1.97 112.99 0.31
Cluster 2 169 1.94 99.34 0.49
Cluster 3 20,508 1.99 119.67 0.24
Cluster 4 392 1.97 112.93 0.28
Cluster 5 308 1.96 104.43 0.65
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Figure 2.13: Correlation lags for CHs and PM; at two separate SNAQ monitors deployed at BAO: (A) BAO
Fenceline and (B) BAO Tower with 10-minute CH4 data lag (left), no lag (middle), and 10-minute particle
lag (right) merge.
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Table 2.1: Site production information for all monitored sites.

Sites i tlfimlrl;ﬂes) (1\(;:3* Oil (bbls)** | Gas/Oil
Control 0 0 0 NA
BAO 16 5,525 3,265 1.69
Longmont 22 21,476 1,794 11.97
Parkland Airport 16 16,183 1,160 13.95
Weld Tower 12 10,478 393 26.66
Platteville 26 166,528 1,914 87.01

*Gas production is reported in 1,000 cubic feet (Mcf) volumes pressure.
**Qil is reported in barrels (bbls), which is equivalent to 42 U.S. gallons.
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Table 2.2: Summary statistics for passive TraceAir badges at the Control site, all Weld County sampling
sites, and badges collected within the Longmont and BAO transects.

Range Median Mean Mean Swarthout =~ Thompson

(2013)* (2014)®
Control (n=1)
Benzene NA <0.08 | <0.08 0.19 0.57
Toluene NA <0.40 | <0.40 0.30 0.43
n-Hexane NA <0.16 | <0.16 1.10 0.82
n-Pentane NA 0.44 0.44 2.01 2.55
Weld County (n =29)
Benzene 0.14 —1.30 0.17 0.34 0.19 0.57
Toluene 0.40 —1.20 0.55 0.61 0.30 0.43
n-Hexane 0.15-11 0.91 2.17 1.10 0.82
n-Pentane 1.60 — 20 2.10 5.16 2.01 2.55
Longmont (n = 8)
Benzene 0.41 —1.30 0.50 0.60 0.19 0.57
Toluene 0.40 —1.20 0.53 0.62 0.30 0.43
n-Hexane 2.90—11 3.75 4.63 1.10 0.82
n-Pentane 7.60 — 20 8.85 10.40 2.01 2.55
BAO (n=14)
Benzene 0.14—0.18 0.15 0.16 0.19 0.57
Toluene NA <0.40 | <040 0.30 0.43
n-Hexane 0.15-1.00 0.64 0.65 1.10 0.82
n-Pentane 1.60 —2.20 1.80 1.84 2.01 2.55

Data provided in ppbv. Non-detects are denoted by the “less than” sign, followed by the sample limit of detection.

*Swarthout, Robert F., Rachel S. Russo, Yong Zhou, Andrew H. Hart, and Barkley C. Sive. "Volatile organic compound
distributions during the NACHTT campaign at the Boulder Atmospheric Observatory: Influence of urban and natural gas
sources." Journal of Geophysical Research: Atmospheres118,no. 18 (2013).

*Thompson, Chelsea R., Jacques Hueber, and Detlev Helmig. "Influence of oil and gas emissions on ambient atmospheric non-
methane hydrocarbons in residential areas of Northeastern Colorado." Elem Sci Anth 3 (2014).
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Table 2.3: Correlation analysis for all Weld County passive TraceAir badges and subset badges at the
Longmont and BAO sampling sites.

Benzene Toluene n-Hexane n-Pentane
Weld County (n =29)
Benzene 1 0.95** 0.99** 0.98**
Toluene 0.95** 1 0.91** 0.85%**
n-Hexane 0.99%** 0.91** 1 0.98**
n-Pentane 0.98** 0.85%** 0.98** 1
Longmont (n = 8)
Benzene 1 > ().99%* > ().99%* > ().99%*
Toluene > ().99%* 1 > ().99%* > ().99%*
n-Hexane >().99%** > ().99%* 1 > ().99%*
n-Pentane > ().99%* > ().99%* > ().99%* 1
BAO (n=14)
Benzene 1 NA 0.65 0.91**
Toluene NA 1 NA NA
n-Hexane 0.65 NA 1 0.78**
n-Pentane 0.91%* NA 0.78** 1

*p-value <0.01
**p-value < 0.001
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Table 2.4: Median values for select criteria air pollutants and ratios in Colorado.

coO NOx PM;, PM; s PMio

@pb)  @pb)  ONOY  emd)  gmd)  (ugmd)
Control 33.57 28.38 1.23 1.11 1.33 4.35
BAO Tower 39.19 44 .85 0.88 1.55 2.24 10.56
BAO Fence 36.27 50.76 0.78 1.71 2.00 8.05
Parkland 69.12 15.65 4.37 1.20 1.81 8.14
Platteville 99.30 30.29 3.34 1.56 2.42 9.22
Weld Tower 70.53 45.73 1.60 1.78 2.58 10.85
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Table 2.5: Linear regression model for PM; in cluster 2 at BAO with a + 10 min lag for SNAQ data.

Coefficient Model

CH. | CcO | RH R? | p-value

A. BAO Fence
Model 1 35.74 NA NA 0.40 <0.001
Model 2 NA NA -0.06 0.70 <0.001
Model 3 NA 0.05 NA 0.70 <0.001
Model 4 23.63 NA -0.05 0.87 <0.001
Model 5 15.85 0.01 -0.04 0.88 <0.001

B. BAO Tower
Model 1 31.13 NA NA 0.49 <0.001
Model 2 NA NA -0.04 0.56 <0.001
Model 3 NA 0.04 NA 0.69 <0.001
Model 4 23.19 NA -0.03 0.81 <0.001
Model 5 17.37 0.01 -0.03 0.82 <0.001
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3.1 Abstract
In this work, we investigate air pollutant gradient behavior around an upstream oil and
natural gas (ONG) facility located within the densely populated urban community in
downtown Los Angeles. Despite difficulties associated with air quality measurements
methodologies in urban environments, we were able to identify gradient behavior around
the target ONG site and distinguish added air quality burden of several volatile organic
compounds associated with ONG development.

3.2 Introduction
Upstream oil and natural gas development (ONG) has expanded rapidly across the United
States over the past decade. While much of the focus has been on the ONG extraction and
development in rural regions, many extraction facilities operate in densely-populated
urban areas. Few studies have focused on emissions and the impact on human health in
the state of California, where there are approximately 58,000 active ONG wells®, many of
which are located in the Los Angeles area. Approximately 1.7 million individuals live
within one mile of an active ONG well within the Los Angeles Basin!>°. Research on
chemicals and equipment associated with ONG development reveal a potential for
adverse health outcomes, and a review of the current literature suggests an association
between proximity from ONG site and potential health risks!*2. Most of these health
studies, however, have failed to feature any rigorous spatial analysis of pollutant levels,
only suggesting that a spatial dimension exists.

Los Angeles residents already experience a high health burden from poor air quality,
where exposure to urban air pollution, including traffic emissions, increases risk for
multiple adverse health outcomes!'>!"133, Studies have demonstrated gradient behavior in
combustion-related emissions; pollutant levels are elevated near roadways and decrease
to or near background levels as distance from the roadway increased, with some studies
suggesting most of the impacts occur within 500 m of major highways'?!123:12% Few
studies have repeated this gradient monitoring approach around ONG facilities, despite
the need to understand the behavior of related air emissions, especially those located
within highly dense urban communities.

Given the sparse literature on exposures to air pollutants near ONG operations and the
potential for impacts on health, particularly in urban areas, here we investigate air
pollutant gradient behavior around an ONG facility located in downtown Los Angeles.
The consequences of exposure to ONG-related emissions have not been adequately
studied and, thus, the current investigation on gradient behavior is warranted. Despite the
economic impact of ONG production within California, it is imperative to understand the
risks associated with exposures from these activities to minimize potential exposures,
particularly in densely populated areas, and guide future regulation.
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3.3 Methods

Site Selection

To understand gradient behavior of ONG related emissions in Southern California’s
urban environment, a facility was selected near downtown Los Angeles, in the Jefferson
community. The Jefferson drill site is an active ONG facility that has been in operation
since 1964 and operates 20 active oil and gas wells with a total gas production of 8,890
million cubic feet (Mcf) of natural gas and 8,553 barrels (bbls) of oil in February 2016,
the month of the current sampling deployment. According to U.S. Energy Information
Administration’s average daily oil and natural gas production volume per well for 2016,
the Jefferson drill site is among the top 9% of gas producing and top 34% of oil
producing wells in California!>.

The Jefferson drill site (Figure 3.1) is situated in the middle of a vulnerable community,
where wellheads are as close as 60 feet from residential homes. This site is located due
south of Highway 10 (~1.2 km) and east of Highway 110 (~2 km), along a major bus
route and is surrounded by a myriad of competing emissions sources including several
restaurants, laundry mats, dry cleaners, a recycling center, and two gas stations (all within
1 km). The site was selected due to the high level of operational activity at the facility,
residential proximity, the existence of an established neighborhood advocacy group, and
the ability to create a distance decay gradient through the site along the prevailing wind
directions. A total of 11 households were recruited to host air quality samplers for 14
days. Hosts were selected from non-smoking households and advised to avoid activities
that may expose the monitors to additional VOC emissions including, but not limited to,
burning firewood, barbeques, and the operation of yard equipment with combustion
engines (e.g. gas-powered lawn mowers).

Passive TraceAir Badges

Commercially available passive samplers do not require a power source and are generally
inconspicuous when deployed. As such, these samplers can be utilized ubiquitously
across multiple site locations in dense urban environments where security might be a
concern. For the current study, we used passive TraceAir badges (Assay Technology),
which are capable of collecting a panel of organic air pollutants through passive diffusion
in a time-integrated manner. We deployed 15 TraceAir passive badges around 11
residential homes near the Jefferson drill site. To protect the samplers from the elements,
all passive badges were placed within an open bottom non-treated AllCan West
(http://allstatecan.com/) tin can affixed to a metal fence post or existing structure at each
site.

Three passive TraceAir badges were placed along the western transect up to 230 meters
from the center of the facility. Six passive TraceAir badges were placed along the eastern
transect up to 225 meters from the center of the facility. An additional passive badge was
used as a control and placed at a residential home 680 meters northwest of the facility,
away from the prevailing wind direction. For quality assurance and control, the remaining
passive badges were used as either field duplicates, field blanks, or travel blanks. Latitude
and longitude coordinates were collected for each passive badge using a Garmin eTrek
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GPS device. After 14 days in-field, samplers were collected and sent to Assay
Technology laboratories in Ohio for analysis of n-pentane (CAS 109-66-0), n-hexane
(CAS 110-54-3), benzene (CAS 71-43-2), and 2-butoxyethanol (CAS 111-76-2). Passive
badges were processed using a modified OSHA 7 method which included desorption in
carbon disulfide with co-solvent and analysis by gas chromatography with flame
ionization detector (GC/FID). Data was blank corrected and provided as average
concentrations for the period of time monitored.

3.4 Results

Descriptive Statistics

Of the 15 TraceAir samples collected, one was damaged and, therefore, excluded from
the analysis. Precision of duplicates was <10%, and the remaining field samples were
blank corrected. Mean two-week time weighted average concentrations for benzene, n-
hexane, and n-pentane were 0.51, 0.43, and 1.13 ppb, respectively; 2-butoxyethanol was
found under the sample limit of detection for all deployed badges. Concentrations of
benzene and n-pentane at the control location were within the range of the samples
included in the transect; the n-hexane concentration measured at the control site was
lower than the range of the samples included in transect. Non-significant relationships
were found between n-pentane and n-hexane (r*> = 0.63, p = 0.04) and n-pentane and
benzene (r? = 0.45, p-value = 0.17). Descriptive statistics and correlations can be viewed
in Table 3.1 and Table 3.2, respectively.

Distance Decay Gradient

Passive TraceAir badges were deployed at increasing distances along the prevailing
eastern and western wind transects (Figure 3.2). Wind data from MesoWest (Station ID:
KCQT) was plotted in a 40-degree panel wind rose diagram for the two-week
deployment timeframe (Figure 3.1) revealing prevailing wind patterns from the western
and eastern directions. Wind originating from the east and west contributed to 25% and
35% of the total mean wind patterns, respectively. Wind speeds in both directions ranged
from 2 — 10.36 meters/second with an average wind speed of 1.21 and 0% calm. All other
wind directions contributed to ~10% or less of the total mean wind patterns for the
sampling timeframe. With an exception of the control location, all sensors were placed
along the two prevailing (eastern and western) wind transects.

Two-week time weighted concentrations for all VOC species were standardized using the
maximum value of the respective VOC from the full transect in the denominator and
presented as a percent of the maximum. Standardized results were plotted against
distance (in meters) from the center of the targeted ONG facility in both directions.
Figure 3.2 represents a plot of the transect through the well pad and shows a decline in
concentrations from the samples collected at the eastern fence line, closest to the ONG
facility, compared to the second sampling location 70 meters in the eastern direction for
all compounds over the sample limit of detection (LOD). Along the eastern transect,
concentrations of benzene and n-hexane showed similar diffusion as distance from the
targeted facility increased; however, n-pentane concentrations decayed until
approximately 190 meters from the center of the targeted facility when concentrations
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increased. Along the western transect, n-pentane remained at a consistent level while both
n-hexane and benzene levels increased as distance from the targeted facility increased.

3.5 Discussion
Passive samplers are inexpensive air quality sensors capable of measuring time weighted
average concentrations of a variety of VOCs in ambient conditions. The proven utility of
passive samplers has been demonstrated in several ONG monitoring studies!®3%3 but
these samplers have yet to be used around ONG facilities in dense, urban environments.
Our results show that mean two-week time-weighted average concentrations of benzene
and n-hexane from all transect samples exceeded those found in 28 cities®? and in recent
Multiple Air Toxics Exposure Study (MATES) IV reports on air quality within the Los
Angeles area!>. Overall, however, concentrations were comparable to levels measured at
the control site, located several meters north of the facility and out of the path of the
developed transect.

In urban environments, VOCs such as benzene, n-pentane, and n-hexane are
predominately emitted from anthropogenic sources such as evaporating, unburned fuel. In
Los Angeles, benzene, and to a lesser extent, n-pentane and n-hexane, are correlated with
carbon monoxide, emitted via incomplete combustion, suggesting these VOCs share a
common vehicle source®?. Therefore, it may be difficult to characterize ONG emissions
in urban environments where competing emission sources are difficult to isolate. Further
complicating these efforts is the distribution of existing architectural structures within
this dense urban neighborhood that may distribute particles and other air toxics unequally
throughout the community.

While we identify gradient behavior on the eastern transect, the western transect is likely
influenced by a source upwind of the sampling locations. This probable upwind source is
combustion emissions from the highly utilized four-lane road (S Normandie Ave) one
block west of the furthest passive badge, as evident in the diffusion of benzene and n-
hexane concentrations from the prevailing westerly winds and the relatively consistent
level of n-pentane. The difference between passive badge concentrations deployed at the
eastern and western fence lines are likely the added air pollution burden emitted from the
Jefferson drill site. From our analysis, the additional air pollution burden increases
approximately 10%, 15%, and 20% for benzene, n-pentane, and n-hexane, respectively.

Using a distance-decay gradient, a previous study in the semi-rural region of the Barnett
Shale, Texas found that measured VOCs decayed to background concentration within
100 meters of ONG facilities®, and our previous work the Northern Front Range of
Colorado found measured VOCs decayed to background ~200 meters from active ONG
facilities!¢. Along the eastern transect of our current study, n-hexane concentrations
decayed to control levels at 200 meters from the center of the Jefferson drill site (150
meters from the eastern fence line). Benzene concentrations decayed to control levels 160
meters from the center of the Jefferson drill site (125 meters from eastern the fence line).
The last two sampling sites on the eastern transect were located in residential yards,
further from the street, and thus may explain why concentrations were lower than those
measured at the control location.
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Concentrations of n-pentane follow the expected decay patterns better along the eastern
transect compared to the western transect, where the major contribution to measured
VOC:s is likely from vehicle emissions. On the eastern transect, n-pentane decays similar
to n-hexane and benzene until the final sampler (220 meters) where concentrations return
back to levels closer to the facility. This rise in concentration levels further from the
Jefferson drill site may be attributed to an additional local n-pentane source.

Despite the presence of multiple competing sources and the difficulties associated with
deployment in dense urban environments, we were able to identify gradient behavior
along the transect downwind of the target ONG facility; correlate target VOCs with the
natural gas tracer compound, n-pentane; and identify added air quality exposure burden
from the targeted ONG facility. We recommend the current gradient methodology for
future ONG-related emission characterization, especially in environmental justice
communities that lack access to exposure data.
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3.6 Tables and Figures

Figure 3.1: Location of the Jefferson drill site in downtown Los Angeles with wind rose diagram for
meteorological data collected February 17 — March 2, 2016.
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Figure 3.2: Transect through the Jefferson drill site and results of the distance decay gradient for data
collected between February 17 — March 2, 2016.
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Table 3.1: Summary statistics for all passive TraceAir badges along the Jefferson drill site transect.

Range Median Mean Control Baker' = MATES IV?

Benzene 0.47-0.55 | 0.51 0.51 0.51 0.48 0.40
2-Butoxyethanol NA <1.00 | <1.00 | <1.00 NA NA
n-Hexane 0.40-0.50 | 042 | 043 0.39 0.39 NA
n-Pentane 0.97 -1.30 1.10 1.13 1.10 1.20 NA

Data provided in ppbv. Non-detects are denoted by the “less than” sign, followed by the sample limit of detection.
'Baker, A. K. ef al. Measurements of nonmethane hydrocarbons in 28 United States cities. Atmos. Environ. 42, 170-182 (2008).
MATES IV. Available at: http://www.aqgmd.gov/home/air-quality/air-quality-studies/health-studies/mates-iv. (Accessed: 27th June

2018)

Table 3.2: Correlation analysis for all passive TraceAir badges within the transect.

Benzene n-Pentane n-Hexane
Benzene 1 0.45 0.79%*
n-Pentane 0.45 1 0.63*
n-Hexane 0.79%* 0.63* 1

*p-value < 0.05
**p-value <0.01
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4.1 Abstract
In October of 2015, a storage well at the Aliso Canyon natural gas storage facility
experienced a massive methane (CHa) leak, which resulted in the largest anthropogenic
release of CH4 from a point source within the United States. Additional sampling
conducted during the event revealed higher and more variable concentrations of
particulate matter (PM) in the outdoor air at locations close to the leak site compared to
those farther away, particularly for fine particles. Sampling of indoor environments,
found a characteristic “fingerprint” of metals in the indoor dust samples similar to
samples taken at the blowout site. With this pool of evidence, we investigate the
association between the Aliso Canyon natural gas storage site and PM concentrations by:
(a) conducting additional sourcing efforts using meteorological data and correlations
between PM, CHa, and other air toxins collected during the natural gas blowout, and (b)
identifying characteristics unique to the homes that tested positive for air pollutants using
data collected from extensive indoor environmental assessment surveys.

4.2 Introduction
Chemicals and equipment associated with upstream natural gas development (drilling and
extraction) pose threats to human and ecosystem health!®!1¢118 ‘and a growing body of
evidence suggests an association between proximity to site and potential health
risks!442:99-103.112. however, a paucity of peer-reviewed studies that investigate the
potential for exposure to individuals residing near underground natural gas storage fields
impedes efforts to protect public health around these facilities. The Aliso Canyon Natural
Gas Storage field, located in Los Angeles County’s Santa Susana Mountains, is the
second-largest natural gas storage facility in the western United States with a total
working storage capacity of 86 billion cubic feet (Bcf). Many of the natural gas storage
wells were converted from abandoned and depleted oil wells and have been in continuous
use over the past 40 years for injection, storage, and extraction of hydrocarbon reserves.
On October 23, 2015, Southern California (SoCal) Gas operators at the Aliso Canyon
facility reported an uncontrolled, non-routine methane (CHs) leak at well site SS25,
located less than one mile upwind from the Porter Ranch community. This event resulted
in one of the largest anthropogenic releases of natural gas from a point source ever
recorded in the United States®.

For the first weeks of the event, elevated levels of hazardous air pollutants (HAPs),
mercaptans (natural gas odorants including tert-butyl mercaptan and
tetrahydrothiophene), and sulfides were measured in ambient air, and a visible “oily”
residue was reported at multiple locations across the Porter Ranch community!>7-16°,
Emissions of HAP compounds are of particular concern as they are known or suspected
to cause cancer or other serious health problems, including neurological and respiratory
effects. A random survey of area residents found 61% experienced headaches or
migraines; 40% experienced nausea, vomiting, stomachaches, GI issues, or diarrhea; 32%
experienced bloody noses; and 27% experienced and respiratory/breathing symptoms!¢!.
On February 18, 2016, state officials announced that the leak was permanently plugged,
but not before approximately 97,100 metric tons of methane were released into the
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atmosphere™’.

A Community Assessment for Public Health Emergency Response (CASPER) health
survey conducted post-leak found nearly 63% of surveyed households experienced
symptoms that persisted post-remediation'®2. A subsequent Public Health Assessment
conducted in 114 indoor environments adjacent to the storage facility revealed several air
toxins that were found above EPA health-based standards and a characteristic
“fingerprint” of metals that provided biologically plausible explanations for health
symptoms noted by area residents!%®. Furthermore, the metal cluster, consisting of
barium, manganese, vanadium, and aluminum, was similar to the metal composition
found in soil samples collected near well SS25, suggesting a related source.

A formal spatial clustering analysis was conducted on the locations positively identified
by the metal fingerprint, using the Ripley-K statistics for a marked non-homogenous
Poisson point process, but results did not provide evidence of clustering in the locations
with higher levels of metals!®*. The complex topography of the Aliso Canyon hillside
distributes particles and other air toxics unequally through the neighborhoods and the
diversity of architectural elements influences air exchange rates into indoor environments
where, on average, Americans spends more than 90% of their time!%. This complex
environment creates a setting where simple distance decay gradients are unable to predict
potential exposures, thus complicating initial efforts to understand the geographical
distribution of metal deposition. Recognizing the geographical and architectural
heterogeneity and intricacies of the local landscape, the Los Angeles Department of
Public Health (LADPH) complemented the indoor air and dust sampling with a
household survey to identify characteristics unique to the homes that tested positive for
the characteristic fingerprint of metals.

The current research aims to expand on the earlier investigations through supplementary
sourcing efforts of criteria air pollutants, PM, and HAPs of biological importance. With
these additional investigations, we aim to understand the deposition of the metal
fingerprint into the indoor environments of proximate communities and further
characterize air quality during the active blowout event. Such information can be useful
for understanding potential exposures during the active blowout event and as evacuated
residents returned to their homes. More broadly, the research will elucidate possible risks
associated with potential leaks from the 328 natural gas storage fields within the United
States that use depleted oil wells'®®.

4.3 Methods
The community of Porter Ranch is located at the base of the Santa Susana Mountains,
south of the Aliso Canyon natural gas storage field, and north of Northridge, in Los
Angeles County. The Los Angeles Department of City Planning estimates a 2008
population of 30,571 individuals within the 5.59 square mile area of Porter Ranch. On
November 19, 2015, during the ongoing natural gas blowout event, the LADPH issued a
Resident Relocation Directive resulting in the relocation of an estimated 2,200
families'®’, followed by an additional directive for students and staff of local area
schools!®®, Both directives cited health and sulfur-type odor complaints consistent with
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inhalational exposure to mercaptans; however, neither etiological agent nor exposure
pathway could be confirmed. Conversant with the broad range of air pollutants associated
with oil and natural (ONG) gas development'*?, and the need to understand the full range
of potential exposures, we initiated the following analysis.

Site Selection

Air quality monitoring and sampling sites were selected based on accessibility,
community and host interest, and ability to saturate the sampling area without significant
influence from confounding emissions sources. Locations included residential yards, a
public school, and a community pool area. Distance ranged from approximately 1.2 to 4.5
kilometers from the blowout site, well SS25; the furthest location was selected to collect
background air quality within a residential neighborhood of northern Northridge, 7.3
kilometers southeast of well SS25. Monitor hosts were educated in proper maintenance to
minimize exposure from competing HAP sources. A map of all primary dataset sampling
locations can be found in Figure 4.1.

Data Collection

Active Sampling

Sensor Networks for Air Quality (SNAQ) monitors used for the air quality monitoring in
this study were developed in Dr. Rod Jone’s laboratory, Chemistry Department,
University of Cambridge, UK!®. These monitors are capable of measuring carbon
monoxide (CO), nitrogen oxide (NO), ozone (O3), sulfur dioxide (SO>), and nitrogen
dioxide (NO>) gas phase species using electrochemical sensors from Alphasense
(www.alphasense.com). In addition, SNAQ monitors measure carbon dioxide (CO;) and
total volatile organic compounds (tVOC) via optical sensors. A compact optical particle
counter, designed and built at the Center for Atmospheric and Instrumentation Research
at the University of Hertfordshire, also incorporated into the unit, measures aerosol
concentrations every 20 seconds in the form of 16-bin histograms covering size ranges
between 0.38 — 17.4 pm. Meteorological data including temperature, relative humidity,
wind speed, and direction are also gathered by each node. Monitors contain a geographic
positioning system (GPS) receiver and data were collected and stored via an onboard
universal serial bus (USB) drive and manually downloaded. Six SNAQ monitors were
deployed between January 13 — February 20, 2016, and data were post-processed at the
University of Cambridge in preparation for analysis.

Passive Sampling

Passive samplers are commonly used in occupational settings but have also been used
successfully in ambient environments with longer exposure timeframes. The proven
utility of commercially available passive samplers has been demonstrated across several
upstream oil and natural gas monitoring studies!'®-1:36-41:63 but has yet to be used to
characterize the ambient environment around an underground natural gas storage facility
during either routine or non-routine operations. Passive TraceAir badges, from Assay
Technology (www.assaytech.us), are capable of collecting a panel of organic air
pollutants through passive diffusion in a time-integrated manner. We deployed two
rounds of passive badges across 22 different locations south of the natural gas storage
facility. The first and second rounds of passive badges were deployed January 13 and 28,
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2016 respectively, and remained in the field for two weeks. This period corresponded to
the last month before well SS25 was plugged. Upon collection, passive badges were
sealed and promptly returned to Assay Technology’s laboratory for analysis of 25
different volatile organic compounds (VOCs).

Radiello Cartridge Adsorbents, from Sigma Aldrich (www.sigmaaldrich.com), measure
hydrogen sulfide (H2S) on a microporous polyethylene matrix impregnated with zinc
acetate. Radiello Cartridge Adsorbents for H2S were deployed at 11 different locations
south of the natural gas storage facility on February 4, 2016 for one-week. A second
round of samplers was deployed on February 12 which coincided with the well plug and,
thus, represents air quality sampling post-remediation. One-week post-deployment,
Radiello Cartridge Adsorbents were sealed and shipped to Inter-Mountain Labs in
Sheridan, Wyoming, for analysis. To protect the samplers from the elements, all passive
samplers were placed within a non-treated AllCan West (http://allstatecan.com/) tin and
affixed to a metal fence post or existing structure at each site.

Secondary Data Sources

On December 16, 2015, the South Coast Air Quality Management District (SCAQMD)
deployed an air monitoring trailer in the private community of Highlands, a subdivision
in Porter Ranch, located in the northern most part of the community downwind of the
blowout at well SS25. Monitors within the trailer collected and reported 1-hour average
concentrations for CHas. This publicly available dataset is available for download on
CARB’s Air Quality and Meteorological Information (AQMIS2) clearinghouse
(ww2.arb.ca.gov). In addition, 5-minute and 24-hour time-integrated canister samples
were collected at the trailer and several additional locations within the Porter Ranch
community. The 5-minute samples were collected when continuous CH4 monitors
reflected elevated concentrations. Time-integrated 24-hour samples commenced on
December 21, 2015, collecting samples every 3 days, on average. Canister were analyzed
for 55 VOCs using Gas Chromatography (GC) and Flame Ionization Detection (FID),
CHsusing method 25.1 (TCA FID), and mercaptans by SCAQMD Method 307-91. All
samples were analyzed by an in-house SCAQMD laboratory in Diamond Bar, CA, and
PDF copies of the lab reports were made available through the SCAQMD website
(http://www.agmd.gov/).

Data was downloaded, and hand digitized in preparation for analysis. Due to SCAQMD’s
extensive sampling of VOCs, we limited the current analysis to include only HAPs, as
they are the pollutants suspected to cause cancer or other serious health effects. There are
currently 187 HAPs listed for regulation under the Clean Air Act!®, some which have
been associated with upstream oil and natural gas (ONG) activities, but little research
exists on their role in natural gas storage. Hydrogen sulfide (H2S) was removed from the
official list in 1991 but was included in our analysis due to its high toxicity at lower
concentrations and key role in natural gas composition. Passive and canister sampling
efforts included the collection and analysis of 18 HAP compounds.

On January 14, 2016, CARB deployed an additional continuous CHs monitor within the
subdivision known as Porter Ranch Estates, located several meters south of the Highlands
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community. A continuous benzene monitor was co-located at the site and provided 1-
hour average concentrations starting February 1, 2016. These publicly available datasets
are available for download on CARB’s Air Quality and Meteorological Information
(AQMIS2) clearinghouse (ww2.arb.ca.gov).

Argos Scientific installed an air-monitoring Fenceline system designed to measure real-
time CH4 concentrations and report the information to the community via a public access
website (www.fenceline.org/porter). The Fenceline system utilizes light beams to detect
and quantify the gases and then reports the data in five-minute average concentrations.
The Fenceline system has been continuously running since January 27, 2016 at a
residential home in the Highlands community, approximately 345 meters east of the
SCAQMD trailer. To understand the relationship between CH4 and criteria air pollutants,
we co-located a SNAQ monitor next to the Fenceline system. Data from the Fenceline
system was provided in Excel format from Argos Scientific (permission granted).

Public Health Assessment Household Survey

LADPH developed an indoor environmental assessment survey that was conducted
during the Public Health Assessment of 114 indoor environments directly after the
natural gas storage blowout. The survey consisted of 35 questions, including open ended,
dichotomous, and multiple-choice questions. These questions covered several topics
including: (1) household attributes, (2) relocation history, (3) post-remediation cleaning
behavior, (4) use of portable and in-duct air purifiers during the blowout, (5)
identification of either an oily residue or “gas-like” odor, (6) indoor home environment,
(7) pet health, and (8) indoor chemical usage. The population of interest included all
residential homes within a five-mile radius from well SS25. LADPH oversampled in
environments where residents were symptomatic to ensure air and dust samples were able
to identify rapidly deteriorating pollutants post-blowout. Survey data was digitized and
coded by “House IDs” by LADPH to ensure privacy for all survey participants. The data
does not contain personal or location identifiers. Human health data was collected but not
included in the current analysis.

Data Analyses

All datasets were collected and saved as comma separated value (csv) files and imported
into the R programming environment for processing, visualization, and analysis. Within
R, air quality data was analyzed using the open-source tools for air pollution data
analysis, OpenAir'3!, a Natural Environment Research Council (NERC) knowledge
exchange project for the analysis of air pollution data (www.openair-project.org). The
indoor environmental assessment survey conducted during the Public Health Assessment
was analyzed using the CCA package!”’, also within the R environment.

Source Attribution

To elucidate potential emission sources, we first investigated pollutant concentrations
using bivariate polar plots with meteorological variates to visualize concentration levels
by geographic source direction. Peak emission concentrations during anomalous
meteorological conditions may shift polar plot outputs when based on simple mean
concentrations. Thus, to identify conditions that dominate overall concentrations amid the
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intricate topography of the Aliso Canyon hillside, a weighted mean was used to estimate
source direction. Data was further analyzed by filtering for VOCs measured during CHa,
the main constituent of natural gas'’!, enhancements from co-located monitors. In
California, background CHs concentrations range from 1.7 to 2.0 ppm!7?; concentrations
above background may indicate a local source. To further distinguish on-road traffic from
ONG emissions, we investigated the relationship between measured VOCs with tracer
compounds. Strong correlations with CHy, in the absence of a correlation with acetylene,
a pollutant commonly found in vehicle emissions!'”, can help differentiate attributions

from competing VOC sources.

Tracer compound ratios of pentane isomers provide additional source indicators to
distinguish contributions of ONG sources from traffic emissions. Isomers of i-pentane
and n-pentane have similar reaction rate constants and, thus, degrade at a similar rate. In
areas dense with ONG infrastructure, an i/n-pentane ratio close to 1:1 is expected.
Previous studies near upstream ONG development in Colorado and Pennsylvania found
ranges of i/n-pentane ratios between 0.86 and 1.2 ppbv/ppbv!734:4042:4865 1 arger ratios
are associated with emissions from urban centers and traffic-related sources. Los Angeles
area i/n-pentane ratios have been reported in previous studies ranging between 1.9 and
2.3 ppbv/ppbv®*174175 near the ratios found in tunnel studies (2.2 — 3.8 ppbv/ppbv) where
traffic dominates VOC emissions!’®!7”, In California, aerial samples over the Inglewood
Oil Field found significantly lower ratios (1.91 ppbv/ppbv) than in Los Angeles area
samples (2.38 ppbv/ppbv) without ONG activities'’®. Additional sampling in Riverside
County found ratios between 1.41 and 1.97 ppbv/ppbv indicating leakages along oil and
natural gas pipelines.

Canonical Correlation Analysis

Data from the Public Health Assessment Household Survey was analyzed using a
Canonical Correlation Analysis (CCA), a multivariate technique, to investigate
correlations between metal “signatures” and survey variables. By employing CCA, a
latent variable is computed to allow for a combined analysis of the metal signature
instead of single outcome analyses. Compounds of the metal fingerprint include: barium,
manganese, vanadium, iron, strontium, and aluminum!®3, which were used to build the
first latent variable in the CCA analysis. Previous research indicates that five to 10
observations should be available for each variable included in the analysis'”®. Using this
guideline, a second latent variable using groups of less than 10 survey variables was
created to correlate the latent variable for metals. Due to the constraints of latent variable
size, results are provided in groups constructed from the eight survey topics previously
listed.

4.4 Results
Hazardous Air Pollutants
Passive Samplers
Two-week time integrated passive sampling concentrations were very low for most the
HAPs tested, below normal background levels in the Los Angeles area, and below state
and national health-based standards (Table 4.1). Several passive samplers reported values
well under the reporting limits of detection. For HAPs found above the sample limit of
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detection, concentrations were slightly lower than values obtained by SCAQMD 5-min
and 24-hour canister samples for a similar period. Furthermore, these concentrations were
below what was measured at a background control site located about 5.5 miles away in
Northridge, which had more influences from common urban sources such as traffic.

24-Hour Canister Samples

SCAQMD sampled and reported results on eight HAPs from 132 individual canisters
collected across several Porter Ranch locations between December 16, 2015 and
February 11, 2016 (Table 4.1). In the 24-hour integrated canister samples, a strong
correlation was identified between levels of CH4 and several organic molecules: n-hexane
(r =0.86), toluene (r = 0.72), styrene (r = 0.68), benzene (r = 0.65); and moderately
strong correlation was identified between CHs and o-xylene (r = 0.54). In contrast, weak
(r <0.20) or negative correlations were found among levels of acetylene and several
VOCs including: n-hexane, o-xylene, toluene, and styrene. Acetylene was, however,
found to have a relatively strong correlation with benzene (r = 0.67). In a two-variable
linear regression model (n = 29), CH4 explains 40% (p < 0.001) of the variability of
benzene concentrations; the coefficient of determination increases to 74% (p < 0.0001)
when acetylene is added to the model.

5-Minute Canister Samples

Results from SCAQMD’s 5-min “trigger” samples (Table 4.2), collected during peak
CH4 concentrations, revealed a strong correlation between levels of CH4 and n-hexane (r
=0.95), benzene (r = 0.92), 2,2, 4-trimethypentane (r = 0.86), m/p-xylene (r = 0.80), and
ethylbenzene (r = 0.62); a moderately strong correlation was identified between CHs4 and
both toluene (r = 0.51) and o-xylene (r = 0.49) levels. In contrast, very weak (r < 0.20),
weak (r < 0.40), or negative correlations were found between acetylene and benzene, n-
hexane, toluene, o-xylene, ethylbenzene, m/p-xylene, 2,2,4-trimethylpentane, and styrene
levels. Regression analyses between levels of CH4 and individual HAP compounds
during these peak CH4 emission events found a significant (p < 0.0001) coefficient of
determination between CH4 and n-hexane (12 = 0.91), benzene (r*> = 0.85), 2,2,4-
trimethypentane (r? = 0.73), m/p-xylene (1? = 0.64), ethylbenzene (1> = 0.37), toluene (r?
= 0.25), and o-xylene (1> = 0.24) levels.

Continuous 1-Hr Benzene Samples

During the active blowout event, CARB co-located a continuous sampling benzene and
CH4 monitor within the private community of Porter Ranch Estates. Similar to the results
from the 5-min canister sampling, benzene concentrations was found to have a strong
correlation with CH4 concentrations (r = 0.93) in all samples collected prior to February
12, 2016; in the weeks post-remediation, a weak correlation (r = 0.30) was present. A
regression analysis was conducted on all samples collected between February 1 — 11,
2016, and results indicate that during this time, benzene concentration was expected to
increase 15.45 ppt (r? = 0.86, p-value < 0.001) when CH4 concentration increased by 1

73



i/n-Pentane Ratios

Mean i/n-pentane ratios for all Porter Ranch area 5-min canister samples were 1.03
during the active leak and 5.02 post-remediation. An enhancement ratio of 0.12
ppbv/ppbv was calculated for all 5-minute canister samples measured during the active
blowout event (Figure 4.2). Plots of pentane isomer and tracer compound ratios reflects
larger methane/acetylene ratios at the lower i/n-pentane scale (Figure 4.3). Using these
values as a guide, we find stronger coefficients of determination between HAPs and CH4
when the 5-minute canister data is filtered for i/n-pentane ratios between 0.24 and 1.40
ppbv/ppbv (Figure 4.4).

Particulate Matter

Polar plots of weighted mean CH4 concentrations in Figure 4.5 show divergent
geographic source directions when CHy is filtered at 2.24 ppm. This finding suggests that
the lower “background” levels of methane (=< 2.24 ppm) originated from the south, or in
the direction of the city of Los Angeles (Figure 4.5, first row, Column A); and the
enhanced CH4 concentrations (> 2.24 ppm) originated from the northwest, or the
direction of well SS25 (Figure 4.5, first row, Column B). To further distinguish urban
background concentrations from natural gas blowout enhancements, we created polar
plots for carbon monoxide (CO), a common tracer for urban emissions'>*¥. Using a
conservative CH4 concentration threshold of 2.3 ppm, we filtered CO data by co-
measured CH4 concentrations. Results revealed that when CH4 concentrations were
below 2.3 ppm (Figure 4.5, second row, Column A), two potential sources emerge: (1) a
local source at the monitor location (identified by minimal wind speed), and (2) a source
originating from the south, or from the direction of the city of Los Angeles. Samples
filtered to include only CH4 concentrations greater than 2.3 ppm (Figure 4.5, second row,
Column B) did not identify a southern origin of CO, indicating minimal impact from the
greater Los Angeles area when CH4 concentrations were above 2.3 ppm.

Using the identified CH4 background threshold of 2.3 ppm, additional bivariate polar
plots were created for PMi, PM 5, and PMi (Figure 4.6). All plots indicate both a local
source at the monitor site and another close source from the northwest, the direction of
well SS25. The northwestern source for all particle datasets is similar to source direction
of elevated CH4 concentrations, suggesting a similar geographical origin. A correlation
analysis of the data provides additional insights into the relationship between particles
and elevated CH4 concentrations. Using a 6-hour rolling correlation analysis (Figure 4.7),
the strongest correlations were identified during the last few days prior to the leak control
on February 12, 2016. Another bivariate polar plot was created to elucidate the particle
source direction for these two timeframes (Figure 4.8).

Public Health Assessment Household Survey

Preliminary observations of the SNAQ dataset revealed marked differences in the
temporal patterns of particles at locations near the leak site compared to those farther
away. In March 2016, we conducted a small hypothesis-driven investigation into the
indoor environments of seven Porter Ranch households and found HAPs within the
collected dust samples tested at two unoccupied homes. The combination of these
preliminary findings and the influx of adverse health symptoms reported by individuals
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re-entering their previously unoccupied residences post-remediation prompted the
LADPH to conduct a series of rapid surveys and additional dust sampling of indoor
environments. These investigations were conducted to understand the possible exposures
associated with the blowout event, particularly of chemically stable particles capable of
penetrating into indoor environments. Results identified a characteristic fingerprint of
metals that matched the soil samples collected on-site, near well SS25, and provided
plausible explanations for persisting health symptoms. An indoor household survey was
conducted at the time of the air and dust sampling to help investigators identify
characteristics unique to the homes that tested positive for the characteristic fingerprint of
metals.

A CCA analysis of the two latent variables was conducted for each of the eight
questionnaire topics (Figure 4.9). Results revealed a correlation between the metal
fingerprint and several variables from the “household attributes” and “indoor home
environment” survey categories. Since each of these categories were analyzed using their
own latent variables, they are not directly comparable. Therefore, questions that were
most strongly correlated with the latent variable for metals were regrouped into the same
latent “survey” variable and reanalyzed, resulting in a similar outcome. This analysis
yielded a canonical correlation coefficient of 0.71 (p-value < 0.0001) with the following
attributes in the latent “survey” variable: (1) the year the house was built; (2) if any
member of the household, or any visitors ever smoked cigarettes or cigars, or used any
smokeless tobacco products inside the home; (3) whether SoCal Gas installed weather-
proofing materials in the homes to seal windows, doors, or other gaps that allow air to
enter the home during and as a result of the blowout event; (4) presence of any gas
appliances in the home; and (5) if the home is a detached single-family unit. The first two
variables were positively correlated with the latent “metal” variable, indicating that the
metals were associated with older homes where smokers were present. The last three
variables were negatively correlated with the latent metal variable, indicating that the
metals were less associated with single family (detached) homes, professionally sealed by
SoCal Gas during the blowout events, and that had gas appliances.

A sensitivity analysis was conducted using a second latent variable that included only the
metals that overlapped with the results of the soil samples: vanadium, aluminum,
manganese, and barium. These results yielded a similar outcome to the larger fingerprint,
with a slightly decreased canonical correlation coefficient of 0.58 (p < 0.0001), and
similar cross canonical variate direction among the individual survey variables.
Descriptive statistics revealed a low total number of respondents indicating a smoker in
the home (5.62%) or indicating the home did not have any gas appliances (4.44%); thus,
the outcome of these results must be interpreted accordingly. No other correlations were
found in the CCA analysis.

4.5 Discussion
Hazardous Air Pollutants
Results from SCAQMD canister samples revealed that during the 24-hour sampling
timeframe, several HAP compounds were highly influenced by emissions from well SS25
including n-hexane, styrene, toluene, and o-xylene. During peak CH4 emissions events, 5-
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minute canister samples found a broader range of HAPs were influenced by well SS25
including BTEX compounds, n-hexane, toluene, and 2,2,4-trimethylpentane. HAP
concentrations exceeded the 8-hour and chronic Reference Exposure Levels (REL) set by
the California Office of Environmental Health Hazard Assessment (OEHHA)®. When
extrapolated to fit these longer timeframes, these HAP concentrations can elicit an
adverse human health response; however, no samples collected during the active blowout
event exceeded acute (1-hr) RELs. While encouraging, it is important to note that
ambient BTEX concentrations, below health benchmarks, have been associated with
adverse health outcomes in numerous epidemiological studies, and the WHO has
declared no safe threshold for benzene inhalation®”-#, Furthermore, evidence suggests
that a broad range of HAPs co-emitted during peak CH4 emissions may increase original
estimates of health risks of exposure if those co-emitted compounds are biologically
additive or synergistic.

A regression analysis was conducted on all continuous 1-hr benzene samples collected
between February 1 — 11, 2016, and results indicate that during this time, benzene
concentration was expected to increase 15.45 ppt (r* = 0.86, p-value < 0.001) when CHs4
concentration increased by 1 ppm. Based on estimates from this data, and using
OEHHA'’s 8-hr health-based standard of 1 ppb, methane would have to be over 64 ppm
for a timeframe of over 8 hours to elicit a non-cancer benzene-related health response®?.
In-situ monitors deployed in the Highland community reported 1-hour time integrated
average concentrations of CHs exceeding 65 ppm during the final days of the blowout. It
is unclear if these peak concentrations are restricted to this timeframe; flyover
measurements show peak concentrations occurred during the first few weeks of the
event>®, but ground-level CH4 data during this time is not available for analysis and
modeling potential emissions or estimates of exposure are beyond the scope of the
current work.

i/n-Pentane Ratios

Enhancement ratio of the 5S-minute canister samples during the active blowout event
(0.12 ppbv/ppbv) was well below those measured in rural ONG development regions
(0.86 - 1.2 ppbv/ppbv) and near a Los Angeles area ONG field (1.91 ppbv/ppbv). This
observation suggests that either the 5-minute canister samples collected air pollutants
from a variety of sources, that the emitted natural gas did not contain hydrocarbons with
expected enhancement ratios, or some combination of the above. To understand the
distribution of the broad range of i/n-pentane ratios measured during peak CHg4
concentrations, a plot of tracer compound ratios was created. The resulting scatterplot
showed larger methane/acetylene tracer ratios at the lower i/n-pentane scale, where the
natural gas storage well blowout dominated emission contributions over emissions from
traffic-related sources. These results suggest an optimal pentane isomer ratio range
between 0.24 and 1.40 ppbv/ppbv. Filtered 5-minute canister samples based on these
estimates found stronger coefficients of determination between measured HAPs and CHa;
94% of these samples routinely occurred between the hours of 1:00 — 8:00 am and 3:00 —
9:00 pm. These two pieces of evidence suggest that this unique i/n-pentane ratio signature
was associated with emissions from the blowout event, which may be used to aid in the
characterization of future blowout constituents.
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Particulate Matter

Results from the bivariate polar plots and correlation analyses suggest activities that
occurred during the final attempt to control the flow of gas out of the leaking well were a
likely source of various size particles measured in the atmosphere. During this timeframe,
operators drilled to the base of well SS25 and used “heavy fluids” pumped into the relief
well to control the flow of gas!'®’. Considering the evidence that overlaps with this
timeframe, and the lack of correlation between PM and CHj4 prior to these events, this
evidence suggests that the final attempts to control the flow of gas out of the leaking well
were a likely source of various size particles measured in the atmosphere. While we have
an adequate understating about particles near roadways, a dearth of scientific literature
exists investigating the constituents of particles from natural gas storage wells and their
impact to human health.

Public Health Assessment Household Survey

Indoor dust sampling post-remediation revealed a characteristic metal fingerprint within
the homes, but without baseline sampling, we cannot make temporally explicit
conclusions about when the deposition occurred. Two pieces of evidence, however, imply
these depositions are related to emissions from well SS25. First, as noted in the earlier
report, identified metal constituents matched those found in soil samples collected near
well SS25161, Second, as discovered from the CCA analysis, the latent variable describing
the metal fingerprint was negatively correlated with homes that were provided weather-
proofing materials by SoCal Gas to seal windows, doors, or other gaps that allow air to
enter the home. Depositions that occurred prior to the blowout are not expected to
correlate with any remediation efforts during the active event; and thus, the presence of a
correlation suggests depositions occurred after homes were weather-proofed. Older
homes were found to correlate with the metal fingerprint suggesting that aged windows,
doors, and other materials prone to larger gaps that allow increased amounts of air to
enter the home, compared to newer construction, affected the impact of exposure to area
residents. In combination with the previous findings of the protective properties of
weather proofing materials, these results provide additional evidence that the metal

fingerprint deposition occurred during the active blowout event from activities associated
with well SS25.

Limitations

Several limitations to the current work merit mention. First, despite extensive sampling
efforts conducted by multiple organizations, we are still not aware of the full suite of
chemicals that may have been emitted during the blowout and, thus, may not have
captured the full range of HAPs associated with this event. Second, samples included in
the current analysis are limited to the final month of the blow out, when CH4
concentrations were approximately half of those measured during the first few weeks of
the of the blowout event, thus underestimating the impact on air quality®. Finally, while
conducting the Public Health Assessment, LADPH oversampled in environments where
residents were symptomatic to ensure air and dust samples were able to identify rapidly
deteriorating pollutants post blowout. Thus, the indoor household survey was conducted
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amongst a potentially biased population, which may have led to recall bias in the answers
to the surveys.

4.6 Conclusions
Although a complete reconstruction of the likely exposures cannot be achieved with the
available monitoring data, we found compelling evidence that ambient levels of several
HAPs were elevated in the surrounding communities of Porter Ranch during the blowout
event. We also found evidence that the final attempts to plug the well were associated
with particle emissions likely from the SS25 well site. Whether these were liquid aerosols
directly from the site or emissions from heavy equipment used to plug the well remains
unknown. Taken together, however, with the findings of metal concentrations that match
the composition of the soils at the site, and the CCA analyses which showed that newer
homes and homes with professionally installed weather proofing materials had lower
concentrations of these metals, our results suggest that the blowout and attempts to plug
the well had a discernable effect on the indoor air environments of sampled homes. Thus,
the principal finding of this investigation is that accidents at natural gas storage facilities
have the potential to release harmful pollutants into proximate community settings and
indoor environments.

Approximately 20% of active, underground natural gas storage wells, are vulnerable to
leaks due to obsolete well designs!'®!, leaving surrounding communities at risk for
exposure to particles and elevated levels of various HAP compounds. The California
Council on Science and Technology (CCST) estimates that, among California’s
underground natural gas storage fields, an incidence of severity significant of reporting
will occur, on average, 4.1 times per year'®2. In the absence of policies and regulations
designed to protect communities located near underground natural gas storage facilities, it
is imperative that future research aims to understand the risks associated with exposures
stemming from these activities. Therefore, and in line with recommendations set forth by
the CCST, we recommend facility-specific meteorological data-collection equipment
installed at all natural gas storage facilities to ensure (a) data collection for baseline
concentrations against which to compare in the event of an accidental release and (b) to
monitor whether routine emissions have the potential to harm public health.
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4.7 Tables and Figures

Figure 4.1: Map of sampling locations within Porter Ranch, California.

Legend
* SS-25 (leak site)

* Termo Vent (approx location)

’ SNAQ Monitors
@ VOC Monitors

A

7 n ) Sty

ol

5? 10|00 5P0 m

79



Figure 4.2: Correlation plot of iso-pentane versus n-pentane collected from 5-min canister samples between
December 16, 2015 - February 10, 2016 near the Aliso Canyon natural gas storage facility.

isopentane=0.12[n_pentane]+3 R°=0.15 [
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Data from the current analysis is fitted with a blue line. The added black lines are added to help inform model evaluation.
The solid black line shows a 1:1 relationship, and the upper and lower dotted lines show a 2:1 and 1:2 relationship,
respectively, between the two-tracer species.
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Figure 4.3: Scatterplot of pentane isomer (i/n pentane) and tracer compound (CHa/acetylene) ratios.
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Figure 4.4: Regression plots of several compounds versus CHs measured in the 5-min “trigger” canisters collected between December 16, 2015 - February 11,

2016 for data collected when i/n-pentane ratio measured between 0.24 and 1.4.
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Figure 4.5: Weighted mean polar plot of CH4 concentrations below 2.24 ppm (Column A) and above or
equal to 2.24 ppm (Column B).
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Column A represents all data and Column B represents only the data collected with CH4 was greater than 2.3 ppm.
Row 1 represents CO (ppb) from values collected when CHa4 was below 2.3 ppm (column A), and when CH4 was above 2.3 ppm

(column B).
Row 2 represents PM1 (png/m3) from values collected when CHs was below 2.3 ppm (Column A), and when CH4 was above 2.3 ppm

(Column B).
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Figure 4.6: Bivariate polar plots using weighted means of all values collected while CH4 was over 2.3 ppm.
Plots are for CHs, PM1, PM2 5, and PMio.
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Figure 4.7: Timeseries analysis for correlations between PMi1, PMas, PM1o, and CHs using a six-hour rolling correlation for all values collected while CH4 was

above 2.3 ppm.
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Grey area on the plot indicates no correlations/very weak correlations. Dotted horizontal line indicates (approximate) timeframe for well kill.
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Figure 4.8: Polarplots of weighed means for PM1, PM..s, and PMio for two time periods.
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Figure 4.9: Example of a CCA variable design.
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The x variables are the inputs (questions) from the survey and the & represents the latent variable built from each survey input. The y
variables are inputs from the metal fingerprint and provided as a binary variable: detected (1) or not detected (0). The n represents the
latent variable built from each metal fingerprint input. The relationship between each & and 7 canonical pair (represented by an arched
arrow) describes the canonical correlation. Image borrowed from: http://my.ilstu.edu/~wjschne/444/CanonicalCorrelation.html#(1).
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Table 4.1: Mean concentrations of all HAPs analyzed using passive and canister sampling in the Porter
Ranch community prior to February 12, 2016.

Mean (ppb)

HAP Names casip | MATESY snin | 24wy | T

(ppb) (canister) | (canister) Day

(passive)

Benzene 71432 0.4 0.39 0.16 0.13
Chloroform 67663 0.04 NA NA <0.46
Ethylbenzene 100414 0.72 0.13 <0.1 <0.1
Hexane 110543 NA 0.66 0.28 0.15
Hydrogen sulfide 7783064 NA NA NA <10*
Methyl chloroform 71556 NA NA NA <051
(1,1, 1-trichloroethane) ]
Methyl isobutyl ketone 108101 NA NA NA <0.14
(hexone)
Methyl methacrylate 80626 NA NA NA <0.21
Methylene chloride 75092 0.32 NA NA 0.40
(Dichloromethane) ) ]
Naphthalene 91203 NA NA NA <1.17
Styrene 100425 0.03 0.13 0.7 <0.11
Tetrachloroethylene 127184 0.03 NA NA 0.23
(perchloroethylene)
Toluene 108883 1.15 1.04 2.53 0.40
Trichloroethylene 79016 0.02 NA NA <0.29
2,2 4-trimethylpentane 540841 NA 0.13 0.04 NA
m/p-Xylene 108383/106423 2.50 0.20 0.18 NA
o-Xylene 95476 0.52 0.12 0.1 NA
Xylenes (isomers and 1330207 NA NA NA | <021
mixtures)

“The column titled "MATES" is the ambient concentrations of the pollutant at AQMD’s Multiple Air Toxics Exposure Study
(MATES) fixed site for the 2015 reporting period.
*reported as pg/filter; Non-detects were labeled with a “<” followed by the mean reporting limit concentration; Mean values is
inclusive of concentrations over the reporting limit; HAPs not included in the sampling method are marked with “NA”
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Table 4.2: Summary statistics and Pearson correlation analyses for 5-min, 1-hr, and 24-hour samples in
within the Porter Ranch community collected between December 16, 2015 — February 11, 2016.

% above Mean* Pearson’s r
LOD (ppb) CH4 ‘ Acetylene

24-Hr Canister Sampling (n = 29)
Acetylene 100 0.62 0.13 [**
Benzene 79.31 0.16 0.65** 0.67**
Ethylbenzene 0 - - -
Ethylene 100 0.51 0.25 0.96**
n-Hexane 44.83 0.28 0.86** 0.02
Styrene 17.24 0.7 0.68* -0.25
Toluene 51.72 2.53 0.72%%* -0.23
2,2 4-trimethylpentane 31.03 0.04 0.32 0.85%*
m/p-Xylene 31.03 0.18 0.48 0.68**
o-Xylene 6.9 0.1 0.54* -0.02
1-Hr Continuous Data (n = 421)
Benzene 100 | 0.4 0.93*%* | NA
S5-min “Trigger” Canister Sampling (n = 105)
Acetylene 96.12 0.47 -0.15 [**
Benzene 89.32 0.39 0.927%#%* 0.1
Ethylbenzene 291 0.13 0.62%* -0.01
Ethylene 86.41 0.518 -0.12 0.60**
n-Hexane 92.23 0.66 0.95%* -0.02
Styrene 8.74 0.13 0.17 0.07
Toluene 94.17 1.04 0.51%*%* -0.19
2,2 4-trimethylpentane 66.02 0.13 0.86** 0.03
m/p-Xylene 74.76 0.20 0.80** 0.29*
o-Xylene 4.85 0.12 0.49%** 0.14

* Mean concentrations includes all data found above the sample limit of detection
* p-value less than 0.01; ** p-value less than 0.001
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Chapter 5: Conclusions

Results from this work have identified exposure impact zones near oil and natural gas
development in both urban and semi-rural environments. Spatial distance investigations
suggest measured HAP compounds are discernable from background concentrations less
than 220 meters from targeted oil and natural gas facilities during upstream production-
phase activities. Additional measurements of various sized particles suggest PM can be
measured in ambient air at distances as far as 560 meters from the facility fence line.
Similar results from the 2015 Aliso Canyon natural gas storage blowout revealed an
impact zone larger than those measured in chapters 2-3. Through indoor dust samples and
investigations into the deposition timeline, we found compelling evidence that several
HAPs were elevated in the surrounding communities of Porter Ranch during the blowout
event, and final attempts to plug the well were associated with emission of particles.
Taken together, our results suggest that upstream oil and natural gas development and
storage events are associated with emissions of multiple HAP compounds and particles
capable of deposition into proximate communities and indoor environments with the
potential to increase health risks from exposure.

While we found concentrations of HAP compounds indiscernible from background over
220 meters from upstream oil and natural gas development facilities, concentrations
remained elevated at levels higher than in most cities. Correlations between n-pentane
and measured HAP compounds suggest that a broad range of pollutants are co-emitted
during upstream oil and natural gas development and activities. These co-emissions may
increase health risks of exposure if compounds are biologically additive or synergistic,
especially in environments with an already high pollutant burden. Single pollutant health-
based standards may fail to provide accurate risk estimates, especially for sensitive
subpopulations exposure to chronic, low-concentrations of HAP compounds.
Furthermore, while we have an adequate understating about constituents of particles near
roadways, there is a dearth of scientific literature investigating the constituents of
particles from upstream oil and natural gas development and their impact on human
health.

Several limitations to the current work merit mention. First, we are still not aware of the
full suite of chemicals that may be associated with upstream oil and gas development and
storage, thus, our conclusions may underestimate actual impacts; however, the review of
the current literature detailed in chapter 1 provides insights into a larger range of possible
co-emitted HAP compounds. Second, samples included in the current analysis were
measured during a narrow timeframe which may limit interpretability of our conclusions.
Third, while we found compelling evidence that several HAPs were elevated in the
surrounding communities of Porter Ranch during the blowout event, a complete
reconstruction of the likely exposures cannot be achieved with the available data. Lastly,
while we found evidence of metal deposition into indoor environments, it is not clear if
the actual elevated particle concentrations measured were liquid aerosols directly from
the site or emissions from heavy equipment used to plug the well. Hence, these
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limitations restrict our ability to extrapolate these results into other communities or
similar events.

In review of the current results, we recommend several research priorities. First, we
recommend additional research on upstream oil and natural gas development exposure
impact zones to better understand the relationship between proximity and health impacts,
including additional sampling of a broad range of HAP compounds to understand the full
suite of chemicals that may be associated with these activities. Furthermore, we
recommend facility-specific meteorological data-collection equipment installed at natural
gas storage facilities to collect baseline concentrations against which to compare in the
event of an accidental release and to monitor whether routine emissions have the
potential to harm public health. Finally, we recommend additional research on health
impacts from chronic, low-level ambient exposures to multiple HAP pollutants to better
characterize exposure risks near upstream oil and natural gas development facilities.

Within the United States, an estimated 18 million people live within 1,600 meters from
an active ONG well’; of which, 1.7 million individuals live within the Los Angeles
Basin!>°. While the number of individuals living near these facilities is cause for concern
during routine operations, these risks and zone of impact are potentially exponentiated in
the event of an uncontrolled leak or blowout. Approximately 10% of upstream oil and
natural gas development facilities are responsible for up to ~40% of the total CHy
emissions>® and approximately 20% of active, underground natural gas storage wells, are
vulnerable to leaks due to obsolete well designs'®!. In the absence of policies and
regulations designed to protect communities located near natural gas development and
storage facilities, it is imperative that future research aims to understand the risks
associated with exposures stemming from these activities. We hope that the current
analysis will help guide policy around developing necessary setback requirements and,
thus, minimize potential health risks of populations residing near oil and natural gas
operations during both routine and non-routine operations. Adoption of these research
priorities will help guide future policy aimed at the implementation of appropriate control
measures that will protect human and environmental health and decrease the impacts of
the oil and natural gas industry.
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