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Lessons Learned
from Natural Gas STAR Partners

NaturalGas(‘

Reduced Emissions Completions for

Hydraulically Fractured Natural Gas Wells

Executive Summary

In recent years, the natural gas industry has developed
more technologically challenging unconventional gas
reserves such as tight sands, shale and coalbed methane.
Completion of new wells and re-working (workover) of
existing wells in these tight formations typically involve
hydraulic fracturing of the reservoir to increase well
productivity. Industry reports that hydraulic fracturing is
beginning to be performed in some conventional gas
reservoirs as well. Removing the water and excess
proppant (generally sand) during completion and well
clean-up may result in significant releases of natural gas
and therefore methane emissions to the atmosphere. The
U.S. Inventory of Greenhouse Gas Emissions and Sinks
1990 - 2009 estimates that 68 billion cubic feet (Bcf) of
methane are vented or flared annually from
unconventional completions and workovers.

Reduced emissions completions (RECs) — also known as
reduced flaring completions or green completions — is a
term used to describe an alternate practice that captures
gas produced during well completions and well workovers
following hydraulic fracturing. Portable equipment is
brought on site to separate the gas from the solids and

liquids produced during the high-rate flowback, and
produce gas that can be delivered into the sales pipeline.
RECs help to reduce methane, VOC, and HAP emissions
during well cleanup and can eliminate or significantly
reduce the need for flaring.

RECs have become a popular practice among Natural Gas
STAR production partners. A total of thirteen different
partners have reported performing reduced emissions
completions in their operations. RECs have become a
major source of methane emission reductions since 2000.
Between 2000 and 2009 emissions reductions from RECs
(as reported to Natural Gas STAR) have increased from
200 MMcf (million cubic feet) to over 218,000 MMcf.
Capturing an additional 218,000 MMcf  represents
additional revenue from natural gas sales of over $1.5
billion from 2000 to 2009 (assuming $7/Mcf gas prices).

Technology Background

High demand and higher prices for natural gas in the U.S.
have resulted in increased drilling of new wells in more
expensive and more technologically challenging
unconventional gas reservoirs, including those in low
porosity (tight) formations. These same high demands and

Economic and Environmental Benefits

Volume of
Natural Gas
Savings
(Mcf)

Method for
Reducing
Natural Gas
Losses

Value of Natural Gas Savings ($)

$3 per Mcf  $5 per Mcf

$7 per Mcf

Additional Implemen- Payback (Months)

Savings tation Cost
(%) (%)

Other
CoeL) $3per $5per $7per
Mcf Mcf Mcf

Purchased
REC
Equipment
Annual
Program

270,000 per $810,000
year per year

$1,350,000

per year per year

Incremental

REC 10,800 per
Contracted completion
Service

$32,400 per
completion

$54,000 per
completion

$1,890,000

$75,600 per
completion

$175,000
per year

$121,250

$500,000
per year

Imme-
diate

Imme-
diate

Imme-
diate

$6,930 per
completion

$600 per

$32,400 completion

ChEx 1Y
Ex 10
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prices also justify extra efforts to stimulate production
from existing wells in tight reservoirs where the down-hole
pressure and gas production rates have declined, a process
known as well workovers or well-reworking. In both cases,
completions of new wells in tight formations and
workovers of existing wells, one technique for improving
gas production is to fracture the reservoir rock with very
high pressure water containing a proppant (generally
sand) that keeps the fractures “propped open” after water
pressure is reduced. Depending on the depth of the well,
this process is carried out in several stages, usually
completing one 200- to 250-foot zone per stage.

These new and “workover” wells are completed by
producing the fluids at a high rate to lift the excess sand to
the surface and clear the well bore and formation to
increase gas flow. Typically, the gas/liquid separator
installed for normal well flow is not designed for these
high liquid flow rates and three-phase (gas, liquid and
sand) flow. Therefore, a common practice for this initial
well completion step has been to produce the well to a pit
or tanks where water, hydrocarbon liquids and sand are
captured and slugs of gas vented to the atmosphere or
flared. Completions can take anywhere from one day to
several weeks during which time a substantial amount of
gas may be released to the atmosphere or flared. Testing of
production levels occurs during the well completion
process, and it may be necessary to repeat the fracture
process to achieve desired production levels from a
particular well.

Natural gas lost during well completion and testing can be
as much as 25 million cubic feet (MMcf) per well depending
on well production rates, the number of zones completed,
and the amount of time it takes to complete each zone.
This gas is generally unprocessed and may contain volatile
organic compounds (VOCs) and hazardous air pollutants
(HAPs) along with methane. Flaring gas may eliminate
most methane, VOC and HAP emissions, but open flaring
1s not always a preferred option when the well is located
near residential areas or where there is a high risk of
grass or forest fires. Moreover, flaring may release
additional carbon dioxide and other criteria pollutants
(SOx, NOx, PM and CO) to the atmosphere.

Natural Gas STAR partners have reported performing
RECs that recover much of the gas that is normally vented
or flared during the completion process. This involves
installing portable equipment that is specially designed
and sized for the initial high rate of water, sand, and gas
flowback during well completion. The objective is to
capture and deliver gas to the sales line rather than
venting or flaring this gas.

Sand traps are used to remove the finer solids present in
the production stream. Plug catchers are used to remove
any large solids such as drill cuttings that could damage
the other separation equipment. The piping configuration
to the sand traps is critical as the abrasion from high
velocity water and sand can erode a hole in steel pipe
elbows, creating a “washout” with water, sand,

Exhibit 1: Reduced Emissions Completion Equipment Layout

Sand Trap

Wellhead

To Dehydrator
or Sales Line

Gas

Separator

Condensate

Reserve Impoundment or Tanks
-

Adapted from BP.
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hydrocarbon liquids and gas in an uncontrolled flow to the
pad. Depending on the gas gathering system, it may be
necessary to dehydrate (remove water from) the produced
gas before it enters the sales pipeline. The gas may be
routed to the permanent glycol unit for dehydration or a
portable desiccant/glycol dehydrator used for dehydration
during the completion process.

Free water and condensate are removed from the gas in a
three phase separator. Condensate (liquid hydrocarbons)
collected during the completion process may be sold for
additional revenue. Temporary piping may be used to
connect the well to the REC skid and gathering system if
the permanent piping is not yet in place. Exhibit 1 shows a
typical layout of temporary REC portable equipment, and

Exhibit 2: Alternate Completion Procedures

o ; >
Based on Natural Gas STAR partner experiences, RECs
can also be performed in combination with energized
fracturing, wherein inert gas such as COq or nitrogen is
mixed with the frac water under high pressure to aid in
the process of fracturing the formation. The processis
generally the same with the additional consideration of
the composition of the flowback gas. The percent of inert
gases in the flowback gas is, at first, unsuitable for
delivery into the sales line. As the fraction of inerts
decreases, the gas can be recovered economically. A
portable membrane acid gas separation unit can further
increase the amount of methane recovered for sales after 4
CO:q energized fracture.

Compression
Two compressor applications during an REC have been
identified or explored by Natural Gas STAR partners.

1) Gas Lift. In low pressure (i.e. low energy) reservoirs
RECs are often carried out with the aid of compressors for
gas lift. Gas lift is accomplished by withdrawing gas from
the sales line, boosting its pressure, and routing it down
the well casing to push the frac fluids up the tubing. The
increased pressure facilitates flow into the separator and
then the sales line where the lift gas becomes part of the
normal flowback that can be recovered during an REC.

2) Boost to Sales Liine. When the gas recovered in the
REC separator is lower pressure than the sales line, some
companies are experimenting with a compressor to boost
flowback gas into the sales line. This technique is
experimental because of the difficulty operating a
compressor on widely fluctuating flowback rate. Coal bed
methane well completion is an example where additional
compression might be required.

Exhibit 2 explains some alternate, emerging, and/or
experimental procedures for a well completion and REC.

The equipment used during RECs is only necessary for the
time it takes to complete the well; therefore, it is essential
that all the equipment can be readily transported from site
to site to be used in a number of well completions. A truck
mounted skid, as shown in Exhibit 3, is ideal for
transporting the equipment between sites. In a large basin
that has a high level of drilling activity it may be economic
for a gas producer to build its own REC skid. Most
producers may prefer contracting a third party service to
perform completions.

When using a third party to perform RECs, it is most cost
effective to integrate the scheduling of completions with
the annual drilling program. Well completion time is
another factor to consider for scheduling a contractor for
RECs. Some well completions, such as coal bed methane,
may take less than a day. On the other hand, completing
wells which fracture various zones, such as shale gas
wells, may take several weeks to complete. For most wells,
it takes about 3 to 10 days to perform a well completion
following a hydraulic fracture, based on partner
experiences.

Exhibit 3: Truck Mounted Reduced Emissions
Completion Equipment

Source: Weatherford

Economic and Environmental Benefits
* Gas recovered for sales
* Condensate recovered for sales

* Reduced methane emissions
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* Reduced loss of a valuable hydrocarbon resource

* Reduced emissions of criteria and hazardous air
pollutants

Emissions from well completions can contribute to a
number of environmental problems. Direct venting of
VOCs can contribute to local air pollution, HAPs are
deemed harmful to human health, and methane is a
powerful greenhouse gas that contributes to climate
change. Where it is safe, flaring is preferred to direct
venting because methane, VOCs, and HAPs are
combusted, lowering pollution levels and reducing global
warming potential (GWP) of the emissions as CO: from
combustion has a lower GWP than methane. RECs allow
for recovery of gas rather than venting or flaring and
therefore reduce the environmental impact of well
completion and workover activities.

RECs bring economic benefits as well as environmental
benefits. The incremental costs associated with the rental
of third party equipment for performing RECs can be offset
by the additional revenue from the sale of gas and
condensate. As this technology is being perfected and
equipment becomes commonplace, the revenues in gas and
condensate sales often exceed the incremental costs.

Decision Process

Step 1: Evaluate candidate wells for Reduced
Emissions Completions.

When setting up an annual RECs program it is important
to examine the characteristics of the wells that are going to
be brought online in the coming year. Wells in
conventional reservoirs that do not require a reservoir
fracture (frac job) and will produce readily without
stimulation can be cleared of drilling fluids and connected
to a production line in a relatively short period of time
with minimal gas venting or
flaring, and therefore usually
do not economically justify
REC equipment. Wells that
undergo energized fracture
using inert gases require
special considerations because
the initial produced gas
captured by the REC equipment would not meet pipeline
specifications due to the inert gas content. However, as
the amount of inerts decreases, the quality of the gas will
likely meet pipeline specifications. In the case of CO:
energized fracks, the use of portable acid gas removal

membrane separators will improve gas quality and make it
possible to direct gas to the pipeline (see Partner
Experiences section for more information).

Exploratory and delineation wells in areas that do not yet
have sales pipelines in close proximity to the wells are not
candidates for RECs as the infrastructure is not in place to
receive the recovered gas. In depleted or low pressure
fields with low energy reservoirs, implementing a RECs
program would most likely require the addition of
compression to overcome the sales line pressures—an
approach that is still under development and may add
significant cost to implementation.

Wells that require hydraulic fracturing to stimulate or
enhance gas production may need a lengthy completion,
and therefore are good candidates for RECs. Lengthy
completions mean that a significant amount of gas may be
vented or flared that
could potentially be
recovered and sold for
additional revenue to
justify the additional cost
of a REC. If newly drilled
wells are in close
proximity, they could
share the REC equipment
to minimize transport, set
-up, and equipment
rental costs.

Step 2: Determine the
costs of a REC program.

Most Natural Gas STAR partners report using third party
contractors to perform RECs on wells within their
producing fields. It should be noted that third party
contractors are also often used to perform traditional well
completions. Therefore, the economics presented deal with

4
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incremental costs to carry out RECs versus traditional
completions.

Generally, the third party contractor will charge a
commissioning fee for transporting and setting up the
equipment for each well completion within the operator’s
producing field. Some RECs vendors have their equipment
mounted on a single trailer while others lay down
individual skids that must be connected with temporary
piping at each site. The incremental cost associated with
transportation between well sites in the operator’s field
and connection of the REC equipment within the normal
flowback piping from the wellhead to an impoundment or
tank is generally around $600/completion.

In addition to the commissioning fee, there is a daily cost
for equipment rental and labor to perform each REC. As
mentioned above, when evaluating the costs of well
completions, it is important to consider the incremental
cost of a REC over a traditional completion rather than
focusing on the total cost. REC vendors and Natural Gas
STAR partners have reported the incremental cost of
equipment rental and labor to recover natural gas during
completion ranging from $700 to $6,500/day over a
traditional completion. Equipment costs associated with
RECs will vary from well to well. High production rates
may require larger equipment to perform the REC and will
increase costs. If permanent equipment such as a glycol
dehydrator is already installed at the well site, REC costs
may be reduced as this equipment can be used rather than
bringing a portable dehydrator on-site, assuming the flow-
back rate does not exceed the capacity of the equipment.
Some operators report installing permanent equipment
that can be used in the RECs as part of normal well
completion operations, such as oversized three-phase

separators, further reducing incremental REC costs. Well
completions usually take between 1 to 30 days to clean out
the well bore, complete well testing, and tie into the
permanent sales line. Wells requiring multiple fractures of
a tight formation to stimulate gas flow may require
additional completion time. Exhibit 4 shows the typical
costs associated with undertaking a REC at a single well.

Exhibit 4: Typical Costs for RECs

DI Incremental REC

Transportation and = Well Clean-up
Incremental Set-up Eqmp:ral E:;: Ié?)'s‘tt: jand Time
Costs
$600 per well $700 to $6,500 per day 3 to 10 days

For low energy reservoirs, gas from the sales line may be
routed down the well casing to create artificial gas lift, as
mentioned in Exhibit 2. Depending on the depth of the
well, a different quantity of gas will be required to lift the
fluids and clean out the well. Using average reservoir
depths for major U.S. basins and engineering calculations,
Exhibit 5 shows various estimates of the volume of gas
required to lift fluids for different well depths.

A REC annual program may consist of completing 25
wells/year within a producer’s operating region. Exhibit 6
shows a hypothetical example of REC program costs based
on information provided by partner companies.

Exhibit 5: Sizing and Fuel Consumption for Booster Compressor

Well Depth (ft)

Pressure Required to Lift Fluids
(psig)

Gas Required to
Lift Fluids (Mcf)®

Compressor Size
(horsepower)®

Compressor Fuel
Consumption
(Mcf/hr)?

3,000
5,000
8,000

10,000

1,319 + Sales line pressure

2,323 + Sales line pressure

3,716 + Sales line pressure

4,645 + Sales line pressure

195 to 310

315 to 430

495 to 610

615 to 730

195 to 780
400 to 1,500
765 to 2,800

1,040 to 3,900

2to7

3to 13

7to24

9to33
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Exhibit 6: Hypothetical Example Cost Calculation of a 25 Well Annual REC Program

Given

W = Number of completions per year

D = Well depth in feet (ft)

P, = Sales line pressure in pounds per square inch gauge (psig)
T, = Time required for transportation and set-up (days/well)
T, = Time required for well clean-up (days/well)

O = Operating time for compressor to lift fluids (hr/well)

F = Compressor fuel consumption rate (Mcf/hr)

G = Gas from pipeline routed to casing to lift fluids (Mcf/well), typically used on low energy reservoirs
C, = Transportation and set-up cost ($/well)

C. = Equipment and labor cost ($/day)

P, = Sales line gas price (3/Mcf)

w= 25 wells/yr
D= 8000 ft

Py = 100 psig

T = 1 day/well
T. = 9 days/well
0= 24 hr/well
F= 10 Mcf/hr
G = 500 Mcf/well (See Exhibit 5)
C= $600/well
C.= $2,000/day
P,=  $7/Mcf

Calculate Total Transportation and Set-up Cost, Cys
CTS =WH# CS

Crs = 25 wells/yr * $600/well
Crs = $15,000/yr

Calculate Total Equipment Rental and Labor Cost, Cg;,
Ce,=W* (T, +T,) *C,

CeL =25 wells/yr * (1 day/well + 9 days/well) * $2,000/day
Cg = $500,000/yr

Calculate Other Costs, Co
Co=W*[(O*F)+G]*P,

Co = 25 wells/yr * [( 24 hr/well * 10 Mcf/hr) + 500 Mcf/well] * $7/Mcf
Co = $129,500/yr

Total Annual REC Program Cost, Cy
Cr=Cqys +Cg, + Co

Cr = $15,000/yr + $500,000/yr + $129,500/yr
Cr = $644,500/yr
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Step 3: Estimate Savings from RECs.

Gas recovered from RECs can vary widely because the
amount of gas recovered depends on a number of variables
such as reservoir pressure, production rate, amount of
fluids lifted, and total completion time. Exhibit 7 shows
the range of recovered gas and condensate reported by
Natural Gas STAR partners. Partners also have reported
that not all the gas that is produced during well
completions may be captured for sales. Fluids from high
pressure wells are often routed directly to the frac tank in
the initial stages of completion as the fluids are often being
produced at a rate that is too high for the REC equipment.
Where inert gas is used to energize the frac, the initial gas
production may have to be flared until the gas meets
pipeline specifications. Alternatively, a portable acid gas
membrane separator may be used to recover methane rich
gas from COs. As the flow rate of fluids drops and gas is
encountered, backflow is then switched over to the REC
equipment so that the gas may be captured. Gas
compressed from the sales line to lift fluids (by artificial
gas lift) will also be recovered in addition to the gas
produced from the reservoir. The volume of gas needed to
lift fluids can be estimated based on the well depth and
sales line pressure. Gas saved during RECs can be
translated directly into methane emissions reductions
based on the methane content of the produced gas.

In addition to gas savings, valuable condensate may also
be recovered from the REC three-phase separator. The
amount of condensate that can be recovered during a REC
is dependent on the reservoir conditions and fluid

Exhibit 7: Ranges of Gas and Condensate Savings
Produced Gas . - Condensate
Savings Ga:;lll.:::tISa\:Imgs Savings
(Mcf/day/well) izl (bbl/day/well)
500 to 2,000 See Exhibit 5 Zero to several

hundred

compositions. Condensate may also be lost if fluids are
produced directly to the frac tank before switching to the
REC equipment.

Exhibit 8 shows typical values of gas and condensate
savings during the REC process.

Step 4: Evaluate REC economics.

The example application of an REC program to 25 wells
within a producing field can yield a total theoretical
revenue of $2,152,500 based on the assumptions listed
above from the sale of natural gas and condensate.
Equipment rental, labor, and other costs associated with
implementing this program are estimated to be $644,500
(see Exhibit 6) resulting in an annual theoretical profit of
$1,508,000. To maintain a profitable REC program, it is
important to move efficiently from well to well within a
producing field so that there is little down time when
paying for equipment rental and labor. Other factors that
affect the profitability of an REC program include the
amount of condensate recovery and sales price, the need
for additional compressors, the amount of gas recovered,
and gas sales price.

Exhibit 9 shows a five year cash flow projection for
carrying out a 25 well per year REC program. In this
example, the equipment necessary to perform RECs has
been purchased by the operator rather than using a third
party contractor to perform the service. The capital cost of
a simple REC set-up without a portable compressor has
been reported by British Petroleum (BP) to be $500,000.

Producers with high levels of localized drilling and
workover activity may benefit from constructing and
operating their own REC equipment. As illustrated above,
even though large capital outlay is required to construct a
REC skid, a high rate of return can be achieved if the
equipment is in continuous use. If the operator is unable to
keep the equipment busy on their own wells, they may
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Exhibit 8: Savings of a 25 Well Annual REC Program

Given

W = Number of completions per year

D = Well depth in feet (ft)

P, = Sales line pressure in pounds per square inch gage (psig)

S, = Produced gas savings (Mcf/day)

T. = Time recovered gas flows to sales line in days (days/well)

S, = Condensate savings (bbl/well)

G = Gas used to lift fluids (Mcf/well), typically used on low energy reservoirs
P, = Sales line gas price ($/Mcf)

P, = Natural gas liquids price ($/bbl)

W= 25 wells/yr

D= 8000ft

P, = 100 psig

S, = 1,200 Mcf/day

T, = 9 days/well

S, = 100 bbl/well

G = 500 Mcf/well (See Exhibit 5)
P, = $7/Mcf

P = $70/bbl

Calculate Produced Gas Savings
S =W * (S, * T.) * P,

Spg = 25 wells/yr * (1,200 Mcf/day * 9 days/well) * $7/Mcf
Spc = $1,890,000/yr

Calculate Other Savings
So=W*[(G*Py)+(S: * P)]

So = 25 wells/yr * [(500 Mcf/well * $7/Mcf) + (100 bbl/well * $70/bbl)]
So = $262,500/yr

Total Savings, St

St=S8pc+ So
St=$1,890,000/yr + $262,500/yr
St = $2,152,500/yr
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contract it out to other operators to maximize usage of the important to examine the economics of undertaking a REC
equipment. program as natural gas prices change. Exhibit 10 shows an

economic analysis of performing the 25 well per year REC
When assessing REC economics, the gas price may program in Exhibit 8 at different gas prices.

influence the decision making process; therefore, it is

Exhibit 9: Economics for Hypoth

Year 1 Year 2 Year 3 Year 4 Year 5

Volume of Natural Gas Savings
(Mcf/yr)?

Value of Natural Gas Savings
($/year)®

270,000 270,000 270,000 270,000 270,000
1,890,000 1,890,000 1,890,000 1,890,000 1,890,000
Additional Savings ($/yr)® 175,000 175,000 175,000 175,000 175,000

Set-up Costs ($/yr)° (15,000) (15,000) (15,000) (15,000) (15,000)

Equipment Costs ($)° (500,000)

Labor Costs ($/yr)® (106,250) (106,250) (106,250) (106,250) (106,250)

Net Annual Cash Flow ($) (500,000) 1,943,750 1,943,750 1,943,750 1,943,750 1,943,750

Internal Rate of Return = 389%
NPV (Net Present Value)?= $6,243,947
Payback Period = 3 months

Exhibit 10: Gas Price Impact on Economic Analysis of Hypothetical 25 Well Annual REC Program with
Purchased Equipment

Gas Price
$3/Mcf $5/Mcf $7/Mcf $8/Mcf $10/Mcf

Total Savings $985,000 $1,525,000 $2,065,000 $2,335,000 $2,875,000
Payback (months) 7 5 4 3 3

IRR 172% 280% 389% 443% 551%

NPV
(i = 10%)

$2,522,084 $4,383,015 $6,243,947 $7,174,413 $9,035,345




Reduced Emissions Completions
(Cont'd)

Partner Experience

This section highlights specific experiences reported by Natural Gas STAR partners.




Reduced Emissions Completions
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Lessons Learned

* Incremental costs of recovering natural gas and
condensate during well completions following
hydraulic fracturing result from the use of additional
equipment such as sand traps, separators, portable
compressors, membrane acid gas removal units and
desiccant dehydrators that are designed for high rate
flowback.

* During the hydraulic fracture completion process,
sands, liquids, and gases produced from the well are
separated and collected individually. Natural gas and
gas liquids captured during the completion may be
sold for additional revenue.

* Implementing a REC program will reduce flaring
which may be a particular advantage where open
flaring is undesirable (populated areas) or unsafe
(risk of fire).

* Wells that do not require hydraulic fracturing are not
good candidates for reduced emissions completions.
Methane emissions reductions achieved through
performing RECs may be reported to the Natural Gas
STAR Program unless RECs are required by law (as
in the Jonah-Pinedale area in WY).
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the Greenhouse Gas Reporting Ruie, 40 CFR Part 98, Subpart YW methods or those in other EPA reguiations
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Well completion refers to the process that initiates the flow of petroleum or natural gas from a newly drilled
well prior to production. This stream of fluids during well completions is referred to as “flowback”. During
completion the reservoir is connected to the wellbore allowing the flowback of drilling and reservoir fluids (gas,
oil, water, mud, etc.) to the surface. In a conventional well completion, the flowback period (also known as well
cleanup) may involve flaring or venting of produced gas to the atmosphere via an open pit or tank collecting
the fluids.

Well completions that involve hydraulic fracturing result in a higher rate of flowback than most conventional
well completions, due to the large quantities of water and proppant (mainly sand) used to fracture lower
permeability reservoirs. This high-rate flowback is generally composed of a mixture of fracking fluids with
reservoir gas and liquids. For most wells, it takes from one day to several weeks to perform a well completion,
during which the flowback mixture is typically released to an open pit or tank where the gas released from the
liquids is vented to the atmosphere or flared depending on regulatory requirements or other factors. If the gas
is vented, this may generate a significant amount of methane and hydrocarbon emissions to the atmosphere.
Similarly, flaring generates a significant amount of combustion emissions, incurs product losses and is not
always a viable option depending on the well location, the concentration of flammable gases in the flowback

gas and other considerations.

In order to offset the loss of methane and other hydrocarbons during flowback, a technologr

Reduced Emissions Completions (RECs) or “green completions” may be implemented. Gree CP\ E‘)( ‘\1’

Al

alternate practice that captures the produced gas during well completions and well workovt



hydraulic fracturing. Portable equipment (Figure 1) is brought temporarily to the well site to separate the gas

from the liquids and solids in the flowback stream, producing a gas stream that is ready or nearly ready for the

sales pipeline.

Figure 1. Truck-mounted green completions equipment. (Source: Weatherford. Natural Gas Star, 2010)

With green completions, a temporary system is used which consists of a skid or trailer mounted set of piping
connections and vessels that include a plug catcher, a sand trap and a three phase separator (Figure 2). The
plug catcher (not shown in Figure 2) is connected to the wellhead and is used to remove any large solids from
the drilling and completion to avoid damaging other separation equipment [The sand trap removes finer solids
present in the production stream, while the three phase separator removes water and condensate from the
gas. Liquid hydrocarbons may be collected during completion and sold for additional revenue. Water is typically
stored in water tanks or in a reserve impoundment for later treatment or disposal. If necessary, captured gas
may enter a portable dehydrator at the well site or it may be routed to a permanent glycol dehydration unit in
the gathering system, if one is available at or near the site, to remove heavy moisture from the gas before it

enters the sales pipeline.
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Figure 2. Green completions equipment layout (Source: Natural Gas Star, 2011. Adapted from BP)

The equipment used during green completions is only necessary for the duration of the well completion.
Therefore, equipment that can be readily transported from one completion site to another is more commonly
used. A truck-mounted skid (as shown in Figure 1) is often used for transporting the equipment between sites.
Oil and gas producers may use a third party service provider that rents the equipment, sets it up, and performs
the green completion; however, in a large basin with high levels of drilling activity, it may be more economic for

a producer to invest in its own green completion skid and carry out the operation themselves.

Green completions can provide environmental and economic benefits to oil and gas operations. The
incremental costs associated with the capital investment of acquiring green completion equipment, or
equipment rental and labor cost from a third party provider can be offset by the additional revenue from the
sale of gas and/or condensate. If the technology improves over time and equipment-related costs are reduced,

the revenues in gas and condensate sales may exceed the incremental costs.

Application of Technology

It could be technically feasible but may not be economically viable as REC equipment would have to be
transported to off-shore site, or be permanently installed. Industry experiences have not yet been recorded
publicly. Also, offshore developments typically have much fewer wells than onshore, so the benefits would be

smaller and the costs higher and therefore not necessarily economically viable.
Technology maturity

Commercially Yes
available?:



Offshore viability:
Brownfield retrofit?:

Years experience in
the industry:

Key metrics

Range of application:

Efficiency:

Guideline capital
costs:

No
Yes

11-20

Well completions in unconventional gas formations (shale
gas, tight sands, coal bed methane, or any low
permeability, tight reservoir) involving hydraulic fracturing.
Applicable for rehabilitation and redevelopment of mature
wells (recompletions). Not recommended for low-pressure
wells and exploratory (wildcat) wells located at long
distances from a gathering system. Documentation
recording the application of green completions in oil wells
is not available. While green completions in oil wells may
be technically feasible, it requires a gas pipeline
infrastructure (and capacity) to be in place, which may not
be the case in many oil formations. It could also be less
economically feasible for oil wells as liquid hydrocarbon is
the primary product instead of gas.

Recovery of up to 90% of flow back gas

Purchased equipment one-time capital investment:
around $500,000 for a simple REC set-up (values as of
2011). Payback time will depend on the amount of gas
produced, gas prices and the utility rate (amount of wells
completed per year) of the equipment. Payback time has
been reported to be as little as 3 months by natural gas
operators, but tends to be around one year on average [1].



Guideline operational
costs:

GHG reduction
potential:

Third party contractors are often hired to perform
conventional well completions. Many third party
contractors also offer the equipment rental and labor to
perform green well completions. Costs described here
show are the incremental cost of using REC equipment -
either hired ($600- $6,500/day) or purchased, and with
labour costs only (~$300-$3,250/day), versus traditional
methods of well completions. Costs vary per well
depending on the characteristics of the flowback. High
rate production wells may require larger equipment and
longer well completion periods.

Gas savings from avoiding flowback venting have been
reported from 500 to 2000 MCF/day/well. Gas saved
during green completions can be translated directly into
methane emissions reductions based on the methane
content of the produced gas. Amount of gas recovered
can vary widely because it depends on a number of
variables such as reservoir pressure, production rate,
amount of other fluids (water, oil, solids, even and injected
gases) lifted, and total completion time. EPA Natural Gas
Star operators have reported that not all of the gas that is
produced during well completions may be captured for
sales [1]. Assessing the GHG reduction potential would be
difficult to address in any meaningful way. We could make
assumptions but there are many variables that go into the
determination of the tonnes of CO2 including the
methane content or the volume of gas vented during the
well completion, the number of completions etc. This
would be considered beyond the scope of our work on this
topic paper as it would require substantial research to
identify publicly available data.



Time to perform
engineering and
installation:

Typical scope of work
description:

Transportation and set up of REC equipment takes
approximately 1 day. However this is dependent on
location. Some basins are quite vast and travel time is
much higher. This can be mitigated by scheduling the
equipment to follow the drilling equipment since
presumably drilling scheduled to minimize travel/down
time.

he decision process in planning an annual well
completions program that includes REC technology
consists primarily of four steps:

1. Examining the characteristics of the candidate wells
that will be drilled during the year. Conventional wells that
do not require hydraulic fracturing and well stimulation
can be cleared of drilling fluids and connected to a sales
line relatively quickly with minimal gas venting or flaring
involved, therefore the use of REC technology for these
applications is usually not economically justifiable. Wells
that involve energized fracturing using inert gases require
special considerations because the initial produced gas
would not meet pipeline specifications due to the inert
gas content. However, as the amount of inert gas
decreases, the quality of the gas will likely meet pipeline
specifications and may be economically worthwhile to
capture through REC.

2. Determining the costs. The cost for green completions
will depend on the need for special equipment
(compressors, on-site dehydrators, membrane separator,
etc.) which is tied to the characteristics of the well. Costs
will also vary depending on whether operators choose to
use third-party contractors to perform the RECs or
whether operators choose to invest in their own portable
REC equipment and operate it themselves. When using a
third party to perform RECs, it is most cost effective to
integrate the schedule of completions with the annual

drilling program. To ensure profitability of using green



Decision drivers

Technical:

completion equipment, it is important for it to move
efficiently from site to site within the field so that there is
little down time when paying for equipment rental and
labor.

3. Estimating savings. Savings will be dependent on the
amount of gas recovered, the market price of natural gas
and the amount of condensate that can be recovered in
the REC three-phase separator. The amount of gas and
condensate recovered will vary from well to well
depending on the reservoir and operational
characteristics of the drilling and completion.

4. Evaluating the economics of the completion program
by weighing the economic benefits and expenses to
determine whether this is a viable option. Regulatory
considerations should also be made as green completions

have been required in some areas.

Reservoir pressure: reservoir pressure must be higher than
the back pressure in the REC or the gathering system. The
maximum rated pressure of the system is dependent on
the type of system and the individual vendor equipment.
Based on one vendor (Weatherford) the maximum rated
pressure would be depend upon the weakest link in the
system components —which would be the process tank at
600 psi [12]. The maximum pressure of the sand trap for
the Weatherford system is 10,000 psi. This information is
specific to this system, and Vvendors should be contacted
to verify individual applications prior to leasing or
purchasing equipment. In low pressure reservoirs, RECs
are often carried out with the aid of compressors for gas
lift. Gas lift involves using gas from the sales line that is
boosted with a compressor and routed down the well
casing to push the frac fluids up the wellbore.



Operational:

Compression to sales line: When the reservoir fluids have
enough pressure to reach the wellhead but the gas
recovered from the REC results in lower pressure than the
sales line, a compressor engine may be required to boost
flowback gas into the sales line. This technique is still
experimental because of the difficulty operating a
compressor on widely fluctuating flowback rate. Coal bed
methane completion is an example where additional
compression might be required

Inert gas stimulated wells: Some wells use inert gas
(carbon dioxide and nitrogen) to energize the hydraulic
fracturing process. The gas initially produced from these
wells may have to be flared until the gas meets pipeline
specifications. Alternatively, a portable acid gas membrane
separator may be used to recover methane rich gas from
the inert-heavy gas stream. As the flow rate of fluids drops
and methane rich gas is encountered, backflow may be
then switched over to the REC equipment so that the gas
is captured.

Connection to sales line: it is necessary that a piping
system or gathering lines are in proximity to the well
completion location so that captured gas during flowback
can enter the sales line. This is why generally exploratory
wells or delineation wells are not suitable for RECs since
they are drilled in areas where there would not be a readily
available pipeline system in place

Risk of blowouts: stable recovery of gas is essential. Green
completions are not inherently suitable to violent releases
of pressure such as blowouts. Pressure of the gas must

not exceed the rating of the sand trap or separator vessels
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Lesley Fleischman

(201) 953-0034 | Ifleischman@catf.us
1027 Oakland Ave. Menlo Park, CA 94025

Analyst with research, data analysis, writing, and project management experience in the energy and
environment field spanning the private, public, and non-profit sectors.

Education

2010-2012  Harvard University John F. Kennedy School of Government Cambridge, MA
Master in Public Policy, May 2012

Focus: Energy and Environmental Policy, Quantitative Analysis.

2003-2007 Haverford College Haverford, PA
Bachelor of Arts, May 2007

Major: History, Minor: Economics.

Professional Experience
2014- Clean Air Task Force Menlo Park, CA
present Senior Analyst, Super Pollutant Team

Modeled the impact of state and federal oil and gas policies by creating a tool to track
methane emissions under various policy scenarios.

Conducted geospatial analysis using ArcGIS to assess flaring alternative technologies in
North Dakota.

Analyzed EPA data to quantify public health impacts of oil and gas development, including
those from ozone formation and toxic air emissions.

Presented results of analyses at industry and government conferences.

Analyzed technical data on methane venting and flaring in the oil and gas industry for
inclusion in state and federal regulatory comments.

Managed projects from inception through completion with diverse project teams.
Represented the organization in interviews with online, print, and radio reporters.

2012-2013 Union of Concerned Scientists Cambridge, MA
Energy Analyst, Climate and Energy Program

L ]

Analyzed economics of coal plant retirements and risks of a reliance on natural gas
electricity.

Managed the production of reports, including collecting and analyzing data, writing
and editing text, designing graphics, and working with the editor and designer.
Collected and evaluated cost and performance data of energy projects to enable in-
house modeling of energy and climate policies.

Provided expertise on electricity and natural gas markets, electricity transmission
and distribution, energy policy, and environmental impacts of energy sources.
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2011-2012 Harvard University Cambridge, MA
Belfer Center for Science and International Affairs
Research and Course Assistant, Cris Russell, Senior Fellow Environment & Natural Resources
e Helped develop a new course, “The Media, Energy & Environment: Global Policy &
Politics”: Conducted a literature review, developed a syllabus, organized logistics, and
designed PowerPoint presentations for lectures.

2011 U.S. Department of Energy Washington, DC

Office of the Chief Financial Officer, Office of Risk Management
Program Analyst Intern
e Tracked budget and appropriations for multimillion-dollar Recovery Act projects.
e Wrote memos and fact sheets assessing and analyzing risks associated projects
managed by the Office of Fossil Energy and the Office of Environmental Management.

2007- 2010 MSCl Inc. (Formerly Riskmetrics Group and KLD Research & Analytics) Boston, MA

Socially Responsible Investing Division

-Senior Analyst and Sector Team Leader: 2009-2010

‘Research Analyst II: 2008-2009

-Research Analyst I: 2007-2008

e Supervised a team of five analysts researching the environmental, social, and
governance performance of global basic materials companies.

e Worked collaboratively with members of the socially responsible investment and NGO
community on issues relevant to energy and materials sectors.

e Analyzed the environmental, social, and governance performance of large-cap
companies.

e Engaged in high-level dialogue with corporate social responsibility personnel from
some of the largest companies in the sector.

e Worked with Sales, Marketing, and Product teams to create and manage new
products.

e Managed the quality assurance processes for energy and materials sector research.

e Led Hiring Committee to recruit six new Research Analysts.

Technical Skills
e Microsoft Excel (incl. VBA/Macros)

e ArcGIS: Mapping and Spatial Analysis Software
e Tableau



Summary of Testimony of Lesley Fleishman, M.P.P.

Ms. Fleischman will provide a general description of data sources and methods, and will then
describe specific analytical methods used for each of the tables presented, and implications.

General Data Sources and Methods:

She compiled a variety of tables and analyses based on publicly available data that industry has
reported to the NM Oil Conservation Division. This includes the following:

C-115 Venting and Flaring Data by Operator accessed Nov. 2020
e  http://www.emnrd.state.nm.us/OCD/documents/C-115Non-

TransportedProductDispositionOperator20201112.xls

Statewide Natural Gas and Oil Production Summary by Month accessed Dec. 2020

e https://wwwapps.emnrd.state.nm.us/ocd/ocdpermitting/Reporting/Production/Produc

tionlnjectionSummaryReport.aspx

Gas/Oil Production by Operator (2019, 2018, and 2017) accessed Sept. 2020
o http://www.emnrd.state.nm.us/OCD/documents/20190peratorAnnualProductionReport.xlsx

e  http://www.emnrd.state.nm.us/OCD/documents/20180peratorAnnualProductionReport.xlsx

e http://www.emnrd.state.nm.us/OCD/documents/20170peratorAnnualProductionReport.xlsx

C-115 Monthly Summary Report by Operator accessed Nov. 2020

e Download summary report for each operator:
https://wwwapps.emnrd.state.nm.us/ocd/ocdpermitting/Reporting/Production/C115Balancing

Summary.aspx

In cases where she reported data on production, venting, and flaring by operator, she
combined data for operators sharing the same parent company (to the best of her knowledge).

This includes:

e COG includes COG Operating LLC and COG Production, LLC
XTO/Exxon includes XTO Energy, Inc, XTO Permian Operating LLC, BOPCO, L.P.
e Occidental includes Occidental Permian Lty, Oxy USA Inc, and Oxy USA WTP Limited

Partnership

e Cimarex includes Cimarex Energy Co and Cimarex Energy Co. of Colorado
e Chevron includes CHEVRON U S A INC and CHEVRON MIDCONTINENT, L.P.

Specific Data and Implications

Table 1. Total Reported Venting and Flaring 2017-2019 (Thousand Cubic Feet (mcf))

Percent Percent
{men AU 2012 A change ‘17-‘18 | change ‘18-19
Flared 15,161,671 | 35,840,288 | 35,626,371 136% -1%
Vented 2,016,186 784,782 853,209 -61% 9%
Vented +Flared 17,177,857 | 36,625,070 | 36,479,580 113% 0%
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e Data

o Venting and Flaring from C-115 Venting and Flaring Data
o Gas Production from Annual Production Reports

e Implications

o Flaring more than doubled between 2017 and 2018 and stayed roughly constant
between 2018 and 2019
o While flaring decline slightly from 2018 to 2019, it was still enough to supply the
home heating and cooking needs of 96% of New Mexico households for the

year.!

Oil produced (barrels)

Flared (mcf)

Table 2: 2017-2019 Flaring by Top 25 Oil Producers, in Descending Order by 2019 Flaring Volume

Company 2017 2018 2019 2017 2018 2019
XTO Combined 6,996,173 | 11,480,489 | 21,175,868 | 625,818 | 5,081,880 | 4,467,296
DEVON ENERGY PRODUCTION

COMPANY, LP 14,277,914 | 21,567,170 | 30,312,177 | 981,131 | 4,009,862 | 4,082,241
Ameredev Operating, Lic 331,310 1,400,859 1,793,187 | 3,591,068
Marathon Oil Permian Lic 1,356,663 | 5,630,590 | 6,606,003 | 1,098,142 | 2,929,539 | 2,252,093
Oxy USA/Occidental Permian 15,005,682 | 32,487,241 | 43,737,641 | 1,025,356 | 2,962,087 | 2,174,278
Cimarex Energy 8,469,203 | 11,300,063 | 12,537,851 | 832,567 | 2,223,657 | 2,062,078
COG Operating/COG

Production 30,449,894 | 35,018,641 | 34,225,110 | 4,254,340 | 3,249,902 | 1,905,262
WPX Energy Permian, LLC 1,877,112 | 3,093,332 | 2,823,387 | 542,933 | 1,371,421 | 1,820,509
Eog Resources Inc 22,851,054 | 37,769,210 | 56,030,820 | 1,107,870 | 2,076,136 | 1,709,131
Matador Production Company | 6,260,640 | 10,719,041 | 10,479,222 | 701,798 | 1,613,244 | 1,527,662
Centennial Resource

Production, Llc 375,024 1,900,319 | 3,513,851 60,258 831,827 | 1,350,926
Tap Rock Operating, Lic 5,507 808,174 2,145,094 1,051,638
Bta Oil Producers, Llc 2,658,325 | 3,168,173 | 4,947,053 343,694 | 1,199,375 | 1,040,554
Apache Corporation 7,549,856 | 8,407,753 | 7,017,184 | 1,024,154 | 1,596,817 | 992,751
Spur Energy Partners LLC 1,045,617 891,471
Percussion Petroleum

Operating, Llc 341,241 2,030,645 | 1,456,427 878,059 785,810
Chisholm Energy Operating,

Lic 346,214 2,111,713 | 2,994,675 489,190
Conocophillips Company 4,397,092 | 3,967,516 | 3,753,413 522,547 513,205 331,961
Lime Rock Resources li-A, L.P. 1,069,286 | 1,318,333 955,160 132,138 191,616 85,508
Logos Operating, Lic 289,167 706,304 941,015 995 145,301 77,066
Advance Energy Partners Hat

Mesa, Llc 93,818 964,944 2,685,487 47,339
Enduring Resources, Lic 3,134 3,179,099 3,966,870 44,699 37,208

121 Natural Gas Consumption by End Use by State, U.S. Energy Information Administration. Available at
https://www.eia.gov/dnav/ng/NG CONS SUM A EPGO VRS MMCF A.htm.

Number of Natural Gas Customers by State, U.S. Energy Information Administration.
Available at https://www.eia.gov/dnav/ng/ng cons num a EPGO VN3 Count a.htm.
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Chevron US A Inc 7,386,903 | 7,274,617 | 9,555,530 32,715 50,932 27,114
Djr Operating, Llc 10,097 191,319 1,550,643 404 9,591
Mack Energy Corp 839,440 1,144,182 | 1,618,554 3,829 5,339 6,963

e Data

o Flaring from C-115 Venting and Flaring Data
o Qil Production from Annual Production Reports
o Onlyincludes companies with non-zero flaring. The following companies are
among the top oil producers but reported no flaring in 2019.
= Mewbourne Oil Co

= Legacy Reserves Operating, LP

= Kaiser-Francis Oil Co
®=  (Caza Operating, LLC

e Implications

o While there is considerable variation in the amount of gas that different
companies report that they flare, most of these top oil producers flare significant
amounts of gas, while companies that primarily produce natural gas reported

relatively little flaring.

o Exxon, through its subsidiaries XTO and Bopco, tops the list, reporting that it
flares 4.5 billion cubic feet (bcf) of gas in 2019. This would have provided the
home heating and cooking needs of 71,600 New Mexican households for the
year. Devon Energy reported that it flared 4.1 bcf and Ameredev reported that it
flared 3.6 bcf. Three other top oil producers, Marathon, Oxy, and Cimarex, each
reported that they flared over 2 bcf. An additional eight top oil producers
reported that they flared more than 1 bcf of gas apiece.

o The fact that there are major oil producers that have not reported any flaring
highlights the need for strong enforcement of new reporting requirements in the

proposed rule.

Table 3: Percent of Gas Production Flared by Top 25 Operators Reporting Flaring and Venting,

Ranked By 2019 Percent of Production Flared or Vented

Sas Flared Vented Percent.of
Produced Production
Company (mcf) (mch) (mcf) flared or vented
Ameredev Operating, Llc 4,600,491 | 3,591,068 78%
Spur Energy Partners Llc 2,333,468 891,471 38%
Energen Resources Corporation 714,153 227,673 32%
Steward Energy li, Llc 645,320 203,494 32%
Impetro Operating Llc 808,641 244,726 30%
Percussion Petroleum Operating, Llc 2,950,123 785,810 27%
Centennial Resource Production, Llc 5,742,344 | 1,350,926 24%
Tap Rock Operating, Llc 6,050,693 1,051,638 | 73,000 19%
Wpx Energy Permian, Llc 15,706,022 | 1,820,509 | 236,807 13%




Murchison Qil And Gas, LLC 2,710,429 344,418 13%
Burnett Oil Co Inc 3,809,527 439,480 12%
Marathon Oil Permian Lic 27,338,268 | 2,252,093 | 28,794 8%
Fasken Oil & Ranch Ltd 1,770,362 124,446 7%
XTO Combined 72,028,232 | 4,467,296 429 6%
Chisholm Energy Operating, Llc 9,832,639 489,190 5%
Bta Oil Producers, Llc 25,363,851 | 1,040,554 4%
Matador Production Company 40,232,961 | 1,527,662 4%
Devon Energy Production Company,

Lp 110,174,749 | 4,082,241 4%
Apache Corporation 31,669,356 992,751 3%
Cimarex Energy 78,995,491 | 2,062,078 3%
Conocophillips Company 16,091,164 331,961 1,506 2%
Legacy Reserves Operating, Lp 9,653,213 137,385 1%
Oxy Usa/Occidental Permian 155,501,254 | 2,174,278 1%
Cog Operating/Cog Production 151,328,114 | 1,905,262 1%
Eog Resources Inc 157,968,423 | 1,709,131 1%

e Data

o Flaring from C-115 Venting and Flaring Data
o QOil Production from Annual Production Reports

e Implications

o Some major producers like OXY, COG, and EOG report that they flared a
relatively small share of their overall gas production. Other major producers
report that they flared significantly more gas. Exxon/XTO, Devon, Marathon, and
WPX flared between 4% and 13% of total production. Still other major producers
report that they flared extremely large shares of their gas production, led by
Ameredev at a shocking 78%, Spur at 38%, Energen at 32%, Steward at 32%,
Impetro at 30%, Percussion at 27%, and Centennial at 24%.

Table 4: 2019 Flaring by Top 20 Operators Reporting Flaring as a Percent of Total State Flaring

Percent of total Percent of
Flared flaring reported | Production
Company (mcf) 2019 | statewide 2019 flared
XTO Combined 4,467,296 13% 6%
Devon Energy Production Company, Lp 4,082,241 12% 4%
Ameredev Operating, Llc 3,591,068 10% 78%
Marathon Oil Permian Lic 2,252,093 6% 8%
Oxy Usa/Occidental Permian 2,174,278 6% 1%
Cimarex Energy 2,062,078 6% 3%
Cog Operating/Cog Production 1,905,262 5% 1%
Wpx Energy Permian, Llc 1,820,509 5% 12%
Eog Resources Inc 1,709,131 5% 1%




Matador Production Company 1,527,662 1% 4%
Top 10 25,591,618 74%

Centennial Resource Production, Llc 1,350,926 4% 24%
Tap Rock Operating, Lic 1,051,638 3% 17%
Bta Oil Producers, Llc 1,040,554 3% 4%
Apache Corporation 992,751 3% 3%
Spur Energy Partners Llc 891,471 3% 38%
Percussion Petroleum Operating, Lic 785,810 2% 27%
Chisholm Energy Operating, Llc 489,190 1% 5%
Burnett Oil Co Inc 439,480 1% 12%
Murchison Oil And Gas, LLC 344,418 1% 13%
Conocophillips Company 331,961 1% 2%
Top 20 33,309,817 96%

e Data

o Flaring from C-115 Venting and Flaring Data

e Implications

o Just three companies, Exxon, Devon, and Ameredev, are responsible for over
one-third of all reported flaring. The top 10 flaring companies account for 74%,
and the top 20 account for 96% of all reported flaring statewide. This data
indicates that flaring is concentrated in a handful of New Mexico oil and gas

companies.

o Some of the companies with the highest levels of flaring are flaring less than 2%
of their produced gas. These companies may or may not have to reduce flaring,
depending on how regulation is structured (i.e. 2% threshold, eliminate routine
flaring, etc.) But, either way, this shows that getting to below 2% flaring is

technically feasible.

Table 5a: Venting and Flaring by Operator with non-zero reported Venting and Flaring in

Descending Order of Share of Company’s Gas Production Vented or Flared, Jan-Aug 2019
2019
20Sallan: 2019 (Jan- 20542 Percent of
Aug) Gas Aug) C
Company ; Aug) Flared Production
Production Vented
(mcf) (mcf) (mcf) Flared and
Vented
Joint Resources Company 4,294 4,294 - 100.0%
Bridgecreek Resources (Colorado),
Lic 13,944 B 13,134 94.2%
Four Corners Exploration Co 991 - 828 83.6%
Ridgeway Arizona Qil Corp. 84,861 68,310 - 80.5%
Rock Creek Resources, Llc 5,061 - 3,587 70.9%
Ameredev Operating, Lic 2,452,400 1,684,607 - 68.7%
Manzano Llc 104,259 43,191 - 41.4%

5




Steward Energy li, Lic 381,736 138,088 - 36.2%
Energen Resources Corporation 610,686 - 197,569 32.4%
Percussion Petroleum Operating, Lic | 2,950,123 785,810 - 26.6%
Dgp Energy, Lic 75,372 - 18,794 24.9%
Ascent Energy, Llc. 27,607 5,733 - 20.8%
Centennial Resource Production, Llc 3,972,132 771,847 - 19.4%
Wpx Energy Permian, Llc 10,948,613 | 1,609,730 157,334 16.1%
Spur Energy Partners Llc 797,273 123,834 - 15.5%
Impetro Operating Lic 604,882 89,307 - 14.8%
Strata Production Co 295,972 42,167 - 14.2%
Burnett Qil Co Inc 2,599,770 336,533 - 12.9%
Mcelvain Energy, Inc 272,609 34,582 421 12.8%
Tacitus, LLC 49,638 - 6,014 12.1%
Bopco, L.P. 9,257,749 1,073,289 - 11.6%
Tap Rock Operating, Lic 3,510,133 325,231 73,000 11.3%
Marathon Oil Permian Llc 20,447,314 | 2,285,919 27,791 11.3%
Pogo Oil & Gas Operating, Inc 687,429 66,930 - 9.7%
XTO Combined 33,482,335 | 2,756,766 14 8.2%
Read & Stevens Inc 781,598 52,432 - 6.7%
Murchison Oil And Gas, LLC 1,419,477 86,461 - 6.1%
Bta Oil Producers, Lic 16,213,321 700,497 - 4.3%
Devon Energy Production Company,

Lp 76,703,510 | 3,150,276 - 4.1%
Matador Production Company 30,365,406 | 1,159,709 - 3.8%
Cimarex Comb 54,358,391 | 1,885,835 960 3.5%
Apache Corporation 23,119,428 787,162 - 3.4%
Mulloy Operating, Inc. 7,955 - 252 3.2%
Colgate Operating, Lic 495,194 15,417 - 3.1%
Fasken Oil & Ranch Ltd 1,201,812 31,601 - 2.6%
Chisholm Energy Operating, Llc 6,606,718 169,009 - 2.6%
Conocophillips Company 10,709,944 245,029 1,506 2.3%
Special Energy Corp 730,172 14,475 - 2.0%
Legacy Reserves Operating, Lp 5,832,432 - 115,207 2.0%
Lime Rock Resources li-A, L.P. 2,898,096 49,333 - 1.7%
Eog Resources Inc 100,044,382 | 1,272,506 - 1.3%
COG Comb 109,614,407 | 1,321,036 - 1.2%
Cml Exploration, Llc 193,520 - 2,128 1.1%
Oxy Comb 148,688,416 | 1,603,741 - 1.1%
Grizzly Operating, Llc 4,422,901 - 28,386 0.6%
Marshall & Winston Inc 465,995 2,646 - 0.6%
Logos Operating, Lic 22,537,180 69,661 8,657 0.3%
Mack Energy Corp 1,846,750 6,118 - 0.3%




Enduring Resources, Llc 19,486,116 37,124 - 0.2%
Chevron US Alnc 51,965,178 22,060 10,815 0.1%
Dugan Production Corp 5,479,247 - 1,074 0.0%
Caza Operating, Llc 2,835,844 B 379 0.0%
Mewbourne Qil Co 57,567,363 - 3,491 0.0%
Bp America Production Company 56,384,915 - 1,521 0.0%
Hilcorp Energy Company 225,201,074 - 2,473 0.0%

e Data

o Only data for January through August, so we can see an apples to apples

comparison with 2020 data (presented below)
o Jan-Aug data is taken from the C-115 Monthly Summary Report by Operator.
o Venting and Flaring from C-115 Venting and Flaring Data
o Only showing companies that report a non-zero amount of venting or flaring

e Implications

o In 2019 (Jan-Aug), 27 companies vented or flared more than 5% of their gas
production, and 37 companies vented or flared more than 2% of their gas

production.

o Note: This table only shows companies that report non-zero amounts of venting

or flaring

Table 5b: Venting and Flaring by Operator with non-zero reported Venting and Flaring, in

descending order of share of Company’s Gas Production Vented or Flared, Jan-Aug 2020

2020
2020110203 2020 (Jan- 2020llans Percent of
Company Aug) G..a\s Aug) Flared Aug) Production
Production Vented

(mcf) (mcf) (mef) Flared and
Vented
D.W.R. Qil Properties, Inc. 5,595 5,595 - 100.0%
Tamaroa Operating, Llc 19,380 19,380 - 100.0%

Bridgecreek Resources (Colorado),

Llc 12,891 14 12,043 93.5%
Ridgeway Arizona Oil Corp. 103,183 90,246 - 87.5%
Four Corners Exploration Co 1,806 - 1,267 70.2%
Impetro Operating Llc 501,108 334,285 - 66.7%
Lh Operating, Llc 37,821 24,317 - 64.3%
Manzano Llc 239,262 134,071 - 56.0%
Ameredev Operating, Llc 3,314,288 1,287,550 - 38.8%
Special Energy Corp 17,529 5,291 - 30.2%
Ascent Energy, Llc. 196,326 56,670 - 28.9%
Murchison Oil And Gas, LLC 2,528,032 593,305 - 23.5%
Lime Rock Resources li-A, L.P. 2,713,603 590,673 B 21.8%




Centennial Resource Production,

Lic 6,648,088 1,361,497 - 20.5%
Mulloy Operating, Inc. 36,876 4,405 201 12.5%
Prima Exploration, Inc. 161,396 11,872 8,011 12.3%
Tap Rock Operating, Lic 7,554,538 852,715 - 11.3%
Spur Energy Partners Llc 18,236,472 | 1,727,059 - 9.5%
Energen Resources Corporation 37,821 - 3,321 8.8%
Steward Energy li, Lic 428,430 37,583 - 8.8%
Strata Production Co 295,972 25,110 - 8.5%
Chisholm Energy Operating, Lic 7,135,965 549,678 - 7.7%
Burnett Qil Co Inc 2,306,766 171,614 - 7.4%
Advance Energy Partners Hat

Mesa, Lic 3,788,899 189,794 - 5.0%
Read & Stevens Inc 781,598 37,493 - 4.8%
Wpx Energy Permian, Lic 8,833,331 260,135 156,073 4.7%
Marathon Qil Permian Llc 19,750,245 812,724 5,635 4.1%
Catena Resources Operating, Llc 374,075 12,123 - 3.2%
Matador Production Company 31,340,045 965,426 - 3.1%
Conocophillips Company 10,501,927 241,625 - 2.3%
Bta Oil Producers, Llc 17,496,375 344,372 - 2.0%
XTO Combined 73,449,126 | 1,307,012 2,630 1.8%
Tacitus, LLC 115,898 - 1,791 1.5%
COG Comb 113,365,138 | 1,696,776 - 1.5%
Cimarex Comb 47,270,250 555,956 - 1.2%
Cml Exploration, Lic 166,535 560 1,323 1.1%
Apache Corporation 25,188,538 253,394 - 1.0%
Marshall & Winston Inc 271,219 2,301 - 0.8%
Devon Energy Production

Company, Lp 116,746,505 713,060 - 0.6%
Legacy Reserves Operating, Lp 5,832,432 - 29,228 0.5%
Eog Resources Inc 111,910,019 428,480 - 0.4%
Colgate Operating, Lic 399,850 1,459 - 0.4%
Fasken Oil & Ranch Ltd 1,102,810 3,023 - 0.3%
Mack Energy Corp 1,846,750 4,565 - 0.2%
Grizzly Operating, Lic 3,080,842 - 4,469 0.1%
Dugan Production Corp 5,320,410 - 3,008 0.1%
Logos Operating, Lic 20,112,854 - 10,026 0.0%
Chevron US AInc 66,751,755 18,206 7,493 0.0%
Oxy Comb 164,324,037 8,500 21,947 0.0%
Mewbourne Qil Co 67,996,351 - 6,464 0.0%
Bp America Production Company 35,467,471 - 412 0.0%
Hilcorp Energy Company 216,817,908 - 296 0.0%




@]

Only data for January through August, because data is not complete for 2020.
Jan-Aug data is taken from the C-115 Monthly Summary Report by Operator.
Venting and Flaring from C-115 Venting and Flaring Data

Only showing companies that report a non-zero amount of venting or flaring
e Implications

In 2020 (Jan-Aug), 24 companies vented or flared more than 5% of their gas
production, and 30 companies vented or flared more than 2% of their gas
production.

o The following companies reported that they flared greater than 2% of their gas

in 2019 (Jan-Aug), but below 2% in 2020 (Jan-Aug):

ROCK CREEK RESOURCES, LLC

DGP ENERGY, LLC

Tacitus, LLC

XTO comb

BTA OIL PRODUCERS, LLC

DEVON ENERGY PRODUCTION COMPANY, LP
Cimarex comb

APACHE CORPORATION

COLGATE OPERATING, LLC

FASKEN OIL & RANCH LTD

o The following companies reported that they flared less than 2% of their gas in

2019 (Jan-Aug), but above 2% in 2020 (Jan-Aug)

D.W.R. OIL PROPERTIES, INC.

Tamaroa Operating, LLC

LH Operating, LLC

SPECIAL ENERGY CORP

LIME ROCK RESOURCES II-A, L.P.

Prima Exploration, Inc.

ADVANCE ENERGY PARTNERS HAT MESA, LLC
Catena Resources Operating, LLC

o Note: This table only shows companies that report non-zero amounts of venting

or flaring
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EXPERIENCE
June 2018 to present

January 2014
to May 2018

December 1999
to December
2013

CHARLES de SAILLAN
25 Wildflower Way
Santa Fe, New Mexico 87506
(505) 819-9058 (Mobile)
(505) 820-1531 (Home)

NEW MEXICO ENVIRONMENTAL LAW CENTER
Santa Fe, New Mexico

Staff Attorney

Represented ranching and ecotourism businesses in opposing permits for the Copper Flat
Mine under the N.M. Water Quality Act and the N.M. Mining Act, including
administrative hearings, appeal to the N.M. Water Quality Control Commission, and
appeal to the N.M. Court of Appeals; represented community organizations and State
legislators in action against the U.S. Air Force seeking injunctive relief for cleanup of
bulk fuel spill at Kirtland Air Force Base; represented community organizations and
acequia association in action against U.S. Environmental Protection Agency challenging
2020 rulemaking on “waters of the United States” under the Clean Water Act; represented
community organizations in groundwater discharge permit proceedings for Los Alamos
National Laboratory remediation; drafted and promoted legislation on various
environmental issues including citizen suits under environmental laws, emissions of
greenhouse gases, and the scope of groundwater protection; member of the Governor’s
Methane Advisory Panel that made recommendations on regulation of methane emissions
from oil and gas production; represented State organization in advocating for funding for
electric school buses under the Volkswagen settlement.

NEW MEXICO INTERSTATE STREAM COMMISSION
Legal Bureau
Santa Fe, New Mexico

Attorney

Represented the Commission in administrative and civil litigation and advised the
Commission on matters involving compliance with interstate river compacts, transfer of
water rights, and protection of endangered aquatic and riparian species; drafted and
negotiated funding agreements to implement the Taos Pueblo Indian water rights
settlement; managed the N.M. Strategic Water Reserve; co-authored a report (in draft) on
the effects of climate change on water resources in the Pecos River Basin.

NEW MEXICO ENVIRONMENT DEPARTMENT
Office of General Counsel
Santa Fe, New Mexico

Assistant General Counsel

Represented the Department in enforcement and permitting actions under State
environmental laws: served as lead Department counsel in administrative adjudicatory
hearings on the hazardous waste permit for Los Alamos National Laboratory under the
N.M. Hazardous Waste Act, and the groundwater discharge permits for the Molycorp,
Chino, and Tyrone mines under the N.M. Water Quality Act; briefed and argued the
Tyrone appeal before the N.M. Court of Appeals; briefed and

designation of outstanding national resource waters before the N.\ C A
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Adella Begaye, BSN, RN, PHN
Retired
0-5, CDR
CV November 2020

Performance

Accomplishments:

e Volunteered for COVID-19 response as a contact tracer and monitored COVID-19 positive.
Worked with the Public Health Nursing Department for 4 months; April- August 2020. Assisted
during the height of the Covid-19 infection to flattening the curve.

e Unit Commendation award: Mass immunizations in 2011.

e Function as Incident Commander, PlO in Chinle Comprehensive Health Care Facility’s alternate
site exercises.

e Served as Director of Public Health Nursing for 10 years.

e Served as a USPHS Commissioned Officer for 30 years.

Leadership Attributes:

e Supervised twenty-six personnel consisting of professional and support staff.

e Active in community social justice and environmental issues that impact health.

e Partnered with local health programs to increase capacity and effectiveness within the
community.

Education, Training, and Professional Development

e BSN University of Arizona, Tucson, AZ June 1986

e BS Community Health Education. Univ. of Utah. SLC, UT August 1978

® Public Health Certificate from Johns Hopkins December 2012

e Registered Nurse, State of Arizona April 2024-Expiration

Career Progression

Title Agency/location Pay Billet Dates
Grade Level

Retired 2016 CSU-Volunteered N/A N/A 4/20-8/20

CovID-19P
Director PHN Ccsu 0-5 0-6 Jan. 07 -2016
Supervisory, PHN Tsaile Health Center 0-4 0-4 July 04-Dec. 06
Senior Nurse Specialist Chinle Service Unit 0-3 0-3 Dec. 02-Jul 04
Nurse Specialist Chinle Service Unit 0-3 0-3 Jan.00-Dec.02
Nurse Specialist Chinle Service Unit 0-3 0-3 Jan.98-Jan.00
Senior Nurse Tsaile Health Center 0-2 0-2 July 90-Jun.98
Clinical Staff Nurse Chinle Service Unit 0-2 0-2 Oct. 89-Jul.90
Clinical Staff Nurse Gallup Service Unit 0-2 0-2 Jul 86-Oct.89

A
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CDR Adella Begaye
Nurse Category, USPHS

Medical Readiness Training.

Special Skills:

Extensive knowledge in epidemiological process and coordinate outbreak assessment,
investigation and containment of diseases such as hantavirus, shigella, salmonella,
campylobacter, pertussis. etc.

Knowledgeable about contact/agencies and network with local, state, and regional agencies in
response to outbreaks.

Fluent in Navajo language and cultural protocols that enhances rapport and trust with
community people to advocate on their behalf on public health in the community.

Active advocate for Navajo people and communities.

Professional Experience

Director of Public Health Nursing:

Supervised 26 personnel consisting of professional and non-professional staff.

Responsible for providing services to communities with a user population of 36,000.
Partnered and collaborated with other local public health programs to increase capacity and
effectiveness within the community.

Ensured the mission of IHS, Public health and Commission Corps are integrated in providing
services.

Supervisory Public Health Nurse:

Navajo Reservation, IHS, Tsaile Health Center, Tsaile AZ.

Supervised PHN department.

Provided orientation and educated staff to improve quality and efficency of services.
Established measurable goals and objectives for the department. ‘

Actively involved in the following committees: Local Emergency Planning Committee,
Epidemiological Response Team, Compliance Committee and Sexually Transmitted Disease Task
Force.

Provided leadership in the investigation of communicable disease outbreaks.

Maintain multi-disciplinary collaboration with health care providers and ancillary depOartment
for patient health care.

Conducted primary, secondary, and tertiary intervention for individual patient, family and
communities.

Nurse Specialist:

Updated policies and implemented current practices in the decontaminated and sterilization
processing for the Central Sterilizing department.



CDR Adella Begaye
Nurse Category

e Updated, implemented and evaluated the Chinle infection control program and employee
health program.

e Managed the Infection control program.

e Assured that the IC program et all regulatory and accreditation requirements.

e Provided training to all staff on infection prevention, blood borne exposure and exposures
preven5tion.

e Monitored surveillance for communicable diseases and report to approriate services.

Supervisory Clinical Nurse:
Tsaile Health Center

e Managed and directed the ambulatory outpatient department at a satellite station.

e Supervised professional and non-professional staff.

e Planned, set goals and identifiedresources and implemented programs to provide quality care.

e Established staff work performances and evaluated work performances.

e Developed and revised policies and procedures for effective and efficient operation of the clinic.

Staff Nurse:
Chinle AZ.

e Provided nursing care in a 12 bed pediatric unit.

e Implemented nursing process to assess, plan implement and evaluate in providing nursing care
to patient.

e Advocated for pediatric patient/parents and encouraged involvement to discharge planning. -

Staff Nurse:
Gallup Indian Medical Center:

e Provided care to pediatric patients in a 24-bed pediatric unit.
e Provided nursing care in special care unit-stabilized critical pediatric patient prior to transport to
critical care units.



September 1993

to September
1999

August 1991

to September
1993

September 1985

0 September
1993

prepared, litigated, and negotiated imminent endangerment orders for comprehensive
investigation and clean up of pollution at Los Alamos National Laboratory, Sandia
National Laboratories, and Giant Bloomfield Refinery under the Hazardous Waste Act;
handled the bankruptcy litigation in Mark IV Indus. v. New Mexico (S.DN.Y.),
successfully arguing that the State’s injunctive action for cleanup of groundwater
pollution at an industrial site was not discharged in bankruptcy; prepared and litigated
more than 25 administrative compliance orders and civil complaints for violations of the
N.M. Air Quality Act, N.M. Water Quality Act, N.M. Hazardous Waste Act, and N.M.
Radiation Protection Act; negotiated and prepared administrative or judicial settlements
in most of these cases.

NEW MEXICO OFFICE OF THE ATTORNEY GENERAL
Environmental Enforcement Division
Santa Fe, New Mexico

Assistant Attorney General

Headed a National Association of Attorneys General workgroup on Superfund
reauthorization including preparation of extensive comments on proposed amendments in
the 103rd, 104th, and 105th Congresses, and presentation of testimony in U.S. Senate and
House committee hearings on five occasions; helped start a new State program for
bringing natural resource damage claims under CERCLA and the Oil Pollution Act;
negotiated several settlements for such claims; represented the State in New Mexico v.
Sparton Technology (D.N.M.) seeking injunctive relief under RCRA to abate an
imminent endangerment from groundwater contamination; represented the State in
enforcement actions under the N.M. Water Quality Act; negotiated compliance
agreements with the U.S. Department of Energy under the Federal Facility Compliance
Act for disposal of stored radioactive waste; prepared and filed amicus curiae briefs in
several significant federal appellate cases.

UNITED STATES DEPARTMENT OF JUSTICE
Environmental Enforcement Section
Washington, D.C.

Special Trial Attorney

Conducted the litigation in United States v. Butte Water Co. (D. Mont.) seeking
injunctive relief and civil penalties under the Safe Drinking Water Act, including
discovery, summary judgment motions, and garnishment of company assets; negotiated a
partial settlement for the construction of filtration plants and other injunctive relief
totaling $14 million, and a final settlement for a $900,000 civil penalty. The settlement
imposed the largest penalty ever obtained under the public water supply provisions of the
Safe Drinking Water Act.

UNITED STATES ENVIRONMENTAL PROTECTION AGENCY
Office of Enforcement
Washington, D.C.

Senior Attorney

Handled all aspects of environmental enforcement litigation under CERCLA, RCRA, the
Clean Water Act, and the Safe Drinking Water Act, including pleadings, motions, written
discovery, depositions, witness preparation; and trial of several significant cases;

2



March to
October 1984

PUBLICATIONS

AWARDS

negotiated more than 30 settlements under these statutes, including a CERCLA
prospective purchaser agreement and a CERCLA “de minimis” settlement involving 177
parties and $11 million; helped prepare the Exxon Valdez (D. Alaska) case for litigation;
worked with Congressional staff on the 1986 CERCLA reauthorization and drafted
proposed amendments; helped develop national enforcement policy under CERCLA,
RCRA, and the Safe Drinking Water Act; recognized as a national expert on CERCLA
liability, the public water system provisions of the Safe Drinking Water Act, petroleum
and used oil issues, and the litigation of imminent endangerment cases.

MASSACHUSETTS EXECUTIVE OFFICE OF ENVIRONMENTAL AFFAIRS
Boston, Massachusetts

Assistant General Counsel

Represented the Executive Office on the Special Legislative Commission on Liability for
Releases of Hazardous Material and Oil established to report on the adequacy of the legal
system in compensating victims of hazardous waste exposure and to recommend legislative
reform; worked on the subcommittee that drafted the Commission’s Interim Report; helped
draft and coordinated the promulgation of amendments to the state “Bottle Deposit Law”
regulations and represented the Office in hearings on those amendments.

United States Court Upholds Regulation of Greenhouse Gas Emissions, 22 EUROPEAN
ENERGY & ENVIRONMENTAL LAW REVIEW 116 (2013) (Netherlands).

The Disposal of Spent Nuclear Fuel in the United States and Europe: A Persistent
Environmental Problem, 34 HARVARD ENVIRONMENTAL LAW REVIEW 461 (2010).

United States Supreme Court Rules on Regulation of Greenhouse Gas Emissions, 17
EUROPEAN ENERGY & ENVIRONMENTAL LAW REVIEW 63 (2008) (Netherlands) (with
Claybourne F. Clarke).

The Use of Imminent Hazard Provisions of Environmental Laws to Compel Cleanup at
Federal Facilities, 27 STANFORD ENVIRONMENTAL LAW JOURNAL 43 (2008).

United States Supreme Court Rules EPA Must Take Action on Greenhouse Gas Emissions:
Massachusetts v. EPA, 47 NATURAL RESOURCES JOURNAL 793 (2007).

Superfund Reauthorization: A More Modest Proposal, 27 ENVIRONMENTAL LAW REPORTER
(ELI) 10201 (May 1997).

CERCLA Liability for Pre-Enactment Disposal Activities: Nothing Has Changed,
NATIONAL ENVIRONMENTAL ENFORCEMENT JOURNAL, Oct. 1996, at 3.

In Praise of Superfund, ENVIRONMENT, Oct. 1993, at 42.

Acid Rain, Canada, and the United States: Enforcing the International Pollution Provision
of the Clean Air Act, 1 BOSTON UNIVERSITY INTERNATIONAL LAW JOURNAL 151 (1982).

New Mexico Environment Department and EPA, State-EPA Strategic Partnership Award,
Molycorp Mine Remediation, 2003.

U.S. Department of Justice, Environment and Natural Resources Division, Certificate of
Commendation, 1997.

EPA Bronze Medal for Commendable Service: United States v. Butte Water Co., 1994,
3



ADMISSIONS &
PROFESSIONAL
ACTIVITIES

EDUCATION

HOBBIES &
INTERESTS

U.S. Department of Justice, Environment and Natural Resources Division, Certificate of
Commendation, 1991.

EPA Bronze Medal for Commendable Service: United States v. Sanders Lead Co., et al.,
1991.

EPA Bronze Medal for Commendable Service: United States v. Hardage, et al., 1990.

Admitted: U.S. Supreme Court; U.S. Courts of Appeals for the Fourth, Ninth, Tenth,
Eleventh, and D.C. Circuits; U.S. District Court for the District of New Mexico; Supreme
Court of New Mexico; Supreme Judicial Court of Massachusetts (inactive). .
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Current through Public Law 116-193, approved October 30, 2020.

United States Code Service > TITLE 42. THE PUBLIC HEALTH AND WELFARE (Chs. 1 — 161) >
CHAPTER 85. AIR POLLUTION PREVENTION AND CONTROL (§§ 7401 — 7671q) > PROGRAMS
AND ACTIVITIES (§§ 7401 — 7515) > PLAN REQUIREMENTS FOR NONATTAINMENT AREAS (§§
7501 — 7515) > Nonattainment Areas in General (§§ 7501 — 7509a)

§ 7503. Permit requirements

(a) In general. The permit program required by section 172(b)(6) shall provide that permits to construct and
operate may be issued if—

(1)in accordance with regulations issued by the Administrator for the determination of baseline
emissions in a manner consistent with the assumptions underlying the applicable implementation plan
approved under section 110 and this part [42 USCS § 7410 and §§ 7501 et seq.], the permitting agency
determines that—

(A)by the time the source is to commence operation, sufficient offsetting emissions reductions have
been abtained, such that total allowable emissions from existing sources in the region, from new or
modified sources which are not major emitting facilities, and from the proposed source will be
sufficiently less than total emissions from existing sources (as determined in accordance with the
regulations under this paragraph) prior to the application for such permit to construct or modify so
as to represent (when considered together with the plan provisions required under section 172 [42
USCS § 7502]) reasonable further progress (as defined in section 171 [42 USCS § 7501]); or

{B)in the case of a new or modified major stationary source which is located in a zone (within the
nonattainment area) identified by the Administrator, in consultation with the Secretary of Housing
and Urban Development, as a zone to which economic development should be targeted, that
emissions of such pollutant resulting from the proposed new or modified major stationary source
will not cause or contribute to emissions levels which exceed the allowance permitted for such
poliutant for such area from new or modified major stationary sources under section 172(c) [42
USCS § 7502(c)];

(2)the proposed source is required to comply with the lowest achievable emission rate;

(3)the owner or operator of the proposed new or modified source has demonstrated that all major
stationary sources owned or operated by such person (or by any entity controlling, controlled by, or
under common control with such person) in such State are subject to emission limitations and are in
compliance, or on a schedule for compliance, with all applicable emission limitations and standards
under this Act; [and]

(4)the Administrator has not determined that the applicable implementation plan is not being
adequately implemented for the nonattainment area in which the proposed source is to be constructed
or modified in accordance with the requirements of this part [42 USCS §§ 7501 et seq.]; and

(5)an analysis of alternative sites, sizes, production processes, and environmental control techniques
for such proposed source demonstrates that benefits of the proposed source significantly outweigh the
environmental and social costs imposed as a result of its location, construction, or modification.

Any emission reductions required as a precondition of the issuance of a permit under pare
federally enforceable before such permit may be issued. C A
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(b) Prohibition on use of old growth allowances. Any growth allowance included in an applicabie
implementation plan to meet the requirements of section 172(b)(5) [42 USCS § 7502(b)(5)] (as in effect
immediately before the date of the enactment of the Clean Air Act Amendments of 1990 [enacted Nov. 15,
1990]) shall not be valid for use in any area that received or receives a notice under section 110(a)(2)(H)(ii) [42
USCS § 7410(a)(2)(H)(ii)] (as in effect immediately before the date of the enactment of the Clean Air Act
Amendments of 1990 [enacted Nov. 15, 1990]) or under section 110(k)(1) [42 USCS § 7410(k)(1)] that its
applicable implementation plan containing such allowance is substantially inadequate.

(c) Offsets.

(1)The owner or operator of a new or modified major stationary source may comply with any offset
requirement in effect under this part [42 USCS §§ 7501 et seq.] for increased emissions of any air
pollutant only by obtaining emission reductions of such air pollutant from the same source or other
sources in the same nonattainment area, except that the State may allow the owner or operator of a
source to obtain such emission reductions in another nonattainment area if (A) the other area has an
equal or higher nonattainment classification than the area in which the source is located and (B)
emissions from such other area contribute to a violation of the national ambient air quality standard in
the nonattainment area in which the source is located. Such emission reductions shall be, by the time a
new or modified source commences operation, in effect and enforceable and shall assure that the total
tonnage of increased emissions of the air pollutant from the new or modified source shall be offset by
an equal or greater reduction, as applicable, in the actual emissions of such air pollutant from the same
or other sources in the area.

(2)Emission reductions otherwise required by this Act shall not be creditable as emissions reductions
for purposes of any such offset requirement. Incidental emission reductions which are not otherwise
required by this Act shall be creditable as emission reductions for such purposes if such emission
reductions meet the requirements of paragraph (1).

(d) Control technology information. The State shall provide that control technology information from permits
issued under this section will be promptly submitted to the Administrator for purposes of making such
information available through the RACT/BACT/LAER clearinghouse to other States and to the general public.

(e) Rocket engines or motors. The permitting authority of a State shall allow a source to offset by alternative
or innovative means emission increases from rocket engine and motor firing, and cleaning related to such firing,
at an existing or modified major source that tests rocket engines or motors under the following conditions:

(1)Any modification proposed is solely for the purpose of expanding the testing of rocket engines or
motors at an existing source that is permitted to test such engines on the date of enactment of this
subsection. :

(2)The source demonstrates to the satisfaction of the permitting authority of the State that it has used
all reasonable means to obtain and utilize offsets, as determined on an annual basis, for the emissions
increases beyond allowable levels, that all available offsets are being used, and that sufficient offsets
are not available to the source.

(3)The source has obtained a written finding from the Department of Defense, Department of
Transportation, National Aeronautics and Space Administration or other appropriate Federal agency,
that the testing of rocket motors or engines at the facility is required for a program essential to the
national security.

(4)The source will comply with an alternative measure, imposed by the permitting authority, designed to
offset any emission increases beyond permitted levels not directly offset by the source. In lieu of
imposing any alternative offset measures, the permitting authority may impose an emissions fee to be
paid to such authority of a State which shall be an amount no greater than 1.5 times the average cost
of stationary source control measures adopted in that area during the previous 3 years. The permitting
authority shall utilize the fees in a manner that maximizes the emissions reductions in that area.
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History

HISTORY:

Act July 14, 1955, ch. 360, Title |, Part D, Subpart 1, § 173, as added Aug. 7, 1977, P. L. 95-95, Title |, § 129(b), 91
Stat. 748; Nov. 16, 1977, P. L. 95-190, § 14(a)(57), (58), 91 Stat. 1403; Nov. 15, 1990, P. L. 101-549, Title |, §
102(a)(1), (c), 104 Stat. 2412, 2415.

United States Code Service
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N.M. Stat. Ann. § 74-6-5

Current with all 2020 legislation, including the 54th Legislature's 2nd Regular and 1st Special sessions

Michie’s ™ Annotated Statutes of New Mexico > Chapter 74 Environmental Improvement (Arts. 1
— 13) > Article 6 Water Quality (§§ 74-6-1 — 74-6-17)

74-6-5. Permits; certification; appeals to commission.

A.By regulation, the commission may require persons to obtain from a constituent agency designated by the
commission a permit for the discharge of any water contaminant or for the disposal or reuse of septage or
sludge.

B.The commission shall adopt regulations establishing procedures for certifying federal water quality permits.

C.Prior to the issuance of a permit, the constituent agency may require the submission of plans, specifications
and other relevant information that it deems necessary.

D.The commission shall by regulation set the dates upon which applications for permits shall be filed and
designate the time periods within which the constituent agency shall, after the filing of an administratively
complete application for a permit, either grant the permit, grant the permit subject to conditions or deny the
permit. The constituent agency has the burden of showing that each condition is reasonable and necessary to
ensure compliance with the Water Quality Act [74-6-1 NMSA 1978] and applicable regulations, considering site-
specific conditions. After regulations have been adopted for a particular industry, permits for facilities in that
industry shall be subject to conditions contained in the regulations. Additional conditions on a final permit may
be imposed if the applicant is provided with an opportunity to review and provide comments in writing on the
draft permit conditions and to receive a written explanation of the reasons for the conditions from the
constituent agency.

E.The constituent agency shall deny any application for a permit or deny the certification of a federal water
quality permit if:

(1)the effluent would not meet applicable state or federal effluent regulations, standards of performance
or limitations;

{2)any provision of the Water Quality Act [74-6-1 NMSA 1978] would be violated:

(3)the discharge would cause or contribute to water contaminant levels in excess of any state or federal
standard. Determination of the discharge's effect on ground water shall be measured at any place of
withdrawal of water for present or reasonably foreseeable future use. Determination of the discharge’s
effect on surface waters shall be measured at the point of discharge; or

(4)the applicant has, within the ten years immediately preceding the date of submission of the permit
application:

(a)knowingly misrepresented a material fact in an application for a permit;

(b)refused or failed to disclose any information required under the Water Quality Act [74-6-1 NMSA
1978);

{c)been convicted of a felony or other crime involving moral turpitude;

(d)been convicted of a felony in any court for any crime defined by state or federal law as being a
restraint of trade, price-fixing, bribery or fraud,

(e)exhibited a history of willful disregard for environmental laws of any state or the C fq
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(f)had an environmental permit revoked or permanently suspended for cause under any
environmental laws of any state or the United States.

F.The commission shall by regulation develop procedures that ensure that the public, affected governmental
agencies and any other state whose water may be affected shall receive notice of each application for
issuance, renewal or modification of a permit. Public notice shall include:

{1)for issuance or modification of a permit:

{a)notice by mail to adjacent and nearby landowners; local, state and federal governments; land
grant organizations; ditch associations; and Indian nations, tribes or pueblos;

{b)posting at a place conspicuous to the public and near the discharge or proposed discharge site;
and

(c)a display advertisement in English and Spanish in a newspaper of general circulation in the
location of the discharge or proposed discharge; provided, however, that the advertisement shall
not be displayed in the classified or legal advertisement sections; and

(2)for issuance of renewals of permits:

(a)notice by mail to the interested public, municipalities, counties, land grant organizations, ditch
associations and Indian nations, tribes or pueblos; and

(b)a display advertisement in English and Spanish in a newspaper of general circulation in the
location of the discharge; provided, however, that the advertisement shall not be displayed in the
classified or legal advertisement sections.

G.No ruling shall be made on any application for a permit without opportunity for a public hearing at which all
interested persons shall be given a reasonable chance to submit evidence, data, views or arguments orally or
in writing and to examine witnesses testifying at the hearing. The hearing shall be recorded. Any person
submitting evidence, data, views or arguments shall be subject to examination at the hearing.

H.The commission may adopt regulations for the operation and maintenance of the permitted facility, including
requirements, as may be necessary or desirable, that relate to continuity of operation, personnel training and
financial responsibility, including financial responsibility for corrective action.

L.Permits shall be issued for fixed terms not to exceed five years, except that for new discharges, the term of
the permit shall commence on the date the discharge begins, but in no event shall the term of the permit
exceed seven years from the date the permit was issued.

J.By regulation, the commission may impose reasonable conditions upon permits requiring permittees to:
(1)install, use and maintain effluent monitoring devices;

(2)sample effluents and receiving waters for any known or suspected water contaminants in
accordance with methods and at locations and intervals as may be prescribed by the commission;

(3)establish and maintain records of the nature and amounts of effluents and the performance of
effluent control devices;

(4)provide any other information relating to the discharge or direct or indirect release of water
contaminants; and

(5)notify a constituent agency of the introduction of new water contaminants from a new source and of
a substantial change in volume or character of water contaminants being introduced from sources in
existence at the time of the issuance of the permit.

K.The commission shall provide by regulation a schedule of fees for permits, not exceeding the estimated cost
of investigation and issuance, modification and renewal of permits. Fees collected pursuant to this section shall
be deposited in the water quality management fund.
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L.The issuance of a permit does not relieve any person from the responsibility of complying with the provisions
of the Water Quality Act [74-6-1 NMSA 1978], any applicable regulations or water quality standards of the
commission or any applicable federal laws, regulations or standards.

M.A permit may be terminated or modified by the constituent agency that issued the permit prior to its date of
expiration for any of the following causes:

(1)violation of any condition of the permit;
(2)obtaining the permit by misrepresentation or failure to disclose fully all relevant facts;

(3)violation of any provisions of the Water Quality Act [74-6-1 NMSA 1978] or any applicable
regulations, standard of performance or water quality standards;

(4)violation of any applicable state or federal effluent regulations or limitations; or

(5)change in any condition that requires either a temporary or permanent reduction or elimination of the
permitted discharge.

N.If the constituent agency denies, terminates or modifies a permit or grants a permit subject to condition, the
constituent agency shall notify the applicant or permittee by certified mail of the action taken and the reasons.
Notice shall also be given by mail to persons who participated in the permitting action.

0.A person who participated in a permitting action before a constituent agency or a person affected by a
certification of a federal permit and who is adversely affected by such permitting action or certification may file a
petition for review before the commission. Unless a timely petition for review is made, the decision of the
constituent agency shall be final and not subject to judicial review. The petition shall:

(1)be made in writing to the commission within thirty days from the date notice is given of the
constituent agency’s action;

(2)include a statement of the issues to be raised and the relief sought; and

(3)be provided to all other persons submitting evidence, data, views or arguments in the proceeding
before the constituent agency.

P.If a timely petition for review is made, the commission shall consider the petition within ninety days after
receipt of the petition. The commission shall notify the petitioner and the applicant or permittee, if other than the
petitioner, by certified mail of the date, time and place of the review. If the petitioner is not the applicant or
permittee, the applicant or permittee shall be a party to the proceeding. The commission shall ensure that the
public receives notice of the date, time and place of the review.

Q.The commission shall review the record compiled before the constituent agency, including the transcript of
any public hearing held on the application or draft permit, and shall allow any party to submit arguments. The
commission may designate a hearing officer to review the record and the arguments of the parties and
recommend a decision to the commission. The commission shall consider and weigh only the evidence
contained in the record before the constituent agency and the recommended decision of the hearing officer, if
any, and shall not be bound by the factual findings or legal conclusions of the constituent agency. Based on the
review of the evidence, the arguments of the parties and recommendations of the hearing officer, the
commission shall sustain, modify or reverse the action of the constituent agency. The commission shall enter
ultimate findings of fact and conclusions of law and keep a record of the review.

R.Prior to the date set for review, if a party shows to the satisfaction of the commission that there was no
reasonable opportunity to submit comment or evidence on an issue being challenged, the commission shall
order that additional comment or evidence be taken by the constituent agency. Based on the additional
evidence, the constituent agency may revise the decision and shall promptly file with the commission the
additional evidence received and action taken. The commission shall consider the additional evidence within
ninety days after receipt of the additional evidence and shall notify the petitioner and the applicant or permittee,
if other than the petitioner, of the date, time and place of the review.
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S.The commission shall notify the petitioner and all other participants in the review proceeding of the action
taken by the commission and the reasons for that action.

History

1953 Comp., § 75-39-4.1, enacted by Laws 1973, ch. 326, § 4; 1985, ch. 157, § 1; 1989, ch. 248, § 1, 1993, ch.
100, § 3; 1993, ch. 291, § 5; 1999, ch. 21, § 1; 2005, ch. 195, § 1; 2009, ch. 194, § 2.

Michie's ™ Annotated Statutes of New Mexico
Copyright © 2020 Matthew Bender & Company, Inc., a member of the LexisNexis Group.

All rights reserved.
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Current through Public Law 116-205, approved December 3, 2020.

United States Code Service > TITLE 42. THE PUBLIC HEALTH AND WELFARE (Chs. 1— 161) >
CHAPTER 82. SOLID WASTE DISPOSAL (§§ 6901 — 6992k) > HAZARDOUS WASTE
MANAGEMENT (§§ 6921 — 6939g)

§ 6925. Permits for treatment, storage, or disposal of hazardous waste

(a) Permit requirements. Not later than eighteen months after the date of the enactment of this section
[enacted Oct. 21, 1976], the administrator shall promulgate regulations requiring each person owning or
operating an existing facility or planning to construct a new facility for the treatment, storage, or disposal of
hazardous waste identified or listed under this subtitle [42 USCS §§ 6921 et seq.], to have a permit issued
pursuant to this section. Such regulations shall take effect on the date provided in section 3010 [42 USCS §
6930] and upon and after such date the treatment, storage, or disposal of any such hazardous waste and the
construction of any new facility for the treatment, storage, or disposal of any such hazardous waste is prohibited
except in accordance with such a permit. No permit shall be required under this section in order to construct a
facility if such facility is constructed pursuant to an approval issued by the Administrator under section 6(e) of
the Toxic Substances Control Act [15 USCS § 2605(¢e)] for the incineration of polychlorinated biphenyls and any
person owning or operating such a facility may, at any time after operation or construction of such facility has
begun, file an application for a permit pursuant to this section authorizing such facility to incinerate hazardous
waste identified or listed under this subtitle [42 USCS §§ 6921 et seq.].

(b) Requirements of permit application. Each application for a permit under this section shall contain such
information as may be required under regulations promulgated by the Administrator, including information
respecting—

(1)estimates with respect to the composition, quantities, and concentrations of any hazardous waste
identified or listed under this subtitle [42 USCS §§ 6921 et seq.], or combinations of any such
hazardous waste and any other solid waste, proposed to be disposed of, treated, transported, or
stored, and the time, frequency, or rate of which such waste is proposed to be disposed of, treated,
transported, or stored; and

(2)the site at which such hazardous waste or the products of treatment of such hazardous waste will be
disposed of, treated, transported to, or stored.

(c) Permit issuance.

(1)Upon a determination by the Administrator (or a State, if applicable), of compliance by a facility for
which a permit is applied for under this section with the requirements of this section and section 3004
[42 USCS § 6924], the Administrator (or the State) shall issue a permit for such facilities. In the event
permit applicants propose modification of their facilities, or in the event the Administrator (or the State)
determines that modifications are necessary to conform to the requirements under this section and
section 3004 [42 USCS § 6924], the permit shall specify the time allowed to complete the modifications.

(2)
(A)

(i)Not later than the date four years after the enactment of the Hazardous and Solid Waste
Amendments of 1984 [enacted Nov. 8, 1984], in the case of each applicationu~ *
subsection for a permit for a land disposal facility which was submitted before : C é
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Administrator shall issue a final permit pursuant to such application or issue a final denial of
such application.

(ii)Not later than the date five years after the enactment of the Hazardous and Solid Waste
Amendments of 1984 [enacted Nov. 8, 1984}, in the case of each application for a permit under
this subsection for an incinerator facility which was submitted before such date, the
Administrator shall issue a final permit pursuant to such application or issue a final denial of
such application.

(B)Not later than the date eight years after the enactment of the Hazardous and Solid Waste
Amendments of 1984 [enacted Nov. 8, 1984], in the case of each application for a permit under this
subsection for any facility (other than a facility referred to in subparagraph (A)) which was
submitted before such date, the Administrator shall issue a final permit pursuant to such application
or issue a final denial of such application.

(C)The time periods specified in this paragraph shall also apply in the case of any State which is
administering an authorized hazardous waste program under section 3006 [42 USCS § 6926].
Interim status under subsection (e) shall terminate for each facility referred to in subparagraph
(A)ii) or (B) on the expiration of the five- or eight-year period referred to in subparagraph (A) or (B),
whichever is applicable, unless the owner or operator of the facility applies for a final determination
regarding the issuance of a permit under this subsection within—

(i)two years after the date of the enactment of the Hazardous and Solid Waste Amendments of
1984 [enacted Nov. 8, 1984] (in the case of a facility referred to in subparagraph (A)(ii)), or

(iiYfour years after such date of enactment (in the case of a facility referred to in subparagraph

(B)).

(3)Any permit under this section shall be for a fixed term, not to exceed 10 years in the case of any land
disposal facility, storage facility, or incinerator or other treatment facility. Each permit for a land disposal
facility shall be reviewed five years after date of issuance or reissuance and shall be modified as
necessary to assure that the facility continues to comply with the currently applicable requirements of
this section and section 3004 [42 USCS § 6924]. Nothing in this subsection shall preclude the
Administrator from reviewing and modifying a permit at any time during its term. Review of any
application for a permit renewal shall consider improvements in the state of control and measurement
technology as well as changes in applicable regulations. Each permit issued under this section shall
contain such terms and conditions as the Administrator (or the State) determines necessary to protect
human health and the environment.

(d) Permit revocation. Upon a determination by the Administrator (or by a State, in the case of a State having
an authorized hazardous waste program under section 3006 [42 USCS § 6926]) of noncompliance by a facility
having a permit under this title [42 USCS §§ 6901 et seq.] with the requirements of this section or section 3004
[42 USCS § 6924], the Administrator (or State, in the case of a State having an authorized hazardous waste
program under section 3006 [42 USCS § 6926]) shall revoke such permit.

(e) Interim status.
(1)Any person who—
(A)owns or operates a facility required to have a permit under this section which facility—
(i)was in existence on November 19, 1980, or

(ii)is in existence on the effective date of statutory or regulatory changes under this Act [42
USCS §§ 6901 et seq.] that render the facility subject to the requirement to have a permit under
this section,

(B)has complied with the requirements of section 3010(a) [42 USCS § 6930(a)], and

(C)has made an application for a permit under this section,
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shall be treated as having been issued such permit until such time as final administrative disposition of
such application is made, unless the Administrator or other plaintiff proves that final administrative
disposition of such application has not been made because of the failure of the applicant to furnish
information reasonably required or requested in order to process the application.

This paragraph shall not apply to any facility which has been previously denied a permit under this
section or if authority to operate the facility under this section has been previously terminated.

(2)In the case of each land disposal facility which has been granted interim status under this subsection
before the date of enactment of the Hazardous and Solid Waste Amendments of 1984 [enacted Nov. 8,
1984], interim status shall terminate on the date twelve months after the date of the enactment of such
Amendments [enacted Nov. 8, 1984] unless the owner or operator of such facility—

(A)applies for a final determination regarding the issuance of a permit under subsection (c) for such
facility before the date twelve months after the date of the enactment of such Amendments
[enacted Nov. 8, 1984]; and

(B)certifies that such facility is in compliance with all applicable groundwater monitoring and
financial responsibility requirements.

(3)In the case of each land disposal facility which is in existence on the effective date of statutory or
regulatory changes under this Act [42 USCS §§ 6901 et seq.] that render the facility subject to the
requirement to have a permit under this section and which is granted interim status under this
subsection, interim status shall terminate on the date twelve months after the date on which the facility
first becomes subject to such permit requirement unless the owner or operator of such facility—

(A)applies for a final determination regarding the issuance of a permit under subsection (c) for such
facility before the date twelve months after the date on which the facility first becomes subject to
such permit requirement; and

(B)certifies that such facility is in compliance with ail applicable groundwater monitoring and
financial responsibility requirements.

(f) Coal mining wastes and reclamation permits. Notwithstanding subsection (a) through (e) of this section,
any surface coal mining and reclamation permit covering any coal mining wastes or overburden which has been
issued or approved under the Surface Mining Control and Reclamation Act of 1977 shall be deemed to be a
permit issued pursuant to this section with respect to the treatment, storage, or disposal of such wastes or
overburden. Regulations promuigated by the Administrator under this subtitle [42 USCS §§ 6921 et seq.] shall
not be applicable to treatment, storage, or disposal of coal mining wastes and overburden which are covered by
such a permit.

(9) Research, development, and demonstration permits.

(1)The Administrator may issue a research, development, and demonstration permit for any hazardous
waste treatment facility which proposes to utilize an innovative and experimental hazardous waste
treatment technology or process for which permit standards for such experimental activity have not
been promulgated under this subtitle [42 USCS §§ 6921 et seq.]. Any such permit shall inciude such
terms and conditions as will assure protection of human health and the environment. Such permits—

(A)shall provide for the construction of such facilities, as necessary, and for operation of the facility
for not longer than one year (unless renewed as provided in paragraph (4)), and

(B)shall provide for the receipt and treatment by the facility of only those types and quantities of
hazardous waste which the Administrator deems necessary for purposes of determining the
efficacy and performance capabilities of the technology or process and the effects of such
technology or process on human health and the environment, and

(C)shall include such requirements as the Administrator deems necessary to protect human health
and the environment (including, but not limited to, requirements regarding monitoring, operation,
insurance or bonding, financial reponsibility [responsibility], closure, and remedial action), and such
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requirements as the Administrator deems necessary regarding testing and providing of information
to the Administrator with respect to the operation of the facility.

The Administrator may apply the criteria set forth in this paragraph in establishing the conditions of
each permit without separate establishment of regulations implementing such criteria.

(2)For the purpose of expediting review and issuance of permits under this subsection, the
Administrator may, consistent with the protection of human health and the environment, modify or
waive permit application and permit issuance requirements established in the Administrator's general
permit regulations except that there may be no modification or waiver of regulations regarding financial
responsibility (including insurance) or of procedures established under section 7004(b)(2) [42 USCS §
6974(b)(2)] regarding public participation.

(3)The Administrator may order an immediate termination of all operations at the facility at any time he
determines that termination is necessary to protect human health and the environment.

(4)Any permit issued under this subsection may be renewed not more than three times. Each such
renewal shall be for a period of not more than 1 year.

(h) Waste minimization. Effective September 1, 1985, it shall be a condition of any permit issued under this
section for the treatment, storage, or disposal of hazardous waste on the premises where such waste was
generated that the permittee certify, no less often than annually, that—

(1)the generator of the hazardous waste has a program in place to reduce the volume or quantity and
toxicity of such waste to the degree determined by the generator to be economically practicable; and

(2)the proposed method of treatment, storage, or disposal is that practicable method currently available
to the generator which minimizes the present and future threat to human health and the environment.

(i) Interim status facilities receiving wastes after July 26, 1982. The standards concerning ground water
monitoring, unsaturated zone monitoring, and corrective action, which are applicable under section 3004 {42
USCS § 6924] to new landfills, surface impoundments, land treatment units, and waste-pile units required to be
permitted under subsection (c) shall also apply to any landfill, surface impoundment, land treatment unit, or
waste-pile unit qualifying for the authorization to operate under subsection (e) which receives hazardous waste
after July 26, 1982.

(j) Interim status surface impoundments.

(1)Except as provided in paragraph (2), (3), or (4), each surface impoundment in existence on the date
of enactment of the Hazardous and Solid Waste Amendments of 1984 [Nov. 8, 1984] and qualifying for
the authorization to operate under subsection (e) of this section shall not receive, store, or treat
hazardous waste after the date four years after such date of enactment unless such surface
impoundment is in compliance with the requirements of section 3004(0)(1)(A) [42 USCS §
6924(0)(1)(A)] which would apply to such impoundment if it were new.

(2)Paragraph (1) of this subsection shall not apply to any surface impoundment which (A) has at least
one liner, for which there is no evidence that such liner is leaking; (B) is located more than one-quarter
mile from an underground source of drinking water; and (C) is in compliance with generally applicable
ground water monitoring requirements for facilities with permits under subsection (c) of this section.

(3)Paragraph (1) of this subsection shall not apply to any surface impoundment which (A) contains
treated waste water during the secondary or subsequent phases of an aggressive biological treatment
facility subject to a permit issued under section 402 of the Clean Water Act [33 USCS § 1342} (or which
holds such treated waste water after treatment and prior to discharge); (B) is in compliance with
generally applicable ground water monitoring requirements for facilities with permits under subsection
(c) of this section; and (C)(i) is part of a facility in compliance with section 301(b)(2) of the Clean Water
Act [33 USCS § 1311(b)(2)] or (ii) in the case of a facility for which no effluent guidelines required under
section 304(b)(2) of the Clean Water Act [33 USCS § 1314(b)(2)] are in effect and no permit under
section 402(a)(1) of such Act [33 USCS § 1342(a)(1)] implementing section 301(b)(2) of such Act [33
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USCS § 1311(b)(2)] has been issued, is part of a facility in compliance with a permit under section 402
of such Act [33 USCS § 1342], which is achieving significant degradation of toxic pollutants and
hazardous constituents contained in the untreated waste stream and which has identified those toxic
pollutants and hazardous constituents in the untreated waste stream to the appropriate permitting
authority.

(4)The Administrator (or the State, in the case of a State with an authorized program), after notice and
opportunity for comment, may modify the requirements of paragraph (1) for any surface impoundment if
the owner or operator demonstrates that such surface impoundment is located, designed and operated
so as to assure that there will be no migration of any hazardous constitutent [constituent] into ground
water or surface water at any future time. The Administrator or the State shall take into account
locational criteria established under section 3004(0)(7) [42 USCS § 6924(0)(7)].

(5)The owner or operator of any surface impoundment potentially subject to paragraph (1) who has
reason to believe that on the basis of paragraph (2), (3), or (4) such surface impoundment is not
required to comply with the requirements of paragraph (1), shall apply to the Administrator (or the State,
in the case of a State with an authorized program) not later than twenty-four months after the date of
enactment of the Hazardous and Solid Waste Amendments of 1984 [enacted Nov. 8, 1984] for a
determination of the applicability of paragraph (1) (in the case of paragraph (2) or (3)) or for a
modification of the requirements of paragraph (1) (in the case of paragraph (4)), with respect to such
surface impoundment. Such owner or operator shall provide, with such application, evidence pertinent
to such decision, including:

{A)an application for a final determination regarding the issuance of a permit under subsection (c)
of this section for such facility, if not previously submitted;

(B)evidence as to compliance with all applicable ground water monitoring requirements and the
information and analysis from such monitoring;

(C)all reasonably ascertainable evidence as to whether such surface impoundment is leaking; and

(D)in the case of applications under paragraph (2) or (3), a certification by a registered professional
engineer with academic training and experience in ground water hydrology that—

(i)Junder paragraph (2), the liner of such surface impoundment is designed, constructed, and
operated in accordance with applicable requirements, such surface impoundment is more than
one-quarter mile from an underground source of drinking water and there is no evidence such
liner is leaking; or

(ii)under paragraph (3), based on analysis of those toxic pollutants and hazardous constituents
that are likely to be present in the untreated waste stream, such impoundment satisfies the
conditions of paragraph (3).

In the case of any surface impoundment for which the owner or operator fails to apply under this
paragraph within the time provided by this paragraph or paragraph (6), such surface impoundment
shall comply with paragraph (1) notwithstanding paragraph (2), (3), or (4). Within twelve months
after receipt of such application and evidence and not later than thirty-six months after such date of
enactment [enacted Nov. 8, 1984], and after notice and opportunity to comment, the Administrator
(or, if appropriate, the State) shall advise such owner or operator on the applicability of paragraph
(1) to such surface impoundment or as to whether and how the requirements of paragraph (1) shall
be modified and applied to such surface impoundment.

(6)

(A)In any case in which a surface impoundment becomes subject to paragraph (1) after the date of
enactment of the Hazardous and Solid Waste Amendments of 1984 [enacted Nov. 8, 1984] due to
the promulgation of additional listings or characteristics for the identification of hazardous waste
under section 3001 [42 USCS § 6921], the period for compliance in paragraph (1) shall be four
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years after the date of such promulgation, the period for demonstrations under paragraph (4) and
for submission of evidence under paragraph (5) shall be not later than twenty-four months after the
date of such promulgation, and the period for the Administrator (or if appropriate, the State) to
advise such owners or operators under paragraph (5) shall be not later than thirty-six months after
the date of promuigation.

(B)In any case in which a surface impoundment is initially determined to be excluded from the
requirements of paragraph (1) but due to a change in condition (including the existence of a leak)
no longer satisfies the provisions of paragraph (2), (3), or (4) and therefore becomes subject to
paragraph (1), the period for compliance in paragraph (1) shall be two years after the date of
discovery of such change of condition, or in the case of a surface impoundment excluded under
paragraph (3) three years after such date of discovery.

(@)

(A)The Administrator shall study and report to the Congress on the number, range of size,
construction, likelihood of hazardous constituents migrating into ground water, and potential threat
to human health and the environment of existing surface impoundments excluded by paragraph (3)
from the requirements of paragraph (1). Such report shall address the need, feasibility, and
estimated costs of subjecting such existing surface impoundments to the requirements of
paragraph (1).

(B)In the case of any existing surface impoundment or class of surface impoundments from which
the Administrator (or the State, in the case of a State with an authorized program) determines
hazardous constituents are likely to migrate into ground water, the Administrator (or if appropriate,
the State) is authorized to impose such requirements as may be necessary to protect human health
and the environment, including the requirements of section 3004(o) [42 USCS § 6924(o)] which
would apply to such impoundments if they were new.

(C)In the case of any surface impoundment excluded by paragraph (3) from the requirements of
paragraph (1) which is subsequently determined to be leaking, the Administrator (or, if appropriate,
the State) shall require compliance with paragraph (1), unless the Administrator (or, if appropriate,
the State) determines that such compliance is not necessary to protect human health and the
environment.

(8)In the case of any surface impoundment in which the liners and leak detection system have been
installed pursuant to the requirements of paragraph (1) and in good faith compliance with section
3004(0) [42 USCS § 6924(0)] and the Administrator’'s regulations and guidance documents governing
liners and leak detection systems, no liner or leak detection system which is different from that which
was so installed pursuant to paragraph (1) shall be required for such unit by the Administrator when
issuing the first permit under this section to such facility. Nothing in this paragraph shall preclude the
Administrator from requiring installation of a new liner when the Administrator has reason to believe
that any liner installed pursuant to the requirements of this subsection is leaking.

(9)In the case of any surface impoundment which has been excluded by paragraph (2) on the basis of
a liner meeting the definition under paragraph (12)(A)(ii), at the closure of such impoundment the
Administrator shall require the owner or operator of such impoundment to remove or decontaminate all
waste residues, all contaminated liner material, and contaminated soil to the extent practicable. If all
contaminated soil is not removed or decontaminated, the owner or operator of such impoundment shall
be required to comply with appropriate post-closure requirements, including but not limited to ground
water monitoring and corrective action.

(10)Any incremental cost attributable to the requirements of this subsection or section 3004(0) [42
USCS § 6924(0)] shall not be considered by the Administrator (or the State, in the case of a State with
an authorized program under section 402 of the Clean Water Act [33 USCS § 1342])—
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(A)in establishing effluent limitations and standards under section 301, 304, 306, 307, or 402 of the
Clean Water Act [33 USCS § 1311, 1314, 1316, or 1317] based on effluent limitations guidelines
and standards promulgated any time before twelve months after the date of enactment of the
Hazardous and Solid Waste Amendments of 1984 [enacted Nov. 8, 1984]; or

(B)in establishing any other effluent limitations to carry out the provisions of section 301, 307, or
402 of the Clean Water Act [33 USCS § 1311, 1317, or 1342] on or before October 1, 1986.

(11

(A)If the Administrator allows a hazardous waste which is prohibited from one or more methods of
land disposal under subsection (d), (e), or (g) of section 3004 [42 USCS § 6924(d), (e) or (g)] (or
under regulations promulgated by the Administrator under such subsections) to be placed in a
surface impoundment (which is operating pursuant to interim status) for storage or treatment, such
impoundment shall meet the requirements that are applicable to new surface impoundments under
section 3004(o)(1) [42 USCS § 6924(0)(1)], unless such impoundment meets the requirements of
paragraph (2) or (4).

(B)In the case of any hazardous waste which is prohibited from one or more methods of land
disposal under subsection (d), (e), or (g) of section 3004 [42 USCS § 6924(d), (e), or (g)] (or under
regulations promulgated by the Administrator under such subsection) the placement or
maintenance of such hazardous waste in a surface impoundment for treatment is prohibited as of
the effective date of such prohibition unless the treatment residues which are hazardous are, at a
minimum, removed for subsequent management within one year of the entry of the waste into the
surface impoundment.

(12)
(A)For the purposes of paragraph (2)(A) of this subsection, the term “liner” means—

(i)a liner designed, constructed, installed, and operated to prevent hazardous waste from
passing into the liner at any time during the active life of the facility; or

(ii)a liner designed, constructed, installed, and operated to prevent hazardous waste from
migrating beyond the liner to adjacent subsurface soil, ground water, or surface water at any
time during the active life of the facility.

{B)For the purposes of this subsection, the term “aggressive biological treatment facility” means a
system of surface impoundments in which the initial impoundment of the secondary treatment
segment of the facility utilizes intense mechanical aeration to enhance biological activity to degrade
waste water pollutants and

(i)the hydraulic retention time in such initial impoundment is no longer than 5 days under
normal operating conditions, on an annual average basis;

(ii}the hydraulic retention time in such initial impoundment is no ionger than thirty days under
normal operating conditions, on an annual average basis: Provided, That the sludge in such
impoundment does not constitute a hazardous waste as identified by the extraction procedure
toxicity characteristic in effect on the date of enactment of the Hazardous and Solid Waste
Amendments of 1984 [enacted Nov. 8, 1984]; or

(iii)such system utilizes activated sludge treatment in the first portion of secondary treatment.

(C)For the purposes of this subsection, the term “underground source or [of] drinking water” has the
same meaning as provided in regulations under the Safe Drinking Water Act (title XIV of the Public
Health Service Act).

(13)The Administrator may modify the requirements of paragraph (1) in the case of a surface
impoundment for which the owner or operator, prior to October 1, 1984, has entered into, and is in
compliance with, a consent order, decree, or agreement with the Administrator or a State with an
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authorized program mandating corrective action with respect to such surface impoundment that
provides a degree of protection of human health and the environment which is at a minimum equivalent
to that provided by paragraph (1).

History

HISTORY:

Act Oct. 20, 1965, P. L. 89-272, Title 11, Subtitle C, § 3005, as added Oct. 21, 1976, P. L. 94-580, § 2, 90 Stat. 2808;
Nov. 8, 1978, P. L. 95-609, § 7(h), 92 Stat. 3082; Oct. 21, 1980, P. L. 96-482, §§ 10, 11, 94 Stat. 2338; Nov. 8,
1984, P. L. 98-616, Title II, Subtitie B, §§ 211-213(a), (c), 214, 215, Subtitle C, § 222(b), Subtitle D, § 243(c), 98
Stat. 3240-3243, 3253, 3261; March 26, 1996, P. L. 104-119, § 4(6), (7), 110 Stat. 833.
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EXECUTIVE SUMMARY

There are compelling reasons to guestion the use of natural gas (methane),
given the risks it poses to human health. This report summarizes recent
scientific findings that document methane’s implications for health.

Methane extraction, especially by means of
high-volume horizontal hydraulic fracturing
(fracking), releases methane and dangerous tox-
ic substances into the water and air. So do the
subsequent processing. transport and delivery of
methane. We classify the associated health threats
into two broad categories: those caused by ex-
posure to toxic substances, and those associated
with methane’s effects on the climate.

TOXIC EXPOSURES
AL WATER CONTAMINATION

In fracking, a complex mixture of chemicals is
combined with millions of gallons of water, then
pumped deep underground under high pressure
to fracture rock, thus releasing tiny bubbles of gas
or oil. The list of chemicals used in fracking fluids
is considered proprietary business information and
is not always made public. However, some fracking
fluids contain benzene (known to cause leukemia
and other blood cancers), formaldehyde (a known
carcinogen), and petroleum distillate (toxins which
would render water undrinkable). Where people
are exposed to fracking fluids but disclosure of the
chemicals involved is not required, health profes-
sionals may have to guess at toxicity, thus compli-
cating or delaying treatment,

Some of the chemical-water fracking mixture
routinely remains underground, where it can mi-
grate into underground water supplies; methane
and fracking chemicals have been found in drink-
ing-water wells near fracking sites. The fracking
wastewater that is removed from the well is gen-
erally so severely contaminated that conventional

water treatment facilities cannot purify it. Its dis-
posal poses a host of new problems, from ground
and water contamination to earthquakes.

B. AIR CONTAMINATION

Fracking releases toxic substances not only into
the water but also into the air. One of the most
dangerous is particulate matter, which causes or
contributes to lung diseases like COPD and lung
cancer, heart effects including heart attack and
congestive heart failure, and ischemic stroke.
Fracking also releases volatile organic compounds
(VOC’s) such as benzene and formaldehyde, both
of which are known carcinogens; toluene, associ-
ated with mental disabilities and abnormal growth
in children, as well as damage to the kidney, liver,
and immune and reproductive systems; and xy-
lene, which can affect the nervous system, kid-
neys, lungs and heart. VOC's also contribute to
ground-level ozone, a pollutant that can reduce
lung function and worsen bronchitis, emphysema
and asthma. Radioactive substances like radon can
accompany methane; radon is a potent cause of
lung cancer. The full list of dangerous substances is
far longer. Because fracking is conducted in rural,
suburban and even urban areas, it exposes over 15
million Americans to the toxic substances used in
and around drilling sites.

Some of these health risks are not limited to the
fracking site. The pipelines and compressor sta-
tions that transport fracked gas hundreds of miles
from well sites can leak, exposing distant popula-
tions to dangerous substances that travel through
the pipelines along with the methane; these in-
clude, notably, particulate matter, volatile organic
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compounds, and radon and its radioactive decay
products. This infrastructure also carries the risk
of explosions and intense fires.

C. HEALTH OUTCOMES

The risks from exposure to fracking-related tox-
ics are not theoretical. Evidence is accumulating
that exposure to fracking-related substances has
caused serious health effects. Proximity to frack-
ing sites has been shown to be associated with an
increase in various health symptoms. Some, such
as migraine headaches, severe fatigue and nose-
bleeds, may indicate underlying health impacts
whose causes and implications may not be fully
understood. Research indicates certain health out-
comes associated with proximity to fracking sites
are immediately understood to be serious; these
include the increase in high-risk pregnancies, birth
defects and premature births. (Premature birth is

a leading cause of infant death.) Other health out-
comes may not manifest for years, given their long
latency periods, but peer-reviewed research shows
a clear link between early life exposures to some
of the chemicals used in fracking and eventual
adverse health effects. Evidence also links fracking
to effects on farm animals, including stillbirths and
deaths. Fracking's impact on the food supply is
not yet known.

FRACKING AND CLIMATE CHANGE
A. CLIMATE IMPACTS ON HEALTH

Methane is an extremely potent climate change
gas, 86 times more potent than carbon dioxide
over its first 20 years in the atmosphere. As such,
it contributes to the host of threats to health
known to be associated with climate change

here and around the world. These include heat
waves, which are the most lethal impact of climate
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change in the United States; the spread of diseas-
es carried by insects and other vectors, such as
West Nile disease, malaria, and Lyme disease; in-
tense hurricanes, storms, and sea level rise; flood-
ing, which may cause water contamination and
destruction of homes and crops; and droughts,
wildfires, and decreased crop vields.

B. LEAKAGE AND TIPPING POINTS

Methane leakage into the atmosphere is a prob-
lem whose magnitude is now being reassessed:
Rates of leakage appear significantly higher than
was previously calculated, especially from fracked
wells, both active and abandoned; infrastructure
including compressor stations; and pipelines,
including distribution pipelines for heating and
cooking. Large storage facilities, such as Aliso
Canyon in California, have emerged as another
source of methane leakage. The cumulative im-
pact of this leakage may overwhelm the apparent
climate advantage of burning methane gas in-
stead of coal for power generation.

Due to tipping points in the climate system, the
next 20-30 years will be decisive in determining
the extent of climate change impacts. With air

and ocean temperatures rising worldwide, we are
in danger of surpassing the critical threshold of

a greater than 2°C temperature increase. If that
happens, much of the world's permafrost will melt.
The result: vast amounts of carbon dioxide and
methane will be released, yielding even greater cli-
mate change acceleration; more parts of the world
would reach unlivable temperatures. The critical
need to avoid such a climate crisis requires that
we take into account methane's near-term warm-
ing impacts and act expeditiously.

CONCLUSIONS

Our nation’s policies and practices must recog-
nize and respond to these grave health hazards.
Industry and government action to stem methane
leaks are welcome steps in the right direction but
are inadequate: they reduce but do not resolve
methane leakage and toxic threats. Therefore,
Physicians for Social Responsibility calls for a full
and honest assessment of methane gas's impacts
on health, including the following steps to protect
human health:

« Calculate methane’s climate-forcing potential
based on its impact over its first twenty years in
the atmosphere;

* Develop a thorough inventory of methane gas
leakage across its entire lifecycle: and

« Appraise the toxic risks associated with meth-
ane, including at the points of extraction, pro-
cessing, transport and distribution.

« Ensure that natural gas projects are subject to
fundamental health-protective policy. including
the Clean Water Act, Clean Air Act, and the Re-
source Conservation and Recovery Act.

*» Require companies conducting hydraulic frac-
turing to fully and transparently declare the
chemicals they use in those processes.

* Reqguire federal, state and local governments to
prioritize the protection of human health in their
decisions concerning gas-related projects.

These factors should inform public policy and
should lead to the phasing-out of methane gas.

Finally, to meet our nation’s need for abundant
energy, PSR calls for a swift and equitable transi-
tion to the production and deployment of energy
efficiency and virtually carbon-free renewable en-
ergy sources including solar. wind and geothermal
power. Our health and that of future generations
deserve and depend on a clean energy future.
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METHANE GAS ACCELERATES
CLIMATE DISASTER

What should be the role of natural gas in our nation’s energy mix, given
the need to reduce greenhouse gas emissions? How severely does natural
gas impact the climate? What are its other effects on human health?
These questions are at the heart of an active debate that has grown
more urgent as coal-fired power plants are retired. The answers that are
emerging indicate that we must reassess the value of natural gas as a
fuel —especially as U.S. methane emissions have increased by more than
30 percent over the past decade' and methane has overtaken coal as the
most-used fuel in electricity production.?

METHANE, A MAJOR
GREENHOUSE GAS

Climate scientists know that the burning of fos-
sil fuels is driving much of the increase in global
temperatures over the past 65 years.® About a
third of the greenhouse gases propelling that
increase come from burning coal to produce
electricity. Natural gas, whose primary ingredient
is methane, is often proposed as an alternative to
coal, since when burned it emits only about half
as much carbon dioxide.* But that comparison
holds true only at the point of combustion. Due to
leaking methane, which escapes across the natural
gas supply chain from the well head to the end
user, natural gas’s effect on the climate is greater,
perhaps much greater. That's because while it is
in the atmosphere, methane has a much stronger
heat-retaining impact than carbon dioxide. And
while a methane molecule lasts only 12.4 vears in
the atmosphere, it breaks down into carbon diox-
ide (CO,) and water vapor, and those greenhouse
gases extend methane's impact on the climate for

decades. Over a 20-year timeframe, methane is
86 times more potent at trapping heat than CO,,
according to the IPCC.®

Those 20 years are an appropriate timeframe to
consider, given that it is roughly the window of
opportunity that remains for us to slow climate
change. If we don’t contain greenhouse gas lev-
els in the coming years, we are likely to see world
temperatures increase more than 1.5°C to 2°C
above preindustrial levels, the limit the U.S. and
most of the world's nations agreed to in the 2015
Paris Accords. Increases beyond those levels are
likely to melt much of the world's permafrost,¢
releasing such vast quantities of stored methane
and carbon dioxide that the world would experi-
ence climate change irreversible on a human time
scale.> 7 The critical need to avoid that tipping
point requires that we assess natural gas's power-
ful impact on our climate, including the impacts of
leakage from natural gas facilities, and act appro-
priately.
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METHANE LEAKAGE FROM
NATURAL GAS EXTRACTION

A growing body of scientific evidence shows that
methane leaks into the atmosphere during every
phase of the natural gas supply chain: from drilling
sites, processing, transport, storage and final dis-
tribution, The rate of that methane leakage is hotly
debated. A 2016 study found that researchers'’
estimates of leaks across the supply chain ranged
from 0.2 to 10 percent of produced methane.® with
the variation due in part to inherent difficulties in
measuring leaks.

The most precise measurements are taken when
scientists can go directly to the field (well sites,
drilling and processing equipment, pipelines or
other pieces of infrastructure) and measure the
methane leakage, then extrapolate from an aver-
age of those measurements. These "bottom-up”
studies have high internal validity, that is, the data
are generally accurate for the sites where they
are taken. However they lack corresponding high
external validity, meaning that generalizing those
results is not reliable; for example, a relatively
small database of samples is likely to under-repre-
sent infrequent but high-emission events such as
venting and accidental leaks (or by the same to-
ken, the infrequent low-emitting, ideally managed
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Natural gas industry, from production through distribution.
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well site), However, developing a large and statisti-
cally random database is difficult: site-by-site data
collection is labor-intensive and time-consuming;
access to fracking sites is often restricted, wheth-
er by the drilling company or the land owner; and
databases are likely to miss the numerous small
leaks that have been found to occur in the natural
gas system far downstream from well sites.

Another means of estimating leakage rates, re-
ferred to as “top-down,” measures methane in the

Fracking often introduces heavy industrial activity, and pollution, into rural areas.
PHOTO: U.S. Geological Survey.
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atmosphere, using collection tools placed on tow-
ers, airplanes, or on cars doing drive-by surveys
where oil and gas extraction and processing are
occurring, Scientists then interpret the resulting
data in light of other data gathered (wind pat-
terns, industry operation levels, other sources of
methane release such as agriculture, etc.) to mod-
el how much methane is attributable to oil and
natural gas sector activity. These modeling-based
studies are considered to have high external
validity, that is, their results can more readily be
generalized to other fracking sites. However they
have lower internal validity, in that multiple other
factors can affect atmospheric methane levels,
making it difficult to say that no other variables
contributed to the result.

A ground-breaking study of natural gas leakage
from production sites, conducted by a consortium
that included the National Oceanographic and
Atmospheric Administration, the Envircnmental
Defense Fund, nine universities and two private
entities, succeeded in 2015 in reconciling top-
down (atmospheric) and bottom-up (source-spe-
cific) estimates of methane leakage. That study,
which examined the Barnett Shale oil- and
gas-producing region of Texas, one of the nation’s
major natural gas production areas, used aircraft
to capture atmospheric samples from production,
processing, and distribution sources. It concluded
among other things that methane emissions from
oil and gas operations exceeded those reported
by government inventories, showing results fully
90 percent higher than estimates based on the
U.S. Environmental Protection Agency (EPA)'s
Greenhouse Gas Inventory.®

Active well sites are not the only source of leak-
age; methane also escapes from abandoned wells.
Neither the EPA nor any equivalent state agency
monitors methane leaking from abandoned wells©
yvet studies indicate that three million abandoned
wells exist! énd that their leakage rates increase
with age. A study conducted by an oil and gas
company found that about five percent of natural
gas wells leaked immediately; 50 percent were
leaking after 15 years, and 60 percent after about
30 years? As the wells constructed in the recent
fracking boom begin to age, they will continue to
add to global warming.

foo Dirty, oo Dangerous: Wiy Health Prolessionals iReject Mawural Gas

Flaring of methane from a fracking well,

How high, then, is the level of methane leakage
from production sites? A 2014 study used satellite
data to guantify fugitive emissions from the Bak-
ken and Eagle Ford shale formations; it estimated
their leakage rates at roughly 10.1 and 9.1 percent
respectively. The study noted that those rates of
leakage “call... into question” the climate benefit of
natural gas use.®

METHANE LEAKAGE FROM
INFRASTRUCTURE

Methane leakage also occurs across the natural
gas supply chain, including processing, trans-
port, storage facilities and final distribution. Gas
escapes from the processing plants that remove
impurities and from the compressors that pressur-
ize the pipes to keep gas flowing; in fact, a study
in Texas' Barnett Shale found that methane emis-
sions from compressor stations were substantially
higher than from well pads. '@ Another study of
the Barnett Shale found methane emissions from
natural gas processing plants and a compressor
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Methane leaks in the city of Boston, shown as concentrations

(in parts per million) SOURCE: Reprinted from Environmental
Pollution, Vol 173, Nathan G. Phillips et al., Mapping urban pipeline
leaks: Methane leaks across Boston, 1-4, Copyright (2013), with
permission from Elsevier.

station in the field were 3.2 to 5.8 times higher
than estimates based on the U.S. EPA Greenhouse
Gas Reporting Program, where large-scale indus-
try sources are required to self-report emissions.”®

Natural gas also leaks from pipelines. According
to a report by the EPA’s Office of Inspector Gen-
eral, the EPA acknowledged in 2012 that pipeline
leaks “accounted for more than 13 million metric
tons of carbon dioxide equivalent emissions” —at
that time, more than 10 percent of total methane

Permafrost thawing in the Artic Circle. PHOTO: Brocken Inaglory

emissions from natural gas systems in the U.56
Scientists measured methane leakage from dis-
tribution pipes under the streets of Boston and
noted in January 2016 that of 100 natural gas
leaks surveyed, 15 percent qualified as "potentially
explosive," adding, “All leaks must be addressed,
as even small leaks cannot be disregarded as
‘safely leaking.”V A study conducted in the Bos-
ton area in 2015 found that methane emissions
from distribution pipelines and end use were two
to three times greater than had been predicted by
existing inventory methodologies and industry re-
ports. The authors noted that areas that consume
natural gas, as distinct from those that produce it,
"may..represent areas of significant resource loss”
and that the many leaks present in the Boston
area "contribute[d] significantly to the total CH,
source.”® The same study of “downstream” meth-
ane emissions in Boston (transmission, distribution
and end use) found that gas escaped at an aver-
age loss rate between 21 and 3.3 percent —more
than twice as high as inventory data suggested.

Finally, natural gas storage facilities have proven
also to leak. A massive leak at the Aliso Canyon
natural gas storage facility near Los Angeles,
California remained uncontrolied between Oc-
tober 2015 and February 2016, emitting more

8 foo Lirly [eo Uangerous Why Healih Professionals Reject Navural Gas



than 100,000 tons of methane into the air'®*—an
amount estimated to equal the annual greenhouse
gas emissions from over half a million cars.?° It
was the worst methane leak in U.S. history? and
created a plume detectable from outer space.?? In
response, Congress passed the first federal legis-
lation requiring regulation of underground natural
gas storage facilities. It obligates the Pipeline and
Hazardous Materials Safety Administration to de-
velop regulations for gas storage facility construc-
tion and operation.?s

HOW MUCH LEAKAGE OVERALL?Y

While the rate of methane leakage continues to
be debated, the trend in research findings points
to higher, not lower, rates of leakage. Earlier stud-
ies estimated that as little as 1.2 percent of the to-
tal methane output generated by the natural gas
industry leaked into the atmosphere, with EPA
and industry findings generally falling on the low
side of the leakage rate spectrum. This however
was widely disputed, with the EPA's own inspec-
tor general stating in 2014 that the EPA had not
placed enough focus on the issue and was using
outdated information in its analyses.?® The EPA
later revised upwards its estimates of 2014 life cy-
cle methane emissions from the oil and gas indus-
try, considered together, by 34 percent.?® A 2016
study by Cornell University researcher Robert
Howarth, calculating that transport, storage, and
distribution systems added a 2.5 percent emission
rate to the leakage at the point of extraction, con-
cluded that on average 12 percent of the methane
produced by fracking is lost by leaking into the
atmosphere.?®

How much methane leakage can the planet ab-
sorb without driving us to the tipping point? It
was estimated in 2012 that the climate benefit of
switching from coal-fired to gas-fired power plants
can be achieved only if total natural gas leakage
is below a threshold of 3.2 percent.?” Howarth

in 2014 proposed a comparable if slightly lower
threshold of below 2.4 to 3.2 percent leakage.®
To achieve those rates, the natural gas industry
would have to attain far greater levels of methane
capture. leak repair, and phase-out of blowdowns,
flaring and other methane-emitting techniques
than are now practiced.
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Current global greenhouse gas emissions, as estimated by the
IPCC. weighted for three different global warming potentials and
expressed as carbon dioxide equivalents. At the 10-year time frame,
global methane emissions expressed as carbon dioxide equivalents
actually exceed the carbon dioxide emissions

SOURCE: IPPC

Whether that can be achieved remains to be seen.
One study, based on data and commentary from
oil and gas producers and other industry sources,
suggests that as much as 40 percent of fugitive
emissions could be halted at minimal cost.?® The
EPA for its part in 2016 introduced regulations

to reduce methane leaks from new, modified or
reconstructed natural gas operations; it planned to
propose similar regulations for existing sources in
2017. However, the new political environment plac-
es in doubt further regulation of the gas and oil in-
dustry. And even the Obama Administration's goal
of cutting methane emissions from the industry by
40 to 45 percent*® might not have been sufficient.
Too little is known about actual leakage levels and
their implications. How much methane leaks: 9.3
percent? 12 percent? How great is the actual level
of methane production going to be? And how low
do leakage rates need to be? A 40 percent reduc-




tion in a 12 percent industry leakage rate may not
be sufficient for climate safety.

NATURAL GAS OR COAL”Y

What do these numbers imply about the climate
benefits of replacing coal with natural gas to
generate electricity? Scientists disagree. Two 201
studies concluded that "the substitution of gas
for coal as an energy source results in increased
rather than decreased global warming for many
decades..”* and that, “Compared to coal, the
footprint of shale gas is at least 20 percent great-
er and perhaps more than twice as great on the
20-year horizon" and over a 100-year timeframe,
comparable to coal.’? A 2014 study found that
over the 40-year lifespan of a power plant, assum-
ing equally efficient plants and a low 2 percent
methane leakage rate, methane and coal were
roughly equal in their greenhouse emissions. Even
methane leakage rates of 5 or 6 percent could

be offset by using a most-efficient (60 percent)
gas-burning power plant versus a merely typically
efficient (34.3 percent) coal plant. Over a 100-year
timespan, because of methane breakdown in the
atmosphere, the study found that the warming
effect from coal-fired plants would "considerably
exceed” that of natural gas plants, even if methane
leaks reached 9 percent.®® However, another study
conducted the same year concluded that turn-
ing to natural gas would have little to no effect

in reducing greenhouse gas emissions and might
actually increase them. Based on simulations

from five integrated assessment models, it found
that a majority of the models actually reported a
small increase in climate-warming effects associ-
ated with the increased use of abundant gas.®* In
short, the comparison is complex, the timeframe
matters, and consensus does not exist in the
scientific community. But there is a larger point
that needs to be made: Both of these fossil fuels
increase climate change and harm human health.
To protect health and for the wellbeing of soci-
ety, we need to transition our energy system off
both of them.

Methane leakage is not the only factor that de-
termines natural gas’s contribution to climate
change; the duration of our dependence on fossil
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diesel oil, and coal for generating primary heat (left) and for using
natural gas and coal for generating electricity (right).

fuels also needs to be considered. If natural gas
replaces coal in electricity generation, then power
plants will be built or converted that are likely to
operate for 40 years. This would extend our use
of fossil fuels —and thus our climate-damaging
emissions — far beyond the point of sustainability.
Not only that; “the expansion of natural gas risks
a delay in the introduction of near-zero emission
energy systems,”* reducing the market for renew-
able energy sources like wind and solar power,
which emit virtually no greenhouse gases beyond
the limited energy required for production and
transportation. Thus the choices that we make
today about whether to pursue or reject natural
gas are, implicitly, choices about when and how
quickly we transform our energy system from fos-
sil fuels to cleaner, healthier renewable energy and
energy efficiency.
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CLIMATE CHANGE EFFECTS
ON HUMAN HEALTH

Climate change damages human health and well-being in many ways.
These health impacts have been widely studied and documented,
including multiple climate-related threats that are specific to the United
States. Below is a summary of health threats from climate change that
are anticipated to strike the United States, drawn from the 2014 “National
Climate Assessment” conducted by the U.S. Global Change Research

Program.3®

CLIMATE CHANGE FACTORS |RESULTS POTENTIAL HEALTH EFFECTS

EXTREME HEAT EVENTS

Heat waves.

Deaths from heat stroke and related
conditions, cardiovascular disease,
respiratory disease, and cerebrovascular
disease. Increased hospital admissions
for cardiovascular, kidney, and
respiratory disorders.

HEAT, WILDFIRES,
AIR STAGNATION

MORE FROST-FREE DAYS,
WARMER AIR TEMPERATURES

EXTREME RAINFALL,
RISING TEMPERATURES

RECORD HIGH TEMPERATURES
INCREASE VULNERABILITY OF
FORESTS TO WILDFIRE.

Air pollution: heat + certain
chemicals in the atmosphere
yield increased ground-

level ozone; wildfires and air
stagnation episodes increase
particulate matter.

Increased CO, yields higher
pollen concentrations, longer
pollen seasons.

Growth of indoor fungi and
molds.

Higher air pollution, including
particulate matter, carbon
monoxide, nitrogen oxides,
volatile organic compounds
(0zone precursors).

Diminished lung function, increased
hospital admissions and emergency
room visits for asthma, and increases in
premature deaths,

Increased allergic sensitizations and
asthma episodes, loss of work and
school days. Harder to control asthma.

Increases in respiratory and asthma-
related conditions.

More respiratory and cardiovascular
hospitalizations, emergency department
visits, medications dispensed for
asthma, bronchitis, chest pain, chronic
obstructive pulmonary disease (COPD),
respiratory infections. Deaths.
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CLIMATE CHANGE FACTORS | RESULTS POTENTIAL HEALTH EFFECTS

HEAVY RAINFALL Floods | Deaths, mostly due to drowning

Floods carry disease agents Waterborne disease outbreaks

Water intrusion into buildings
can increase mold

Asthma, coughing and wheezing, lower
| respiratory tract infections such as
pneumonia
DROUGHT Wildfires, dust storms, extreme
heat events, flash flooding,
degraded water quality, and
reduced water gquantity

Degraded air guality (see above); also,
increased incidence of Valley fever.
Flooding (see above).

WEATHER VARIABLES SUCH AS
TEMPERATURE CHANGES

Weather variables can change Possible exposure to vector-borne

the geographic range of disease | diseases including Lyme, dengue fever,

hosts (vectors) West Nile virus, Rocky Mountain spotted
fever, plague, and tularemia. Vector-
borne diseases not currently found in
the United States, such as chikungunya,
Chagas disease, and Rift Valley fever,
can also become threats.

EXTREME RAINFALL EVENTS,
EXTREMELY LOW PRECIPITATION,
HIGHER AIR AND WATER
TEMPERATURES

Favorable conditions for

the growth of pathogens of
food-borne and water-borne
diarrheal disease; increased
human exposure.

Diarrheal diseases including
Salmonellosis and Campylobacteriosis

Food insecurity for groups with
particular dietary patterns like Alaska
Natives and for low-income people. Loss
of nutrition. Increased exposure to toxic
agricultural products.

COMBINED EFFECTS OF CHANGES @ Some crop yields will decline,
IN RAINFALL, SEVERE WEATHER as will livestock and fish
EVENTS, AND INCREASING production. Decreased protein
TEMPERATURES in crops such as barley,

sorghum, and soy. Increases in
weeds and crop pests may lead
to greater use of insecticides,
herbicides.

EXTREME WEATHER
(e.qg. hurricanes, floods,
heat waves, wildfires)

Abnormal events increase
mental health and stress-related
disorders.

High levels of anxiety and post-
traumatic stress disorder. Adverse
birth outcomes including preterm

birth, low birth weight, and maternal
complications. Increases in suicide rates.
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HEALTH EFFECTS OF
HYDRAULIC FRACTURING

(FRACKING)

Fracking* is a technique for extracting natural gas from deep underground
bands of shale or other porous rock. Designed to extract previously
untapped gas reserves, it involves pumping a highly pressurized mixture
of chemicals and water deep into the earth to fracture the underlying rock
formations. Many of the chemicals associated with fracking cause cancer,
are endocrine-disruptive, or are otherwise toxic.%”

The natural gas boom of the past 15 years is un-
precedented, bringing over 15 million Americans
into close proximity with this heavy industry® and
resulting in increased human exposure to toxic
substances. A growing body of scientific evidence
links fracking to health effects ranging from head-
aches and nosebleeds to asthma exacerbations,
birth defects and premature births. More than 900
peer-reviewed publications3®*° provide evidence
of environmental, health, and societal effects of
fracking.

FRACKING, HEALTH, AND AIRBORNE
EMISSIONS

Fracking operations release toxic gases, including
proven human carcinogens and potent toxicants
of the nervous system. Among the most dan-
gerous gases are certain volatile organic com-
pounds (VOCs), which are released at each stage
of fracking, from extraction to delivery.* VOCs
commonly associated with fracking operations
include the BTEX complex (benzene, toluene, eth-
ylbenzene and xylene), which can cause cancer,

= Subsequent to this reference, we will use the term “fracking” to refer
both to the process of fracturing the rock formations and to the asso-
ciated operations that extract, process and transpart natural gas. This

affect the nervous system, or cause birth defects.
(See chart.) A study by the University of Colorado
Denver School of Public Health documented dan-
gerous airborne levels of benzene near hydraulic
fracturing operations as well as elevated risks of
cancer for residents living within a half-mile of a

Foughty 200 lanker Apumper truck irjecte & Fidorat G By st o et
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Hydraulic Fracking. ILLUSTRATION; Al Granberg

encompasses land clearing, well drilling. construction of the well casing,
flaring, wastewater extraction ahd storage, processing, compression, dis-
posal of wastes, and natural gas transportation and distribution,
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drilling site.*? Ambient air testing near gas drill-
ing operations in northern Texas found excessive
amounts of benzene and of carbon disulfide, an
extremely high-risk pollutant with “disaster poten-
tial" as categorized by the Texas Commission on
Environmental Quality.**

In addition to being toxic, VOCs form ground-level
ozone, also known as smog, when they mix with
the nitrogen oxides from diesel-fueled trucks

and equipment at fracking sites. Exposure to
ground-level ozone can cause irreversible dam-
age to the lungs* and significantly increase the
chance of premature death.* VOCs and ozone
pollution have been detected at dangerous levels
at fracking sites, even in rural areas not usually
associated with air pollution. Uintan County, Utah,
home to one of the highest-producing oil and gas
fields in the U.S., has experienced dangerously
high levels of VOCs and ozone.*® For parts of 2011,
the level of ozone pollution in rural Wyoming's gas
drilling areas exceeded that of Los Angeles and
other major cities.*’

Another study identified significant amounts of
over 40 harmful chemicals in the air near drilling
sites in Colorado.”® While none were detected

at levels above EPA limits, that study and oth-

ers have noted that the EPA’s ambient air quality
standards may not be strict enough.*® They do not
fully account for long-term health effects of chem-
icals,® for the risks of episodic spikes in contam-
inant levels,” or for the enhanced risks to espe-
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Known carcinogen. May cause
anemia; can lessen white blood
cell count, weakening the
immune system.®® Prolonged
exposure may result in leukemia,
reproductive and developmental
disorders, and other cancers.?®
There is no known safe level for
air exposure, 0

Long-term exposure may affect
the nervous system and cause
miscarriages and birth defects.®

Long-term exposure may result in
blood disorders.5?

Short-term exposure to high
levels may cause irritation of the

nose and throat, nausea, vomiting,

and neurological effects. Long-
term exposure at high levels may
affect the nervous system 8

Decrease oxygen absorption and
weakens the lungs. Short-term
exposure aggravates asthma.
Contribute to the formation

of ground-level ozone and
particulate matter.t 63

May cause rapid breathing and
heart rate, clumsiness, emotional
upset. At greater exposure,

may cause vomiting, collapse,
convulsions, coma and death %6

A khown carcinogen.®’

Can cause permanent and
irreversible damage to the lungs.

A major contributor to acid rain.®

Can cause coughing, wheezing
and shortness of breath and
worsen asthma® and destabilize
heart rhythms.’® It is linked to
bronchial reactions, reduced lung
function and premature death.”



Three Brothers Compressor Station, Marceilus Shale, Atlasburg,
Pennsylvania. PHOTO: MarcellusAir

cially sensitive populations,® such as pregnant
women, young children and the elderly.

Particulate matter is another fracking-related
health hazard. Particulate matter is generated by
the thousands of truck trips necessary for trans-
porting fracking materials and the diesel motors
operated on fracking sites and in many compres-
sor stations. Studies have shown that inhalation of
particulate pollution causes decreased lung func-
tion, aggravated asthma symptoms, nonfatal heart
attacks, and high blood pressure.®® Long-term
repeated exposure is associated with cardiovas-

Radon Map of the United States by county. ILLUSTRATION: EPA
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cular disease and death.> Children are particularly
vulnerable to particulate pollution; they may suffer
decreased lung function, worsening asthma symp-
toms, and chronic bronchitis.>® Rates of preterm
births, low birth weight, and infant mortality are
higher in communities with high particulate lev-
els.%® Exposure to particulate matter is also associ-
ated with increased school absences, emergency
room visits and hospital admissions.*’

Fracking for natural gas may also bring radio-
active substances to the surface.””? Some shale
formations —notably the Marcellus — contain large
amounts of naturally occurring radon gas as well
as other radioactive elements, Radon is the lead-
ing cause of lung cancer among non-smokers and
the second leading cause among smokers; the
EPA attributes 21,000 lung cancer deaths per year
on a nationwide basis to radon exposure.”® Ra-
don has a short half-life (3.8 days), but generates
radioactive decay products. primerily polonium
and lead, with longer half-lives: 22.6 years and 138
days, respectively. Polonium and lead have both
been found to accumulate along the interior of
natural gas pipes and related infrastructure.”

FRACKING, HEALTH, AND WATER
CONTAMINATION

Fracking operations consume and contaminate
enormous guantities of water. Hydraulic fracturing
fluid is highly toxic to human and animal life, as

ZONE 2: Counties with '
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radon screaning levels radan screening levels
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"many of the chemicals... should not be ingested
at any concentration."’”® According to a 2011 Con-
gressional report, 29 of the known substances
most commonly used in fracking are dangerous
enough that they would be regulated under the
Safe Drinking Water Act or the Clean Air Act, if
the 2005 Energy Policy Act had not exempted
fracking from these fundamental environmental
protection laws.”® In fracking, these chemicals are
mixed with huge quantities of water. In order to
fracture a single well site, natural gas companies
typically use over four million gallons of water —an
amount equivalent to what 11,000 American fami-
lies use in a day.”” Such intensive water use places
hydraulic fracturing in competition with other con-
sumers of water including households, agriculture,
industry, and recreation, and has become an issue
in states like California, which is experiencing a
historic drought, Nearly half of all fracking oper-
ations occur in areas with high or extremely high
water stress.

An estimated 20 to 40 percent of water used

in fracking subseguently comes back up to the
surface, where it is classified as wastewater.”®
Fracking wastewater consists of a mix of with-
drawn fracking fluids with naturally occurring
brines — waters that contain high levels of salts as
well as toxic levels of elements like barium, arsenic
and radioactive radium, brought to the surface

from deep underground. 7> 8 Qil and gas oper-
ations in the U.S. produce more than two billion
gallons of fracking wastewater a day, and it is
generally so severely contaminated that conven-
tional water treatment facilities cannot purify it.®!
Regardless, fracking wastewater is categorized

by the EPA as “special wastes” and as such is
exempted from federal hazardous waste regula-
tion under the Resource Conservation and Recov-
ery Act (RCRA). Wastewater spills are a serious
problem. The Associated Press (AP) analyzed data
from leading oil- and gas-producing states and
found that more than 180 million gallons of waste-
water spilled in 21,651 incidents over five years
(2009-2014).

In California, fracking wastewater from gas and
oil extraction is sometimes used to irrigate crops,
posing a risk of contamination of groundwater.8?
In addition, the state stores almost 60 percent of
its fracking wastewater in unlined open-air pits.®*
Unlined wastewater pits containing oil field (not
gas) wastewater in Kern County, in California’s
agricultural Central Valley, were reported to have
contaminated groundwater with salt, boron and
chloride.®* Concerns were raised that these con-
taminants could eventually make their way into
the Kern River, which is used for irrigation and
drinking water.

Living close to fracking operations increases the risk of premature birth and congenital heart defects.
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More than 95 percent of the nation's fracking
wastewater is pumped into an estimated 30,000
injection wells, which serve as permanent stor-
age sites.® % The U.S. Government Accountabil-
ity Office (GAO) has found a lack of protection
for drinking water sources from fracking injec-
tion wells, In 2014, GAO found that both short-
term and long-term monitoring were lax, with

the EPA neither mandating nor recommending

a fixed list of chemicals for states to monitor,

and record-keeping varying widely from state to
state.®”®8 In Stark County, North Dakota, a newspa-
per reporter's review of mechanical integrity tests
revealed that state fracking waste injection wells
were often leaky, and state regulators allowed
injection into wells with documented structural
problems even though the wells did not meet EPA
guidelines for well bore integrity.®®

Underground injection of large amounts of frack-
ing fluids has been associated with earthquakes,
particularly in Ohio® and Oklahoma,? including a
destructive 5.7 magnitude quake in Oklahoma in
201, A 2015 article in Science, the magazine of the
American Association for the Advancement of Sci-
ence, noted that large areas of the U.S. that were
“long considered geologically stable with little or
no" earthquake activity have become seismically
active. The article attributed this to “fluid-injection
activities used in modern energy production.” %
The evidence for a causal link between earthquake
swarms —repeated earthquakes in a relatively
short period of time —and fracking wastewater
injection into disposal wells led the Oklahoma
Supreme Court to rule unanimously that home-
owners can sue the oil and gas industry for injuries
or property damage resulting from earthquakes.®
Evidence now shows that the process of fracking
itself can trigger earthquakes.?”

The risk of drinking water contamination from
fracking has been studied by governmental and
private researchers. In June 2016, the EPA con-
firmed in a draft report that drilling and fracking
activities had contaminated drinking water.?® The
report documented 457 fracking-related spills
over six years; of those, 300 reached an environ-
mental receptor such as surface water or ground-
water. University of Texas researchers analyzing
550 water samples from public and private wells
found widespread water contamination through-

Bakken injection site PHOTO: Joshua Doubek

out the heavily drilled Barnett Shale region of
northern Texas. Contaminants included elevated
levels of benzene and toluene and ten different
metals.?® In a study conducted in northeastern
Pennsylvania, methane was detected in 82 percent
of drinking water samples, with homes less than
one kilometer from natural gas wells exhibiting av-
erage concentrations six times higher than those
located far away. Ethane and propane were also
found in drinking water, again with higher concen-
trations closer to fracking wells.?”

Underground pathways to exposure can occur
when hydraulic fracturing pipes carry fracking flu-
ids through aquifers (naturally occurring reserves
of underground water). When the cement well
casings crack, fracking chemicals can contaminate
the aquifer, which may be the sole water source
supplying local wells. Such cracks may occur due
to age; the Council of Canadian Academies iden-
tified the potential for leakage from aging wells as
one of its top concerns about fracking. Accord-
ing to one expert panel, “the greatest threat to
groundwater is gas leakage from wells from which
even existing best practices cannot assure long-
term prevention.”%®

DOCUMENTED HEALTH EFFECTS

Recent peer-reviewed medical studies have doc-
umented not only health risks, but actual associa-
tions between fracking operations and poor health
outcomes. For example:
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« A study published in Epidemiology in March
2016 examined electronic health record data on
over 10,000 births in northern and central Penn-
sylvania. It found that expectant mothers living
in the most active fracking areas were at great-
er risk of high-risk pregnancy and 40 percent
more likely to give birth prematurely.?® Preterm
birth is the greatest contributor to infant death
and is a leading cause of long-term neurological
disabilities in children,©®

« In a 2014 study of almost 25,000 births, con-
genital heart defects, and possibly neural tube
defects in newborns, were associated with the
density and proximity of natural gas wells within
a 10-mile radius of mothers' residences in rural
Colorado®

» A study by University of Pennsylvania and Co-
lumbia University researchers found that frack-
ing for gas and oil in Pennsylvania was associ-
ated with increased rates of hospitalization for
cardiac, neurological, urological, cancer-related,
skin-related problems. In the communities with
the most wells, the rate of cardiac hospitaliza-
tions was 27 percent higher than in the control
county.0?

Air pollutants from fracking can cause permanent lung damage
Children are particularly vulnerable.

» Research published in the July 2016 Journal of
the American Medical Association identified a
statistical association between progressively
worsening asthma symptoms and the patient's
proximity to natural gas fracking operations.3

Health professionals warn that severe impacts like
cancer, chronic respiratory illness, impaired cogni-
tion and neurologic impairment may appear in fu-
ture years, given their long latency periods. 04105106
Full awareness and documentation of fracking's
impacts on health have also been hindered by
legal factors. “Gag rules” restrict doctors’ rights to
share information on patient exposures,®’ non-
disclosure agreements are often part of private
settlements between farmers and industry,°® and
some gas companies refuse to disclose the iden-
tity of chemicals they use in hydraulic fracturing.
lLaws passed by Congress in 2005 created the so-
called “Halliburton loopholes,” which exempted oil
and gas companies from multiple federal regula-
tions, including those that require monitoring and
disclosure of chemicals in air and watet.

FRACKING'S IMPACT ON ANIMALS
AND AGRICULTURE

A small but growing body of scientific literature
indicates that the health of farm animals and
wildlife has been harmed by exposure to hydrau-
lic fracturing fluid and air emissions. Animals may
suffer higher levels of exposure, as they are out-
doors more than humans and drink directly from
ponds, streams and puddles. Additionally, their
shorter reproductive cycles mean that toxics-in-
duced infertility and other reproductive harms
manifest sooner. Animals thus serve as “sentinels”
of environmental contamination: if the environ-
ment is polluted, then animals may show the
effects first.

Veterinarian M. Bamberger and R. E. Oswald,
Cornell University professor of molecular medi-
cine, were early investigators of impacts on farm
animals. Based on their interviews with farmers
near active fracking sites, they have documented
stillbirths, near-immediate births and birth de-
fects in cattle exposed to fracking wastes.©® In
an article published in 2012, they studied seven
cattle farms in detail and found that "50 percent
of the herd, on average, was affected by death
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and failure of survivors to breed.”™ Other sources
have also documented toxic effects of fracking
fluid exposures, The Louisiana Department of
Environmental Protection recorded a 2009 case of
17 cows dropping dead within hours after drinking
spilled hydraulic fracturing fluid." [n 2010, 28 cows
in Pennsylvania were quarantined after a leaking
waste container left a puddle of hydraulic fracking
fluid in their field" A year later, the released cows
appeared healthy, but gave birth to 11 offspring
described as "dead or extremely weak,” an out-
come that the farm owner called “abominable.”™

Air pollution associated with fracking sites has
also been linked to health risks to farm animals.
As early as 2001, thousands of cows in western
Canada, one of the original epicenters of fracking,
showed significantly increased rates of stillbirth
and calf mortality linked to hydrogen sulfide re-
leased after natural gas extraction™ In Pennsyl-
vania, increased fracking activity has been closely
correlated with decreased dairy production.’
While a direct link is difficult to prove, the correla-
tion illustrates the need for greater caution about,
and investigation into, adverse effects of fracking
on farm animals.

Wildlife has also been shown to suffer harm from
exposure to hydraulic fracturing chemicals. After
a Kentucky fracking site spilled hydraulic fractur-
ing fluid into a neighboring creek, “the discharges
killed virtually all agquatic wildlife"" in the area.
Fish that survived the spill developed gill lesions
and suffered liver and spleen damage,"”

The possibility that human health would be affect-
ed by consumption of food products from fish or
farm animals exposed to fracking toxics is a topic
in need of further study. In multiple known cases
of chemical exposure, cows continued to produce
dairy and meat for human consumption, although
those products remained untested for chemical
contaminants.™

The high-salinity wastewater that accompanies
natural gas and oil from fracking wells has also
been shown to harm agricultural lands. The Asso-
ciated Press analysis of wastewater spills includ-
ed an incident in Fort Stockton, Texas, where the
local Groundwater Conservation District fined an
energy company $130,000 for illegally dumping 3
million gallons of wastewater in pastures, and an-

other where wastewater from pits seeped beneath
a 6,000-acre cotton and nut farm near Bakers-
field, California, and contaminated the ground-
water. In that case, an oil company was ordered

to pay $9 million to the farm owner, who had to
remove 2,000 acres from production™

In a field so relatively new, the scientific literature
on health effects of fracking is not yet complete.
Yet the evidence is substantial that fracking intro-
duces toxic chemicals into the environment and
brings up other dangerous substances from deep
underground; that these dangerous substances
are spread in the air and the water: and that peo-
ple and farm animals suffer health effects, includ-
ing birth defects, respiratory and cardiac effects,
as a result.
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HEALTH EFFECTS OF NATURAL
GAS INFRASTRUCTURE

As natural gas is transported from its point of extraction to its point

of ultimate use, it travels through an extensive infrastructure system.
Gathering pipelines carry the gas to processing facilities, which remove
impurities; from there, the gas travels through interstate transmission
pipelines, often hundreds of miles, to distribution lines, service lines and

end users.

Along the way, compressor stations keep the gas
pressurized and moving, while specialized ma-
chinery removes water from the gas and cleans
unwanted materials out of the pipelines. Storage
facilities hold the gas before it is distributed. A
growing body of scientific evidence documents
leaks of methane, toxic volatile organic com-
pounds and particulate matter throughout this
infrastructure. These substances affect health, and
the American Medical Association has recognized
this by passing a resolution supporting “legislation
that would require a comprehensive Health Impact
Assessment regarding the health risks that may be
associated with natural gas pipelines.” °

HEALTH RISKS ASSOCIATED
WITH PIPELINES

The integrity of transmission pipelines is assessed
periodically, but the frequency of those assess-
ments may vary from every seven to every 20
years? In any case, leaks occur. The EPA acknowl-
edged in 2012 that leaks from natural gas pipe-
lines “accounted for more than 13 million metric
tons of carbon dioxide equivalent emissions” and
represented at that time more than 10 percent of
total methane leaks from natural gas systems in
the United States.”? Pipelines may also emit gas
during a "blowdown,” which involves complete

venting of the gases in a pipeline or compressor.
Blowdowns are used to control pressure and emp-
ty the system and can be accidental or a sched-
uled part of maintenance. A typical blowdown
releases a 90- to 180-foot plume of gas into the
atmosphere and can last as long as three hours.
Due to their intensity, blowdowns can emit pipe-
line contents at much higher concentrations than
annual emissions data would suggest.?? Thus, they
hold the potential for exposing local residents to
greater concentrations of toxic substances than
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are reflected in the estimates of average expo-
sures which are used in permitting decisions.

Methane leaks have also been documented from
the urban pipelines that deliver natural gas to
homes and other final users. Besides the “poten-
tially explosive"” leaks discovered in the streets of
Boston, discussed in section 14 scientists have
measured methane leakage from distribution pipes
in Washington, DC, where they mapped 5,893
leaks across 1,500 miles of road.*® As is the case
with blowdowns, toxic substances can escape
from the pipelines along with the methane.

Natural gas pipelines have exploded and burned,
damaging homes and businesses, at times leaving
people injured or dead and overwhelming first re-
sponders. The U.S. Department of Transportation’s
Pipeline and Hazardous Materials Safety Admin-
istration (PHMSA) produces a report on “serious”
pipeline incidents, those that include a fatality or
injury requiring hospitalization. For the 20 years of
1996-2016, PHMSA recorded 858 serious incidents,
with 347 fatalities (more than 17 each year) and
1,346 injuries.”®

In 2012 a natural gas pipeline ruptured and
burned in Sissonville, West Virginia. Accord-
ing to the Accident Report of the National
Transportation Safety Board,

About 20 feet of pipe was separat-

ed and ejected from the underground
pipeline and landed more than 40 feet
from its original location. The escaping
high-pressure natural gas ignited imme-
diately. An area of fire damage about
820 feet wide extended nearly 1,100 feet
along the pipeline right-of-way. Three
houses were destroyed by the fire, and
several other houses were damaged.
There were no fatalities or serious in-
juries. About 76 million standard cubic
feet of natural gas was released and
burned.’?®

The report stated that “[t]he outside pipe
surface was heavily corroded near the mid-
point of the rupture” and had suffered “more
than 70 percent wall [thickness] loss.”

Pipeline corrosion is a factor in some accidents.
(See sidebar.) Aging pipes may account for some
leaks; however, an analysis of federal data by the
nonprofit Pipeline Safety Trust indicated that natu-
ral gas transmission lines installed in the 2010's are
failing at a higher rate than those installed before
1940. The director of the National Transportation
Safety Board's Office of Railroad, Pipeline and
Hazardous Materials Investigations stated that
“the rapid construction of pipelines in the U.S. is
likely a contributing factor.”'?

Natural gas fires are intense and hard for firefight-
ers to control. As such they can pose a danger

to nearby vulnerable sites. For example, Spectra
Energy's high-pressure Algonquin Incremental
Market (AIM) natural gas pipeline will pass only
105 feet from vital structures at the aging Indi-
an Point (NY) nuclear power plant and its 40
years' worth of spent fuel rods. Three New York
counties — Rockland County, Westchester and
Putnam —have adopted resolutions calling for a
comprehensive assessment of the proposed proj-
ect’s potential health and safety impacts;'22 '36. 13!
however, construction continues as of the time of
this writing.

HEALTH RISKS ASSOCIATED WITH
COMPRESSOR STATIONS

Compressors maintain the pressure that keeps gas
flowing through the pipelines. Unlike drilling and
fracturing activities, compressor stations operate
24 hours a day, year after year. Many are fueled by
natural gas, and leak methane and carbon diox-
ide as they burn the gas. They also leak methane
through compressor seals, valves, and connections
and through the deliberate venting that is con-
ducted during operations and maintenance. Com-
pressor stations constitute “the primary source of
vented methane emissions” in the transmission of
natural gas.”*?

People living near compressor stations have ex-
perienced a range of symptoms ranging from skin
rashes to gastrointestinal, respiratory, neurologi-
cal and psychological problems.®s 34 Air samples
collected around compressor stations have shown
elevated concentrations of many of the dangerous
substances associated with fracked gas. including
volatile organic compounds, particulate matter
and gaseous radon, among others.®® The federal
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Aftermath of a 2012 natural gas explosion and fire.
PHOTO: National Transportation Safety Board.

Agency for Toxic Substances and Disease Registry
(ATSDR) found that residents living near a natu-
ral gas compressor station in Washington County,
PA were exposed to levels of chemicals in the

air at which "some sensitive subpopulations (e.g.
asthmatics, elderly) may experience harmful ef-
fects...”¥® ATSDR noted that the air quality studies
conducted at the site “may not have adequately
captured uncommon but significant incidents
when peak emissions (e.g. unscheduled facility
incidents, blowdowns or flaring events) coincide
with unfavorable meteorological conditions (e.g.
air inversion).”¥?

ATSDR also examined air quality near a natural
gas compressor station in another Pennsylvania
county, where they found fine particulate matter
(PM2.5) at levels where long-term exposure can
cause an increase in mortality, respiratory prob-
lems, hospitalizations, preterm births, and low
birth weight; short-term exposure could harm
sensitive populations like those with respiratory
problems or heart disease.s®

HEALTH RISKS ASSOCIATED WITH
STORAGE FACILITIES

Awareness of potential health effects from natural
gas storage facilities was greatly increased by the
massive leak at the Aliso Canyon storage facility
near Los Angeles, California in 2015-2016. The leak
led to the relocation of thousands of families after
area residents complained of headaches, nausea
and nosebleeds.”® Health effects from natural gas
storage facilities will require further study. Scien-
tists from Stanford and UCLA noted that the inter-
mittent nature of data collection during the Aliso
Canyon leak, plus the lack of scientific under-
standing of the long-term health effects of short-
term exposures, left them unsure what to expect
from residents' cumulative exposures to chemicals
including benzene, hydrogen sulfide, and n-hex-
ane, a neurotoxin#® The leak also spread particles
of metal including barium, manganese, vanadium,
aluminum, and iron in local homes, according to
the Los Angeles County Health Department.™

Aerial view of the Aliso Canyon gas leak, two months after the [methane leak] incident began. PHOTO: Roy Randall
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CLEAN, HEALTHY
ALTERNATIVES TO GAS

The decision to reject methane gas as a fuel can appear to be a hard one
to make. There are several factors to consider besides the health impacts
of energy and climate change. Energy generating capacity, the ability

to meet needs such as heating and transportation, and the economic
Impacts of energy choices, must also be taken into account.

Methane is used for a variety of purposes, includ-
ing industrial, commercial, and residential. (See
chart.) It is also a source of jobs. If the United
States does not use methane gas for those pur-
poses, how will we meet those needs?

END USE OF NATURAL GAS —U.S. 2013

M industrial M Residential M Electric Power
B Commercial # Vehicle Fuel (0.14%)

Electric power generation, industry, residences and commercial
buildings were the major natural gas consuming sectors in the
United States during calendar year 2013, Only 0,14 percent went to
use as a vehicle fuel. Image by Geology.com using data from the
United States Energy Information Administration.

CLEAN ENERGY AND EMPLOYMENT

Employment affects human health in a number of
ways.'*? A good-paying, steady job can contribute
to good health by making it easier for workers to
buy ample and nutritious food, live in a safe and
healthy neighborhood, and give their children
access to a good education. Jobs are also the
source of health insurance for more than half of
the civilian workforce. Being unemployed has a
direct negative impact on health. Laid-off workers
are eighty-three percent more likely to develop a
stress-related condition, such as stroke, heart at-
tack, or heart disease; they also have higher levels
of depression and anxiety. Thus, the employment
capacity of the energy sector is a concern for phy-
sicians and other health and public health profes-
sionals. At the same time, we must note that not
all jobs are created eqgual, and as the renewable
and energy efficiency sectors become cost-com-
petitive nationwide and these sectors expand to
create more jobs, we must work with these sec-
tors to ensure they are creating good jobs with
family-sustaining wages and benefits. In addition,
a just transition will need to ensure that workers
who lose their jobs due to the clean-energy tran-
sition, such as those who work in the natural gas
and coal industries, are provided with transitional
support including job training opportunities.
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Multiple sources concur that clean energy sources
such as solar energy, wind energy and energy ef-
ficiency are already providing significant numbers
of new jobs in the American economy. However,
finding reliable government statistics about clean
energy employment is difficult, due to varying
definitions of the field, differing research method-
ologies, and the lack of a single body conducting
relevant job surveys. For example, the U.S. Bureau
of Labor Statistics does not provide employment
statistics for individual industries such as solar
and wind. We turn therefore to industry sources to
provide job estimates.

OVERALL EMPLOYMENT IN
RENEWABLE ENERGY

According to the International Renewable Energy
Agency (IRENA), renewable energy employment
in the United States increased by six percent in
2015 to reach 769,000 jobs? (IRENA does not
include large-scale hydropower in their renewable
power estimates; however they do utilize sources
which may be renewable but are not clean from a
health perspective, such as bicmass.) This in-
crease, IRENA noted, was driven by growth in the
wind and solar industries.

SOLAR EMPLOYMENT

IRENA calculated solar industry employment in
the U.S. to have grown during 2015 by almost 22
percent to reach 209,000 jobs.** This accords
with the report of the Solar Foundation’s Nationa/
Solar Jobs Census 2015, which reported 208,859
U.S. solar workers and an annual growth rate of
20.2 percent IRENA observed that the U.S. solar
industry grew 12 times as fast as overall job cre-
ation in the U.S. economy, surpassing employment
levels in oil and gas extraction (187,200) and in
coal mining (67,.929). Most solar jobs are in solar
photovoltaics; over half are installation jobs, and
almost two thirds occur in the residential market,
Given the U.S. Congress' extension of the federal
Investment Tax Credit through 2021, continued
fast growth of the industry is expected, especially
in the utility-scale market, which is however less
labor-intensive than the residential sector.

WIND EMPLOYMENT

AWEA, the American Wind Energy Association,
reported that the wind industry supported 88,000

jobs at the start of 2016, an increase of 21 percent
in a year!“® They also reported that wind was the
nation’s leading source of new electricity generat-
ing capacity in 2015, outpacing natural gas as well
as solar power with a rise in annual installations
of 77 percent to reach 8.6 GW. They attribut-

ed the large gains in part to the Production Tax
Credit (PTC), as wind project developers moved
swiftly to complete projects by the end of 2016,
the expected end of the PTC gualification period.
Job growth in 2015 reflected wind project devel-
opment and construction, manufacturing sector,
and the employment of wind turbine technicians,
the fastest-growing profession in the U.S., accord-
ing to the Bureau of Labor Statistics as cited by
AWEA % Texas, Oklahoma, lowa, Colorado and
Kansas were the states with the highest numbers
of wind energy employees. Jobs at wind farms,
wind-related manufacturing facilities, or both, are
now located in 70 percent of U.S. Congressional
districts.®

ENERGY EFFICIENCY EMPLOYMENT

Energy efficiency jobs occur in five distinct sec-
tors: appliances, including large appliances and
lighting efficiency; buildings, including both the
green building sector and home and other build-
ing retrofitting; public transportation; smart grid
and demand management; and vehicles, including
electric and hybrid vehicle manufacturing and
vehicle fuel efficiency manufacturing projects.*®
While solar and wind energy jobs are perhaps
more visible, employment in the energy efficiency
sector accounts for roughly four times as many
jobs as do solar and wind, according to the Amer-
ican Council for an Energy-Efficient Economy
(ACEEE). They estimated there to be 830,000
energy efficiency jobs in the United States as of
2010, and predicted that employment in the sec-
tor was increasing at a three percent annual rate,
as cited by the Environmental and Energy Study
Institute.®® ACEEE is currently working on a new
estimate for U.S. energy efficiency jobs.

COST COMPARISON TO COAL
AND GAS INDUSTRIES

Compared to the capital investment required to
produce clean energy, it takes a lot more capital
to mine fossil fuels, build generating plants and
pay on an on-going basis for the fuel. With renew-
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able energies, capital costs occur upfront. Over a
longer timeframe, wind and solar are cheaper to
produce than coal, and wind is cheaper than natu-
ral gas, This is in part because wind and solar (and
efficiency) have no fuel costs. In addition, states
that don’t have their own gas or coal production
facilities must spend dollars outside the state to
import fuel and are dependent on future pricing.
Furthermore, clean energy results in significantly
high levels of employment, and the jobs they gen-
erate tend to be local, keeping money in the local
economy. Currently the coal and gas industries
account for more jobs overall, but that is not sur-
prising, given that they produce sixty percent of
all the electricity while renewables are producing a
mere fraction of that.

CLEAN ENERGY’'S GENERATION
CAPACITY

The amount of clean energy installed in the Unit-
ed States has been rising and prices have been
dropping for renewable energy. In 2015, wind pow-
er generated 4.7 percent of total U.S. electricity
generation, solar power 0.6 percent, and geother-
mal 0.4 percent™ Is it reasonable to look to these
sources to power our nation?

Studies suggest that the answer is yes. While
renewable energy (all sources) now account for
about 13 percent of electricity generation,'® an
estimate by National Renewable Energy Laborato-
ry estimated that renewable energy sources had in
2012 the potential to suoply 482,247 billion kilo-
watt-hours of electricity annually.’®® Scientists and
engineers have already prepared detailed plans to
show how we as a nation will be able to meet all
our energy needs using clean renewable sources
and energy efficiency within 30 to 50 years,5* >
One of them, Mark Jacobson, a Stanford Universi-
ty professor of civil and environmental engineer-
ing, has developed "roadmaps” that lay out how
the 50 U.S. states™ and 139 nations®™ can transi-
tion to 100 percent renewable energy — primarily
wind power, water power and sunlight —to meet
all their purposes. His U.S. roadmaps envision 80
to 85 percent of existing energy being replaced by
these sources by 2030 and 100 percent replaced
by 2050. These plans show energy generation
sufficient to meet the nation's needs not only for
electricity, but also for transportation, heating,

cooling, and industry. Some states are already on
their way to meeting a substantial fraction of their
energy needs from clean renewable energy. lowa,
for example, in 2015 generated 31 percent of its
total electric energy generation from wind."8

If this can be done, why is it not being done? Sev-
eral challenges still need to resolved: the intermit-
tency of both solar and wind energy, the upfront
capital costs, and management of a more complex
electrical grid. At the same time, resolutions to
several problems seem to be well on their way.

COSTS: Clean-energy technologies are developing
rapidly and are now cheaper than natural gas on a
per-kilowatt basis. Concerns over mechanisms to
pay the upfront capital costs are being addressed
in a variety of ways, such as production tax credits
and rebates to homeowners for solar installation.
Cost-leveling mechanisms also can work, as is
demonstrated by the Regional Greenhouse Gas
Initiative (RGGD), under which a cap is placed on
the amount of carbon that can be emitted, and
the permits to emit carbon are auctioned. This
mechanism requires fossil fuels to pay for their
carbon emissions, while energy sources that are
essentially carbon-free are spared the expense.

POLICY: State policies calling for renewable port-
folio standards (RPS) are also effective. This has
been demonstrated in Michigan, for example,
where the RPS of 10 percent by 2015 was achieved
without significant electricity price increases for
consumers and with net social benefit, due to re-
ductions in coal burning and a resultant improve-
ment in air guality and health.™?
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RECOMMENDATIONS

To protect human health from the increasing U.S. reliance on methane gas,
the best response is twofold. While we still continue to use gas, we must

reduce its negative consequences as quickly and effectively as possible:

slash leakage, improve or replace leaking infrastructure, and reject
practices that allow methane and pollutants to enter the environment.

These steps will help protect human health from
the significant levels of water and air pollution and
climate forcing we are now experiencing.

At the same time, we must step up the pace of
our transition off methane gas, as well as coal
and other fossil fuels, and onto renewable energy
and energy efficiency. We present here several
recommendations that are essential to health and
to safeguarding a livable climate.

1. Measure the global warming impacts of natural
gas in the timeframe most likely to prevent
irreversible changes.

a. The Environmental Protection Agency, Bu-
reau of Land Management and Department of
Energy must use the 20-year framework for
calculating the global warming potential of
methane in the atmosphere, in order to accu-
rately reflect methane’s potency in accelerating 2. Require federal, state and local governments
climate change. Methane over its first 20 years to protect human health from gas-related
in the atmosphere is 86 times more potent than operations.
carbon dioxide.

A researcher monitors air emissions near a Marcellus Shale gas well
in Pennsylvania. PHOTC Reid Frazier / The Allegheny Fronl

a. Government plays an important role in protect-

. Methane leakage must be accurately measured

on a regular basis across the entire natural gas
production process, including extraction, pro-
cessing, transport, storage and distribution.

. Calculate methane leakage at 10 percent, if not

more, to reflect recent studies of leakage over
the full methane gas life-cycle. This more-en-
compassing leakage rate makes it apparent that
natural gas is as bad for the climate as coal,
despite its lower production of carbon dioxide
and sulfur dioxide at the point of combustion.

ing human health, and methane gas operations
as currently conducted are harming human
health. Federal, state and local governments
should pricritize the protection of human health
in their decisions concerning gas-related proj-
ects. Protection of health from the negative
impacts of methane gas extraction should be a
guiding principle in the relevant decision-mak-
ing of federal decision-makers including the
Environmental Protection Agency (EPA), Feder-
al Energy Regulatory Commission (FERC), and
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the Department of the Interior's Bureau of Land
Management, as well as state, county and local
governments.

. State and local governments should use all

the means at their disposal to protect human
health from methane-related operations. State
and local governments' right to establish laws
and regulations to protect their citizens must
be recognized and respected. Assure that state
and local governments have the right to estab-
lish standards of health protection more strin-
gent than those enacted by the federal govern-
ment.

. Ensure that all gas projects must comply with

our bedrock environmental laws, including the
Clean Water Act, Clean Air Act, Safe Drinking
Water Act and the Resource Conservation and
Recovery Act.

. Require companies conducting hydraulic frac-

turing to fully and transparently declare the
chemicals they use in those processes.

. Oblige state or local governments to require

an independent Health Impact Assessment
(HIA) before making permitting decisions for a
natural gas project. Every HIA should examine
projected climate impacts, toxicity, radioactivity
impacts, and social impacts.

. Transition off of fossil fuels and promote

the adoption of healthy, low-carbon energy
sources.

a. Prioritize the development, adoption and use
of low-carbon, low-polluting forms of energy.
Promote clean energy technologies that are

cost-effective and ready for immediate use,
including wind, concentrated solar, roof-top
solar, geothermal and heat pumps. Adopt more
robust renewable portfolio standards.

b. Prioritize greater application of energy efficien-
cy technologies in all sectors, including appli-
ances, lighting, buildings, transportation and
vehicles.

c. Support research and development where they
are needed, especially energy storage technol-
ogies and construction of a “smart grid” that
utilizes and moves energy efficiently.

d. Advocate for solar panel owners’ right to send
the energy they generate back to the electric
company, and be credited for it, without facing
charges or penalties ("net metering”).

e. As we make the transition to clean energy,
assure that the new jobs created in the U.S.
economy are good, family-supporting jobs that
provide competitive salaries and benefits, and
that workers displaced from the fossil fuel in-
dustries are provided with job training.

These and similar steps will open the way to a
healthy energy future, resulting in cleaner air and
water, protecting us all from worsening climate
change, strengthening the U.S. economy and cre-
ating hundreds of thousands of jobs. Our health
and wellbeing, and ultimately our survival, depend
on it,
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BACKGROUND: Prior studies suggest exposure to oil and gas development (OGD) adversely affects birth outcomes, but no studies have examined tlar-
ing—the open combustion of natural gas—from OGD.

OBJECTIVES: We investigated whether residential proximity to flaring from OGD was associated with shorter gestation and reduced fetal growth in
the Eagle Ford Shale of south Texas.

METHODS: We conducted a retrospective cohort study using administrative birth records from 2012 to 2015 (N =23,487) and satellite observations of
flaring activity during pregnancy within 5 km of maternal residence. Multivariate logistic and linear regression models were used to estimate associa-
tions between four outcomes (preterm birth, small-for-gestational age, continuous gestational age, and term birthweight) and exposure to a low (1-9)
or high (>10) number of nightly flare events, as compared with no exposure, while controlling for known maternal risk factors. We also examined
associations with the number of oil and gas wells within 5 km using data from DrillingInfo (now Enverus).

RESULTS: Exposure to a high number of nightly flare events was associated with a 50% higher odds of preterm birth [odds ratio (OR) = 1.50 (95%
CI: 1.23, 1.83)] and shorter gestation [mean difference= —1.9 (95% CI: —2.8, —0.9) d] compared with no exposure. Effect estimates were slightly
reduced after adjustment for the number of wells within 5 km. In stratified models these associations were present only among Hispanic women.
Flaring and fetal growth outcomes were not significantly associated. Women exposed to a high number of wells (fourth quartile, >27) vs. no wells
within 5 km had a higher odds of preterm birth [OR =1.31 (95% Cl: 1.14, 1.49)], shorter gestation [—1.3 (95% CI: —1.9, —0.8) d|, and lower average
birthweight [-19.4 (95% CI: —36.7, —2.0) gl.

Discussion: Our study suggests exposure to flaring from OGD is associated with an increased risk of preterm birth. Our findings need to be con-

firmed in other populations. https://doi.org/10.1289/EHP6394

Introduction

Domestic oil production in the United States has nearly doubled
in the last decade, whereas natural gas production has risen
roughly 50% to an all-time historical high (EIA 2019c, 2019b).
Unconventional techniques of directional drilling and hydraulic
fracturing (fracking) have allowed for the exploration and extrac-
tion of oil and gas from areas that were previously inaccessible or
uneconomic and, in many regions, brought oil and gas develop-
ment (OGD) into closer proximity to homes. More than 17 mil-
lion people currently live within 1 mi of an oil or gas well in the
United States, increasing the potential for exposure to contami-
nants associated with fossil fuel extraction (Czolowski et al.
2017). The potential health hazards associated with OGD activity
include contamination of air (Adgate et al. 2014; Shonkoff et al.
2014; Werner et al. 2015) and water (Jackson et al. 2013) by haz-
ardous chemicals and increased psychosocial stress as a result of
noise, increased seismic activity, and social hazards associated
with disruptions to the local social fabric (Allshouse et al. 2019,
Richburg and Slagley 2019; Witter et al. 2013; Adgate et al.
2014). Fracking involves the injection of fluids, sands, and chem-
ical additives into wells to reduce friction, decrease drill time, or
stimulate production and include chemicals that are known
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carcinogens, mutagens, reproductive and developmental toxins,
or endocrine disruptors (Webb et al. 2014; Kassotis et al. 2016;
Yost et al. 2016; Stringfellow et al. 2017). These compounds can
enter the nearby environment through spills, leaks, and volatiliza-
tion and the disposal of wastewater.

Several recent studies have suggested that living near OGD
during pregnancy may elevate the risk of adverse birth outcomes,
including preterm birth (Casey et al. 2016; Whitworth et al. 2018),
small-for-gestational age (SGA) birth (Stacy et al. 2015; Tran et al.
2020), low birth weight (Hill 2018; Tran et al. 2020), and necural
tube defects (Janitz et al. 2019; Mckenzie et al. 2014). However,
the findings have not been consistent across studies: McKenzie
et al. (2014), Stacy et al. (2015), and Tran et al. (2020) found no
association with preterm birth, and Casey et al. (2016) and
Whitworth et al. (2018) found no association with SGA. Fetuses
are considered to be highly vulnerable to a variety of toxicants
because of their physiologic immaturity and developmental sus-
ceptibility (Perera et al. 1999). Preterm birth—which is a major
predictor of perinatal mortality and may lead to long-term health
problems-—remains a major public health concern in the United
States, where nearly 400,000 babies are born prematurely each
year (Martin et al. 2019). Birthweight is also a significant predictor
of later cognitive function and cardiovascular disease, even for
infants within the normal weight range born at term (Barker 2006,
Shenkin et al. 2004).

The exact exposures through which OGD may elevate the
risk of adverse birth outcomes remain unclear. One pathway of
exposure that has not yet been examined is flaring. Flaring in this
context refers to the intentional, controlled combustion of natural
gas during the exploration, production, and processing of natural
gas, liquids, and oil. Flaring is used for several days or weeks
during well production testing after an oil or gas well is initially
drilled and hydraulically fractured. Flaring is also used while per-
forming well maintenance and equipment repairs and as a safety
measure at processing plants when equipme=nt hecnmec nvernres-

surized. In addition, flaring is commonly \

natural gas that is dissolved in the oil recc
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Figure 1. Density of (A) nightly flare events and (B) oil and gas wells across the 27-county Eagle Ford study area, excluding urban areas. Data sources: VIIRS
Nightfire (https://www.ngdc.noaa.gov/eog/viirs/) and DrillingInfo (2018) (now Enverus). Counties are delineated in yellow. Green boundaries delineate cities
with more than 75,000 people, which were excluded from the analysis. Note: VIIRS, Visible Infrared Imaging Radiometer Suite.

the United States, hydraulic fracturing has enabled the develop-
ment of previously inaccessible oil shale formations, resulting in
the rapid construction of many widely dispersed oil wells in pla-
ces that lack a pipeline and other infrastructure to economically
collect the associated gas. When local opportunities to use the
natural gas are also lacking—for example, for reinjection to
enhance oil recovery or for electricity generation on site—it is ei-
ther vented directly to the atmosphere or combusted in routine
flaring that can operate continuously for days or months. Global
estimates indicate that more than 139 billion m? of gas are flared
annually, or about 4.6% of the world’s natural gas consumption
(Elvidge et al. 2009). The United States has the largest number of
flare sites globally, burning an estimated 6.5 billion m* of natural
gas in 2012 (Elvidge et al. 2016). However, regulation and data
on the location and timing of flaring is minimal. Monitoring stud-
ies indicate that incomplete combustion during the flaring process
releases a variety of volatile organic compounds and polycyclic
aromatic hydrocarbons along with carbon monoxide, nitrogen
oxides, heavy metals, and black carbon (Ite and Ibok 2013;
Kindzierski 2000; Leahey et al. 2001; Prenni et al. 2016; Strosher
1996, 2000). Although there have been no studies specifically
examining health effects associated with flaring, several of these
combustion-related pollutants have been associated with a higher
risk of preterm and reduced birthweight in other contexts
(Ballester et al. 2010; Brauer et al. 2008; Dadvand et al. 2013).
Because flaring is very visible and audible and may produce
odors, the practice may also impact fetal growth and development
by adding to the anxiety of nearby residents or interrupting sleep
(Hiller 2016).

In this study, we utilized satellite observations to characterize
exposure to flaring in the Eagle Ford Shale play of south Texas
among pregnant women giving birth between 2012 and 2015.
The Eagle Ford Shale, which encompasses 27 counties in
Southern and Eastern Texas, is one of the most productive oil
and gas regions in the country and has experienced a recent boom
in production (Figure 1). Due to a weakening of state regulations
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that previously banned flaring (Willyard 2019), a lack of pipeline
capacity for transporting the volumes of natural gas being pro-
duced, as well as low gas prices, flaring is a routine practice here.
According to the U.S. Energy Information Administration (ETA),
Texas flares more natural gas than any other U.S. state (EIA
2019a). Our prior work identified over 43,000 nightly flare events
in the region between 2012 and 2016, with a peak in flaring in
2014 and an estimated 4.5 billion m? of gas flared over the S-y
period (Franklin et al. 2019). Given the high frequency of flaring
in the Eagle Ford Shale, we sought to characterize the effects of
prenatal exposure to flaring on the risk of multiple adverse birth
outcomes among pregnant women as a possible additional mech-
anism through which OGD may negatively impact the health of
nearby communities.

Methods
Study Population

Study protocols were approved by the institutional review boards
of the University of Southern California (#HS-17-00652) and the
Texas Department of State Health Service (#14-044). Geocoded
administrative birth records were obtained from the Texas
Department of State Health Services for the years 2012-2015.
Our study population consisted of all singleton births lacking
birth anomalies and born to women residing within rural areas of
the 27 counties comprising the Texas Eagle Ford Shale play
(Texas Railroad Commission 2019) between 19 July 2012 and 31
December 2015 (Figure 1). Women residing in cities with a pop-
ulation of more than 75,000 people were excluded because their
exposure to other background sources of air pollutants likely dif-
fer from women residing in rural areas. This resulted in the exclu-
sion of residents within the municipal boundaries of Laredo,
College Station, and Bryan, Texas. The study start date was cho-
sen because the satellite data used to characterize exposure to
flaring became available only beginning 1 March 2012. As such,
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19 July 2012 was the first possible birth date of an infant born at
>20 completed weeks (the shortest gestational age in our sample)
and, hence, the earliest birth date for which we could assign com-
plete prenatal exposure. The assembly of our study population is
illustrated in Figure S1. Gestational age in days was calculated
by taking the difference between recorded last menstrual period
(LMP) and date of birth. Records missing the year of LMP,
month of LMP, or both, were excluded (3.2% of observations);
records missing only the day of LMP were recoded using the
15th of the month (2.3% of observations). We excluded a further
1% of births if their gestational age exceeded 44 completed
weeks, they were missing gestational age or birthweight, or if
they had an improbable combination of sex-specific birthweight
for gestational age, following Alexander et al. (1996). Finally, we
excluded 13.9% additional observations by restricting our popula-
tion to women with an LMP between 1 March 2012 and
20 February 2015 to control for truncation or fixed cohort bias
(Strand et al. 2011; Wolf and Armstrong 2012). This restriction
ensured that all women pregnant during the study period were
included in the analysis and resulted in a final sample of
N =23,487 births. Controlling for truncation bias by restricting
on LMP rather than date of birth is particularly important when
the start and end day of the study period are not consecutive dates
(e.g., 1 Janvary and 31 December), as is the case in our study,
and when the exposure of interest is seasonal (as was the case
with flaring during our study period, which exhibited some sea-
sonality and peaked in winter).

Oil and Gas Wells

The locations of oil and gas wells were obtained from DrillingInfo
(2018) (now Enverus). Our analysis included any permitted well
location that had an active lease between 1990 and 2016, excluding
inactive wells with a plug date or last reported production date
before 1 March 2012. We calculated the number of oil or gas wells
within a 5-km radius of the maternal residence as recorded in the
birth record and geocoded by the Texas Department of State
Health Services. The number of wells within 5 km was then cate-
gorized as none, low (1-8), medium (9-26), or high (27-954);
these cutoffs corresponded roughly to quartiles of exposure.

Flares

The Nightfire algorithm developed by the National Oceanic and
Atmospheric Administration (https://www.ngdc.noaa.gov/eog/
viirs/) Earth Observation Group (https://payneinstitute.mines.
edu/eog/) detects subpixel (<750-m) combustion sources at night
based on multispectral observations obtained from the Visible
Infrared Imaging Radiometer Suite (VIIRS) onboard the Suomi
National Polar Partnership satellite (SNPP) (Elvidge et al. 2013).
To characterize OGD-related flaring from these data we included
only high-temperature observations of >1,600 K, removing
lower temperature observations that are more typical of other
industrial and biomass burning sources (Elvidge et al. 2016).
Furthermore, we applied a hierarchical density-based spatial clus-
tering method to differentiate flares—which tend to persist for
many nights, sometimes for months—from aberrant observations,
which we excluded. Details on the clustering method used to fil-
ter out aberrant observations are provided elsewhere (Franklin
et al. 2019).

In the main analysis, exposure to flaring was estimated for all
women residing within 5 km of an oil or gas well and was defined
as the number of individual nightly flare events occurring during
pregnancy within a 5-km radius of the maternal residence.
Exposure to flaring was further categorized into two exposure lev-
els based on the median of exposure among the exposed: low (1-9
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flares) or high (10-562 flares). More fine-grained categorization of
exposure was not possible due to the low prevalence of exposure in
our population (<8%) which would have resulted in a small num-
bers of cases in each category of exposure and zero cells when
including covariates. We also considered the total flared area (in
meters squared) from all flares occurring during pregnancy within
5 km of the maternal residence and categorized this variable simi-
larly based on the median of exposure among the exposed: low
(1-24.0 m?) vs. high (24.2-1,563.6 m?). We considered flared arca
because it may be a better proxy for the volume of gas flared and,
hence, the quantity of air pollutant emissions. Unlike the esti-
mates we previously derived for flared gas volume (Franklin
et al. 2019)—which were derived in aggregate for the study
region and rely upon field-level, monthly self-reported adminis-
trative data from the State of Texas—flared area is available for
individual nightly flare observations directly from VIIRS. Using
flared area thus avoids some of the uncertainty in our flared gas
volume estimates at the individual flare level and also allows our
method to be more easily reproduced in other areas where data
on flared gas volume may not be available. Third, we considered
the inverse squared distance-weighted sum of flares within
5 km, similarly categorized based on the median of exposure
among the exposed: Tow (4.0x 107510 1.0 % 107® flares/m?) vs.
high (1.0x107%t01.0x IO’SFIares/tnz). The inverse squared
distance-weighted sum was calculated as follows:

i: 1

i=1 df
where i indexes each nightly flare observation within 5 km, d is
the distance between each nightly flare and the maternal residence
in meters, and # is the total number of nightly flares within 5 km.

Finally, we calculated trimester-specific estimates using our

main exposure variable of the number of flares within 5 km,
However, because trimester-specific and pregnancy-long expo-
sure estimates were highly correlated (Spearman correlation coef-
ficients of 0.73-0.79; see Figure S2), we did not conduct further
analysis of trimester-specific exposures.

Outcome Measures

We investigated four outcomes: preterm birth (<37 completed weeks
of gestation), SGA, continuous gestational age in days, and birth-
weight among term births ((BW; >37 completed weeks of gestation).
SGA was detined as birthweight below the sex-specific 10th percentile
of birthweight by gestational week based on the smoothed percentiles
for U.S. singleton live births during 20092010 (Talge et al. 2014).
SGA status was not determined for births at <22 weeks of gestation
because the distributions provided in Talge et al. (2014) included only
gestational ages between 22 and 44 weeks.

Statistical Analysis

We used separate multivariate linear or logistic regression models
to estimate the association between flares and our four outcomes
while adjusting for the following known risk factors: maternal age
(in 5-y increments from <20 to >35 y), race/ethnicity (Hispanic,
non-Hispanic white, other), nativity (U.S. or foreign born), educa-
tional attainment (<high school, high school or equivalent,
>high school), prepregnancy body mass index [BMI; underweight
or normal (<25kg/m?), overweight (>25-30kg/m?), or obese
(>30kg/m?)], smoking (ever/never during pregnancy), insurance
based on primary source of expected payment (private vs.
Medicaid, self-pay, or other), parity (nulliparous vs. multiparous),
high-risk pregnancy (any of the following: prepregnancy or gesta-
tional hypertension or diabetes, preeclampsia, or eclampsia), sex
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of infant, adequacy of prenatal care (no care, inadequate, interme-
diate, adequate, >adequate), year of birth (to control for secular
trends), and season of birth. Models of tBW were additionally
adjusted for gestational age (in weeks). Maternal BMI was calcu-
lated from recorded maternal height and weight. Because the prev-
alence of underweight was very low in our population (3.2%), the
categories of underweight and normal BMI were collapsed.
Prenatal care was characterized using the Kotelchuck or Adequacy
of Prenatal Care Utilization Index, which combines the initiation
of prenatal care and the number of prenatal visits to derive a
ratio of observed to expected visits, with the number of expected
visits based on the American College of Obstetricians and
Gynecologists prenatal care standards for uncomplicated pregnan-
cies and adjusted for the gestational age when care began and for
the gestational age at delivery (Kotelchuck 1994). Women with
expected primary sources of payment of self-pay or other were
categorized with the publicly insured due to their low counts and
because they more closely resembled those with public insurance
than they did women with private insurance with respect to educa-
tion, nativity, race/ethnicity, and prenatal care. Of the 23,487 births
in our sample population, 23,158 included nonmissing information
for all covariates and constituted the sample for the multivariate
regression analyses.

Because proximity to wells has been associated with adverse
birth outcomes in prior studies, and flaring does not occur at all
well sites, we conducted a secondary analysis in which we
included the number of wells within 5 km as an additional covari-
ate in our models. Because prior studies suggest that women of
color may be more vulnerable to air pollutant exposures (Ito and
Thurston 1996; Morello-Frosch et al. 2010), we conducted a
stratified analysis to examine the effects of flaring among
Hispanic women and non-Hispanic white women. There were too
few women of other races or ethnicities to enable additional strat-
ification. In a post hoc analysis, we also included an indicator
variable for residence in a census-designated place (in our study
area, a small town or settlement, as opposed to a more rural set-
ting) to see if rurality confounded the association between flaring
and the outcomes. All statistical modeling was conducted using
Stata IC (release 15.1; StataCorp).

Results
The final sample population included 23,487 births, 10.6% of
which were preterm. The majority (55%) of women in the study
population identified as Latina or Hispanic, 37% as non-Hispanic
white, with few women identifying as non-Hispanic black (6.5%)
or Asian or Pacific Islander (0.66%). Nearly 60% of women were
on public health insurance (Medicaid) and 17% were foreign born.
Other characteristics of the sample population are given in Table 1.
Most women (92%) were not exposed to flares within 5 km of
their residence during pregnancy, whereas 74% were exposed to
at least one oil or gas well within 5 km. Women who were
exposed to flaring were slightly younger, less likely to be African
American, less likely to be foreign born, and received lower lev-
els of prenatal care than women who were not exposed to tlaring
(Table 1). The unadjusted preterm birth rate, mean gestational
age, and tBW varied between women exposed to flaring and
those who were not (p <0.0005, p=0.02 and p =0.06, respec-
tively, Pearson’s chi-square or F-test), with women exposed to
high levels of flaring having a higher preterm birth rate and lower
mean gestational age and tBW compared with those who were
not exposed (Table 2). Similar patterns were observed with
respect to residential proximity to oil and gas wells (higher pre-
term birth rate, p =0.04; shorter gestational age, p =0.0005; and
lower (BW, p=0.007 compared with the unexposed). As
expected, our outcomes also varied by the risk factors we
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identified a priori, including maternal age, education, race/ethnic-
ity, prenatal care, smoking, insurance, high-risk pregnancy status,
and parity (see Table S1).

In multivariate models, exposure to a high level of flaring
was associated with a 50% higher odds of preterm birth
{odds ratio (OR)=1.50 [95% confidence interval (CI): 1.23,
1.83]} and shorter gestation [mean difference of —1.9 (95% CI:
—2.8, —0.9) d] compared with no exposure (Figure 2A,C).
Adjusting for the number of wells within 5 km reduced the effect
estimates slightly [OR for preterm birth=1.41 (95% CI: 1.11,
1.69); mean difference of —1.5 (95% CI: —2.4, —0.5) d] and also
suggested that exposure to low levels of flaring (1-9 flares) was
associated with a reduced odds of preterm birth [OR=10.76 (95%
CI: 0.60, 0.97)] (Figure 2A,C). Associations between flaring and
fetal growth outcomes (SGA and tBW) were not statistically sig-
nificant at p < 0.05 (Figure 2B,D). In models that included both the
number of flares and wells within 5 km, the number of wells was a
significant predictor of a higher odds of preterm birth {OR =1.31
(95% CI: 1.14, 1.49) comparing the highest quartile vs. no expo-
sure], shorter gestational age [mean difference of —1.3 (95% CI:
—1.9, —0.8) d comparing the highest quartile vs. no exposure], as
well as reduced tBW [mean difference of —19.4 (95% CI. —36.7,
—2.0) g comparing the highest quartile vs. no exposure and con-
trolling for gestational age] (see Tables S2 and S3). All other cova-
riates generally had effect estimates in the expected direction.

When we modeled exposure to flaring as flared area within
5 km, rather than counts, results were generally consistent:
Exposure to a high-flared area was associated with a 47% increased
odds of preterm birth [OR = 1.47 (95% CI: 1.20, 1.79)] and a reduc-
tion in mean gestational age [—2.0 (95% CI. —3.0, —1.1) d] com-
pared with the unexposed in models that did not adjust for the
number of wells within 5 km (see Tables S4 and S5). Including the
number of wells in the models again reduced these effects estimates
slightly [OR for preterm birth =1.34 (95% CI: 1.08, 1.65); mean
difference of —1.7 (95% CI: —2.6, —0.7) d] (sce Tables S4 and S5).
Associations between exposure to a high-flared area and SGA or
tBW were not statistically significant. Exposure to a low-flared area
was associated with a reduced odds of preterm birth, but the associa-
tion was not statistically significant at p <0.05 in models with or
without adjustment for the number of wells within 5 km. The num-
ber of wells remained a significant predictor of higher odds of pre-
term birth [OR =1.31 (95% CL: 1.14, 1.49) comparing the highest
quartile vs. no exposure], shorter gestational age [mean difference
of —1.3 (95% CL: —1.9, —0.8) d comparing the highest quartile vs.
no exposure), and reduced tBW [mean difference of —19.5 (95% CI:
—36.8, —2.2) g comparing the highest quartile vs. no exposure and
controlling for gestational age] in models of flared area. Multivariate
models using our third exposure metric of inverse squared distance-
weighted sum of flares within 5 km also resulted in very similar effect
estimates for the associations between high exposure to flares and our
four outcomes (see Tables S6 and S7).

Stratified models using our primary exposure metric suggested
that the association between the number of flares within 5 km and pre-
term birth was present only among Hispanic women. Among
Hispanics, exposure to a high level of flaring was associated with a
61% higher odds of preterm birth [OR = 1.61 (95% CI: 1.25, 2.08)]
and shorter gestation [mean difference= —2.2 (95% CI. -3.4,
—0.9) d] in models that controlled for the number of wells within
5 km (Figure 3A,C; see also Tables S8 and §9). Among non-Hispanic
white women, the corresponding OR for preterm birth =0.78 (95%
CI: 0.50, 1.20); the corresponding mean differences in gestational
age =0.0(95% CI: —1.5, 1.5)d (Figure 3A,C; see also Tables S8 and
S9). Associations between flaring and SGA or tBW were not statisti-
cally significant in stratified models of Hispanic or non-Hispanic
white women (Figure 3B,D).
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Table 1. Characteristics of the study population by degree of flaring within 5 km of the maternal residence, Eagle Ford Shale, Texas, births between 19 July

2012 and 31 December 2015 (N =23,487).

Variable All (N =23,487) No flaring (n =21,635) Low flaring (n=921) High flaring (n=931) p-Value
Age [y (mean + SD)] 264458 264+5.8 26.2+5.7 259+5.6 0.032
Education [n (%)] 0.15
<High school 5,318 (23) 4,907 (23) 203 (22) 208 (22)
High school diploma/GED 7,776 (33) 7,127 (33) 306 (33) 343 (37)
Some college or more 10,375 (44) 9,583 (44) 412 (45) 380 (41)
Missing 18 (0.1) 18 (0.1) —_ —_
Race/ethnicity [r (%)) <0.0005
Hispanic 12,904 (55) 11,853 (55) 488 (53) 563 (60)
Non-Hispanic white 8,704 (37) 7,992 (37) 388 (42) 324 (35)
Non-Hispanic black 1,535 (6.5) 1,470 (6.8) 36 (3.9) 29 (3.1)
Non-Hispanic Asian/Pacific [slander 156 (0.7) 143 (0.7) <10 <10
Other, including mixed race 160 (0.7) 153 (0.7) <10 <10
Missing 28 (0.1) 24 (0.1) —_ <10
Foreign born [ (%)] <0.0005
No 19,539 (83) 17,861 (83) 822 (89) 856 (92)
Yes 3,941 (17) 3,768 (17) 98 (11) 75 (8.1)
Missing <10 <10 <10 -
BMI {kg/m? [n (%)]) 0.33
Underweight/normal 10,026 (43) 9,227 (43) 416 (45) 383 (41)
Overweight 6,185 (26) 5,689 (26) 227 (25) 269 (29)
Obese 7,106 (30) 6,559 (30) 270 (29) 277 (30)
Missing 170 (0.7) 160 (0.7) <10 <10
Prenatal care [n (%)) <0.0005
None 1,858 (7.9) 1,708 (7.9) 62 (6.7) 88 (9.5)
Inadequate 4,227 (18) 3,834 (18) 190 (21) 203 (22)
Intermediate 1,994 (8.5) 1,807 (8.4) 87 (9.5) 100 (11)
Adequate 7,531 (32) 6,951 (32) 291 (32) 289 (31)
> Adequate 7,877 (34) 7,335 (34) 291 (32) 251 (27)
Smoking during pregnancy [n (%)] 0.69
No 22,226 (95) 20,479 (95) 867 (94) 880 (95)
Yes 1,183 (5.0) 1,082 (5.0) 51(5.5) 50 (5.4)
Missing 78 (0.3) 74 (0.3) <10 <10
Insurance [n (%)] 0.02
Public 13,808 (59) 12,695 (59) 566 (61) 547 (59)
Private 7,690 (33) 7,068 (33) 296 (32) 326 (35)
Self-pay 963 (4.1) 910 (4.2) 23 (2.5) 30(3.2)
Other 994 (4.2) 931 (4.3) 36 (3.9) 27(2.9)
Missing 32(0.1) 31(0.1) — <10
High-risk pregnancy [n (%)] 2,240 (10) 2,045 (9.5) 99 (1) 96 (10) 0.32
Parity 0.56
Nulliparous 8,243 (35) 7,611 (35) 320 (35) 312 (34)
Multiparous 15,237 (65) 14,017 (65) 601 (65) 619 (65)
Missing <10 <10 — —
Year of birth [n (%)] <0.0005
2012 698 (3.0) 655 (3.0) 14 (1.5) 29(3.1H)
2013 7,471 (32) 6,765 (31) 444 (48) 262 (28)
2014 8,088 (34) 7,474 (35) 316 34 298 (32)
2015 7,230 (31) 6,741 (31) 147 (16) 342 (37)
Season of birth [n (%)] 0.38
Spring (MAM) 5,443 (23) 5,002 (23) 218 (24) 223 (24)
Summer (JJA) 6,229 (27) 5,727 (26) 268 (29) 234 (25)
Fall (SON) 5,974 (25) 5,505 (25) 218 (24) 251 (27
Winter (DJF) " 5,841 (25) 5,401 (25) 217 (24) 223 (24)
Residence in census-designated place [n (%)] 11,883 (51) 10,809 (50) 475 (52) 599 (64) <0.0005

Note: Cells with counts <10 have been suppressed. Percents may not sum to 100 due to rounding. Exposure to flaring was defined based on the median number of flares within 5 km
during pregnancy among the cxposcd (low: 1-9, high: >>10). —, No data; BMI, body mass index; DIF, December, January, February; GED, general cducation development; JJA, June,

July, August; MAM, March, April, May; SD, standard deviation; SON, September, October, November,

“Pearson’s chi-squarc test or F-test by level of flaring exposure.

Our post hoc sensitivity analysis including residence in a
census-designated place in the main preterm birth model did not
change the magnitude, direction, or statistical significance of
effect estimates. The coefficients for census-designated place was
also not statistically significant (see Table S10).

Discussion

As far as we are aware, this is the first study to examine the
potential effects of flaring from oil and gas extraction on human
health. Our retrospective cohort study of births between 2012 and
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2015 in the Eagle Ford Shale region of south Texas suggests that
prenatal exposure to flaring from OGD is associated with a sig-
nificant increase in the risk of preterm birth and a shorter length
of gestation among pregnant women living nearby. Because we
included the number of oil and gas wells in our models, our find-
ings suggest the effects of flaring on the length of gestation are in-
dependent of other potential exposures related to oil and gas
wells.

Our stratified analysis suggested that Hispanic women were
vulnerable to the effects of flaring on preterm birth, whereas non-
Hispanic white women were not. As far as we are aware, this is the
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Table 2. Birth outcomes by degree of flaring during pregnancy and number of oil and gas wells within 5 km of the maternal residence, Eagle Ford Shale,
Texas, 2012-2015 (N =23,487).

Flares within 5 km Wells within 5 km
0 Low High 0 Low Medium High
(n=21,634) (n=921) (n=931) p-Value"  (n=6,176) (n=6,215) (n=5,482) (n=5,614)  p-Value”

Preterm birth [n (%)] 2,269 (10.5) 81 (8.8) 131 (14.1) <0.0005 598 (9.7) 656 (10.6) 618 (11.3) 609 (10.9) 0.04
Small for gestational age 2,224 (10.3) 86 (9.3) 94 (10.1) 0.65 635 (10.3) 648 (10.4) 574 (10.5) 547 (9.7) 0.56

[n (%]
Gestational age 385+2.1 386+19 38.3+22 0.02 38.6+2.1 38.5+2.2 385422 385+2,1 0.0005

[weeks (mean £+ SD)]
Term birthweight 3,284 +£543 3,288+509  3,241+529 0.06 3,301 £545 3,282+548 3,268+540 3,276 +529 0.007

[g (mean + SD)]

Note: Exposure to flaring was defined based on the number of nightly flares (low: 1-9, high: 10-562), with the cutoff corresponding to the median of cxposurc among the cxposcd.
The number of wells was catcgorized as zero, low (1-8), medium (9-26), or high (27-524), with cutoffs corresponding roughly to quartiles of exposure. SD, standard deviation.
“Pearson’s chi-square test or F-test by level of cxposure.

first study to document greater health impacts associated with group that experiences systemic discrimination may confer greater
OGD among women of color. A history of government-sanctioned vulnerability due to the physiological effects of chronic psychoso-
discrimination in housing, employment, and education have led cial stress (Geronimus 1992). Evidence suggests that chronic stress
Hispanics in Texas to be socioeconomically disadvantaged, with a can result in physiological wear and tear on the body that can
2014 median household income of $41,177 compared with increase vulnerability to environmental stressors by impairing
$65,786 for non-Hispanic whites and with a greater proportion liv- immune function, increasing the absorption of toxicants (McEwen
ing below the federal poverty level (23% vs. 9.3% among non- 1998), by compromising the body’s defense systems, or by directly
Hispanic whites) (Texas Health and Human Services Commission causing illness or affecting the same physiological process as the

2014). Reasons why women of color and lower socioeconomic sta- environmental toxicant (Clougherty and Kubzansky 2009; Gee
tus may experience greater vulnerability to flaring could relate to and Payne-Sturges 2004; Gordon 2003; Morello-Frosch and
differences in preexisting health status (because income and educa- Shenassa 2006). Although we were not able to directly examine

tion are directly related to health); greater co-exposures to other stress or say why Hispanic women in our study were more vulnera-
pollutants (e.g., because pollution sources are disproportionately ble, our findings are consistent with prior studies that found

located in communities of color); a compromised ability to cope socially disadvantaged women—including African Americans and
with the adverse eftects of pollution due to poor nutrition or limited residents of socioeconomically disadvantaged neighborhoods—
access to health care, preventative or social services; and modify- are more vulnerable to the impacts of ambient air pollution, includ-

ing effects of psychosocial stress associated with living in poverty ing larger reductions in birth weight associated with exposure to
or experiencing discrimination. Belonging to a racial or ethnic particulate matter (Erickson et al. 2016; Morello-Frosch et al.
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Figure 2. Estimated associations between the number of flares within 5 km of maternal residence and (A) the odds of preterm birth, (B) the odds of small-for-
gestational age birth, (C) gestational age, and (D) term birthweight, Eagle Ford Shale, Texas, 2012-2015 (N =23,158). Full numeric data for models that are
unadjusted (Model 1) and adjusted (Model 2) for the number of oil and gas wells within 5 km are provided in Tables S2 and S3. Figures show etfect estimate
and 95% Cls comparing infants with prenatal exposure to a low (1-9) and high (10-562) number of nightly flare events within 5 km of the maternal residence
to unexposed infants. All estimates are adjusted for maternal age, race/ethnicity, nativity, education, prepregnancy BMI, smoking, insurance, parity, high-risk
pregnancy, infant sex, prenatal care, year of birth, and season of birth. Models of term birthweight additionally controlled for gestational age. Red lines indicate
the null. Note: BMI, body mass index; CI, confidence interval; OR, odds ratio.
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Figure 3. Estimated associations from models stratitied by ethnicity between
the number of flares within 5 km of maternal residence and (A) the odds of
preterm birth, (B) the odds of small-for-gestational age birth, (C) gestational
age, and (D) term birthweight, Eagle Ford Shale, Texas, 2012-2015
(N =12,781, Hispanic women and N =8,566 non-Hispanic white women).
Full numeric data are provided in Tables S8 and S9. Figures show effect
estimates and 95% Cls comparing infants with prenatal exposure to a low
(1-9) and high (10-562) number of nightly flare events within 5 km of the
maternal residence to unexposed infants. All estimates are adjusted for the
number of oil and gas wells within 5 km, maternal age, nativity, education,
prepregnancy BMI, smoking, insurance, parity, high-risk pregnancy, infant
sex, prenatal care, year of birth, and season of birth. Models of term birth-
weight additionally control for gestational age. Red lines indicate the null.
Note: BMI, body mass index; CI, confidence interval; OR, odds ratio.

2010; Westergaard et al. 2017). In addition, it is possible there is a
threshold effect of flaring and that the lack of an association among
non-Hispanic white women that we observed may have been the
result of the fact that they were exposed to a lower average number
of nightly flare events than Hispanic women (mean of 24.1 vs. 36.3
among the exposed).

We found no evidence of an association between flaring and
SGA or reduced birthweight among term infants when control-
ling for gestational age. The lack of strong associations with these
outcomes may be due to a lack of a true effect on fetal growth in-
dependent of gestational age or to power limitations resulting
from the low prevalence of exposure to flaring in our study popu-
lation. For example, given the prevalence of SGA (10.2%) and
exposure to flaring (7.9%) in our study population, we estimate
that we had power of only 0.52 to detect a true OR of 1.2 at
a=0.05.

We found that women exposed to low levels of flaring had a
reduced odds of preterm birth compared with women with no expo-
sure in models that controlled for well density. This counterintui-
tive finding was no longer statistically significant when we
measured exposure to flaring on the basis of flared area or the
inverse squared distance-weighted sum of nightly flare events,
which may better approximate the quantity and proximity of flared
gas than the number of flares, suggesting the association may have
been spurious, or the result of a threshold or nonlinear effect that
we were not able to estimate given the small number of exposed
women in our sample (<8%). It is also possible that low levels of
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flaring may appear protective because women exposed to low lev-
els of flaring live in more rural settings than those exposed to no
flaring [median (mean) population density = 180 (699) people per
square kilometer for the low-flare group vs. 452 (1,063) for the no-
flare group] and are, therefore, less exposed to other pollutants
such as traffic-related air pollution, resulting in residual confound-
ing. However, a lack of regulatory air pollution monitoring in our
study region prohibits us from being able to further assess this
potential source of bias. Adding an indicator variable for residence
in a census-designated place (in our study area, a small town, as
opposed to a more rural setting) to our models in a post hoc analysis
did not change the magnitude, direction, or statistical significance
of effect estimate for the association between low levels of flaring
and preterm birth (see Table §9).

In addition to flaring, we also found that living within 5 km
of oil and gas wells was independently associated with adverse
birth outcomes, including a higher odds of preterm birth, reduced
gestational age, and reduced tBW, controlling for gestational age.
The association with preterm birth is consistent with previous
studies from Pennsylvania and Northem Texas in areas of
OGD but absent of significant flaring activity (Casey et al. 2016;
Whitworth et al. 2018). Other studies from Southwest
Pennsylvania, Colorado, and California have found no evidence
of such an association with preterm birth (Mckenzie et al. 2014;
Stacy et al. 2015; Tran et al. 2020). In contrast to our findings,
the majority of previous studies have found little evidence of an
association between residential proximity to OGD and birth-
weight, with the exception of Stacy et al. (2015) and Tran et al.
(2020). Our contrasting findings could be related to differences in
our study design and the nature of OGD in the Eagle Ford Shale,
which includes significant oil as well as gas production and con-
ventionally drilled as well as unconventionally drilled wells.
(With the exception of the California study, prior studies have
focused on natural gas wells that were unconventionally drilled.)

Our findings hold broader implications for other populations
exposed to flaring from OGD. Flaring activity has increased dra-
matically in the United States over the last five years, spiking by
nearly 50% in 2018 from the previous year, the largest absolute
gains of any country (World Bank 2019). Beyond the Eagle Ford
Shale, flaring is common in the Permian Basin of West Texas and
Eastern New Mexico as well as the Bakken Shale of North Dakota
and Western Montana. In fact, a recent study suggests that as of
2015, the Permian Basin has had more flare activity and appears to
flare larger volumes, on average, than the Eagle Ford play
(Willyard and Schade 2019). In the Bakken Shale play, it is esti-
mated that 28% of North Dakota’s total produced natural gas was
flared (Gvakharia et al. 2017). The health impacts of flaring there-
fore warrant additional study, and our findings require replication
in other populations. Prior work has demonstrated associations
between flaring and increased risk of stillbirth among cattle as
well as increased risk of calf mortality (Bamberger and Oswald
2012). However, we are unaware of any previous studies assessing
the health impacts of flaring from OGD among humans.

We utilized a novel exposure metric derived from infrared sat-
ellite observations that provides an objective, highly spatially and
temporally resolved measure of flaring activity. In places such as
our study region, where industrial activity is minimal, combustion
sources detected using this method are unlikely to come from sour-
ces other than flaring. This approach provides distinct advantages
over alternative available measures of flaring, including self-
reported regulatory data, which is likely to underestimate the mag-
nitude of flaring and is provided only in the aggregate (monthly,
lease-level). However, our measure only indirectly reflects poten-
tial exposures, including air pollutant emissions. We are, therefore,
unable to determine the mechanism(s) through which flaring may
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adversely affect birth outcomes. Monitoring studies have indicated
that incomplete combustion during the flaring process can release a
variety of air pollutants, including particulate matter, which has
been linked to preterm birth and reduced fetal growth in other con-
texts (Ballester et al. 2010; Brauer et al. 2008; Dadvand et al.
2013). However, there is a lack of air pollutant monitoring data in
areas with flaring due to OGD, which are primarily rural.

Because we relied on live birth records, we were unable to
assess potential effects of flaring on the risk of miscarriage. We
were also unable to examine critical windows of exposure due to
the high correlation between pregnancy-long and trimester-
specific estimates of exposure to flaring in our population.
Another limitation of our study is that we were unable to capture
maternal mobility because only the birth mother’s place of resi-
dence at the time of birth is recorded in the birth records. Prior
studies have suggested that ignoring residential mobility may
bias associations toward the null due to nondifferential exposure
misclassification, and that moving distances during pregnancy
are typically relatively short and within the same county (Bell
and Belanger 2012; Chen et al. 2010; Hodgson et al. 2015; Lupo
et al. 2010; Miller et al. 2010; Pennington et al. 2017).

Together, our findings suggest that living within 5 km of
OGD wells and flaring activity may have had a significant
adverse effect on birth outcomes among pregnant women in the
Eagle Ford region. The fact that much of the region is low
income and approximately 50% of residents living within 5 km
of an oil or gas well are people of color raises environmental jus-
tice concerns about the potential health impacts of the oil and gas
boom in south Texas (Johnston et al. 2016). Measures to mini-
mize flaring—such as more stringent regulation of flaring or
investments in renewable energy and energy efficiency measures
that reduce reliance on fossil fuels overall—could protect the
health of infants.
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Abstract

Background—~Unconventional natural gas development has expanded rapidly. In Pennsylvania
the number of producing wells increased from zero in 2005 to 3689 in 2013. To our knowledge,
no prior publications have focused on unconventional natural gas development and birth
outcomes.

Methods—We performed a retrospective cohort study using clectronic health record data on
9384 mothers linked to 10946 neonates in the Geisinger Health System from January 2009-
January 2013. We estimated cumulative exposure to unconventional natural gas development
activity with an inverse-distance squared model that incorporated distance to the mother’s home;
dates and durations of well pad development, drilling, and hydraulic fracturing; and production
volume during the pregnancy. We used multilevel linear and logistic regression models to
examine associations between activity index quartile and term birth weight, preterm birth, low §
minute Apgar score and small size for gestational age, while controlling for potential confounding
variables.

Results—In adjusted models, there was an association between unconventional natural gas
development activity and preterm birth that increased across quartiles, with a fourth quartile odds
ratio of 1.4 (95% CI: 1.0-1.9). There were no associations of activity with Apgar score, small for
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gestational age, or term birth weight (after adjustment for year). In a post-hoc analysis, there was
an association with physician-recorded high-risk pregnancy identified from the problem list
(fourth vs. first quartile, 1.3 [95% CI: 1.1-1.7]).

Conclusion—Prenatal residential exposure to unconventional natural gas development activity
was associated with two pregnancy outcomes, adding to evidence that unconventional natural gas
development may impact health.

INTRODUCTION

The last decade has seen rapid development of unconventional natural gas resources
worldwide; the International Energy Agency reports that 18% of global gas production now
comes from unconventional sources. The steepest increases have occurred in the United
States (U.S.) and in particular in the Marcellus shale in Pennsylvania. From 2006 to 2013,
annual conventional gas production in Pennsylvania was stable at around 5.7 billion cubic
meters (bcm); prior to 2009, unconventional production was less than 10 becm, and then
production increased rapidly to 3048 bem in 2013.

Unconventional natural gas development is a large-scale multi-stage process.!* Developers
use diesel equipment to clear land for well pads, transport materials, and drill multiple wells
per pad. Directional drilling, first vertically and then horizontally, and hydraulic fracturing
(“fracking”) differentiate this process from conventional development. Hydraulic fracturing
tnvolves injecting millions of liters of water mixed with sand and chemicals into the
borehole causing fractures in the shale formation. Fracturing fluids, flowback and produced
water, and natural gas then flow to the surface for collection and use. Gas is sometimes
flared, releasing pollutants. Wells produce natural gas at high rates for the first year, with a
rapid decline over the first three years.

Prior studies have demonstrated environmental impacts from the various stages of
unconventional natural gas development including pollution of air,>* surface water,!0
groundwater,!1:12 and soil as recently reviewed.! Truck traffic, drilling, hydraulic
fracturing, and production can generate diesel particulate matter, fine particulate matter
(PM3 5), methane, NOy, and volatile organic compounds, which are also ozone
precursors.>-13 Some of these pollutants, most consistently PM; s, NOy, SOy, and ozone,
have been associated with adverse birth outcomes including low or reduced birth
weight14-16 and preterm birth.14,17,18 PM3 5 and ozone are regional air pollutants, so
women living long distances from unconventional natural gas development could experience
effects.

Expectant mothers could also be exposed to water pollution from unconventional natural gas
development. A recent study identified 2-n-butoxyethanol — a chemical found in flowback
water from the process, which might be a general indicator of its contamination — in
household well water in Pennsylvania.!2 In addition, people living in communities near
unconventional natural gas development commonly report symptorms (e.g., upper respiratory
symptoms, headaches), and may experience psychosocial stressors from rapid industrial
development, increased motor vehicle traffic, potential influences on environmental radon
pathways, noise, and infusion of short-term workers.!*19-23 Some of these exposures have
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also been linked to negative birth outcomes.2425 A recent study in Colorado reported that
density of and proximity to natural gas wells were associated with congenital heart and
neural tube defects, but not with birth weight or preterm birth.26 This study did not
distinguish between conventional and unconventional wells, and mainly described
associations with conventional wells since the Energy Information Agency estimated that
only 25% of natural gas produced in Colorado in 2009 came from unconventional sources.
There is an unpublished study that found mothers living near unconventional natural gas
development in Pennsylvania gave birth to infants with increased prevalence of low birth
weight, low Apgar scores, and small for gestational age.2”

In this study, we exploited the geographic overlap of the Geisinger Health System and
unconventional natural gas development in Pennsylvania to conduct a retrospective cohort
study by linking electronic health record data to estimates of exposure to the activities
during pregnancy. Despite calls for health studies,?8-2% to our knowledge there is only one
published population-based study focused on unconventional natural gas development and
objective health outcomes.3? We evaluated associations between an index of unconventional
natural gas development activity and four birth outcomes.

METHODS

Study area and participants

The Geisinger Health System serves a primary market of approximately 40 counties in
central and northeast Pennsylvania, a region with a 2010 population of over 4 million
residing in over 1200 communities defined as townships, boroughs, and census tracts in
cities.3! Patients with a Geisinger primary care provider are representative of the general
population based on age, sex, race/ethnicity, and rural residence.32 Neonates were delivered
at two hospitals, Geisinger Medical Center in Danville, which has a Level IV neonatal
intensive care unit (NICU), and Geisinger Wyoming Valley in Wilkes-Barre, which has a
Level I1 NICU. The Institutional Review Board at the Geisinger Health System reviewed
and approved the study.

Singleton births to women who delivered at Geisinger between 2006 and January 2013 were
eligible for inclusion. We identified births and deliveries using International Classification
of Diseases, Ninth Revision codes (i.e., V27.x, V30.x) in mother and neonate electronic
health records. We used medical record numbers and other data found in the electronic
health record to link mothers with their neonates. We excluded those whom we could not
match, stillbirths, and neonates with serious birth defects, birth weights < 500g or
gestational ages < 22 weeks. Only mother’s 2013 address was available from the electronic
health record, so we assumed they lived at the same address during pregnancy. We
geocoded women’s residences using ArcGIS 10.23! and excluded those who did not reside
in Pennsylvania or whose address we were unable to geocode. We evaluated our assumption
of mother’s residential stability by comparing addresses in two Geisinger Health System
datasets, 39 months apart (one from 2010 and the other from 2013), among 333,322 patients
in both datasets. Due to strong collinearity between the unconventional natural gas
development exposure metric and calendar year, we also excluded births prior to 2009 when
little such activity had taken place in the study region.

Epidemiology. Author manuscript; available in PMC 2016 April 01,
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Birth outcomes

We extracted data from electronic health record files including labor and delivery notes and
a separate labor and delivery database maintained continuously by nursing personnel. The
clinician recorded gestational age as part of routine care based on patient-reported last
menstrual period and 20 week ultrasound: We estimated the first day of pregnancy from
gestational age. We studied four birth outcomes: term (> 37 week) birth weight, preterm
birth (< 37 weeks gestation), low 5 minute Apgar score (< 7), and small for gestational age;
we isolated moderate to late preterm birth (32-36 wecks gestation) in a sensitivity analysis.
Infants with low 5 minute Apgar scores often require respiratory support and have poorer
future academic achievement.33 Small for gestational age was defined as less than the sex-

0th percentile of weight for each week of gestation within the Geisinger population

specific 1
from 2006-2013. While creating the a priori outcomes, we discovered that maternal and
fetal specialists often use the electronic health record problem list to identify a pregnancy as
high-risk. Because we hypothesized that UNGD could contribute to conditions (e.g.,
pulmonary, cardiovascular) that could designate a pregnancy as high-risk, post hoc we

added high-risk pregnancy as an outcome.

Unconventional natural gas development activity index

We collected data, spanning 2005-2013, on well drilling and production dates and volumes
from the Pennsylvania Department of Environmental Protection and on well stimulation
dates and drilling depth from the Pennsylvania Department of Conservation and Natural
Resources. We collaborated with SkyTruth (Shepherdstown, WV, skytruth.org) to use
crowdsourcing to confirm well pad locations using U.S. Department of Agriculture acrial
photographs. We imputed missing total depths, production volumes, and stimulation dates
from available data. The assembled dataset included latitude and longitude of each well;
dates of well spudding (i.e., beginning of drilling), perforation, stimulation, and production;
total well depth; volume of natural gas produced; and the number of producing days
annually. Because phases of unconventional natural gas development (i.c., pad development,
drilling, stimulation, production) are known to differ by exposures and duration, we derived
individual-level estimates to each of these four phases. Although there was heterogeneity by
well, for the purposes of exposure assignment, we used published descriptions34 of the
process and information in our own data to estimate phase durations: (1) pad development =
the 30 days prior to the first well drilled on a pad; (2) drilling = 1-30 days, based on total
well depth; (3) hydraulic fracturing = 7 days; and (4) production = present when reported
production values were non-zero.

We first created four exposure metrics by phase that incorporated all wells statewide as:

n 1

Mother j metm’c:ZZm (1, (k) /di*
i=1lk=1

where n was the number pads or wells; & was the day with 1 equal to January 1, 2009 and /
was equal to 1125 or January 31, 2013; m was 1 for pad and drilling, m was total well depth
for stimulation (because we used total well depth as a surrogate for truck trips and hydraulic
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fracturing fluid volume), and m was gas volume for production (because we used production
volume as a surrogate for air pollution emissions); I 4(k) was | when the phase overlapped

temporally with gestation; and d?j was the squared-distance between the coordinates of pad
or well i and mother j°s home address. The phase-specific units were pads/m2, wells/m2,
total well depth (m)/m?, and gas production volume m3/m? for pad, drilling, stimulation, and
production metrics, respectively. The denominator was always the squared-distance between
wells and residences (m?).

Because we wanted to estimate exposure to phases of unconventional natural gas
development and there was collinearity between the four exposure metrics (p, 0.6-0.9), each
was z-transformed then summed to estimate the unconventional natural gas development
activity index (hereafter referred to as the activity index). This meant that a woman living
close to several well pads under development, but far from any producing wells could have a
similar index as a woman living near only producing wells. We did not evaluate trimester-
specific indices because of very high inter-trimester correlations. We divided the aggregated
activity index into quartiles for analysis.

We included clinical, demographic, and environmental covariates to control for potential
confounding based on a priori hypotheses and previous studies of birth outcome risk factors
including neonate sex, gestational age (for birth weight), season and year of birth, maternal
age, race/ethnicity, Geisinger primary care provider status, smoking status during
pregnancy, pre-pregnancy body-mass index (BMI), parity, antibiotic orders during
pregnancy, and receipt of Medical Assistance, a surrogate for low family socioeconomic
status.3336 For teenagers (<20 years), we categorized pre-pregnancy BMI using z-scores
based on U.S. Centers for Disease Control and Prevention data. Environmental covariates
included distance to nearest major road (principal arterial and larger based on U.S. Census
Bureau Topologically Integrated Geographic Encoding and Referencing road files),2437
community socioeconomic deprivation3® and residential greenness (based on the average
normalized difference vegetation index values in the 1250m x 1250m area surrounding the
residence in the three seasons prior to delivery).3? Due to concern about the potentiat
contamination of ground water in the region, we used Pennsylvania Department of
Environmental Protection public water service areas to assign houschold water source as
municipal or well water.12:40 Alcohol use was not a confounder, so was not included in
adjusted models. We also did not adjust for blood pressure or the number of prenatal
healthcare visits because we considered them potential mediators.

Statistical analysis

To assess the association of the activity index (quartiles) with birth outcomes, we fit a series
of multilevel linear (for birth weight) and logistic (for other outcomes) regression models
with random intercepts for mother and community to account for nesting of observations in
women and place. The mother-specific intercept incorporated prior pregnancy outcomes
(e.g., prior preterm birth) into our models. We selected final models by a combination of a
priori hypotheses and likelihood ratio tests (P-value < 0.10). For each outcome, model 1 was
adjusted for sex of the neonate and season of birth, matemal age at delivery (linear and
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quadratic, years), maternal race/ethnicity (white, black, Hispanic, other), primary care status
(yes vs. no), smoking status during pregnancy (never, former, current, or conflicting/
missing), pre-pregnancy BMI (underweight: z-score > 2SD below mean or < 18.5 kg/m?;
normal: z-score within 1 SD of mean or 18.5-24.9 kg/m?; overweight: z-score 1-2 SD above
mean or 25-29.9 kg/m?Z; or obese: z-score > 2 SD above mean or > 30 kg/m?), parity
(nulliparous vs. multiparous), receipt of Medical Assistance (never vs. ever), delivery
hospital (Geisinger Medical Center vs. Geisinger Wyoming Valley), distance to nearest
major road in meters, drinking water source (well water vs. municipal), community
socioeconomic deprivation (quartiles), and greenness (continuous). In model 2, we further
adjusted associations for year (2009-2010 vs. 2011-2013). Birth weight models were also
adjusted for gestational age (lincar and quadratic, weeks) and high-risk pregnancy models
were additionally adjusted for the average annual number of entries on the problem list to
account for the fact that its use increased over time (mean of 14% more entries per year).

In sensitivity analyses we included the number of antibiotic orders during pregnancy,
restricted preterm models to neonates born moderately to late preterm (32-36 weeks
gestation), and fit a Cox proportional hazard model with gestational age as the timescale,
preterm birth as the outcome, unconventional natural gas development varying by week, and
robust standard errors. We also assessed the possibility of unobserved confounding by
assigning babies bom in 2006, before there was any unconventional natural gas
development, the estimated exposure metric they would have accrued had they been born in
2012, when there was such development. If the 2012 unconventional natural gas
development exposure metric were found to be associated with birth outcomes for these
2006 babies, it would suggest that our main study findings may have been spurious.

We report associations as difference in term birth weight or odds ratios for preterm birth,
small for gestational age, S-minute Apgar score, and high-risk pregnancy comparing >
quartile 2 of unconventional natural gas development activity to quartile 1 with 95%
confidence intervals. Models did not exhibit residual spatial variation, which we checked for
by visually inspecting semivariograms.#! Because of the low proportion of missing data
(0-1.4% on outcomes and 0-5.2% on confounders) and because missingness only appeared
to be associated with year (more missing data in earlier years), patients were omitted from
models when they were missing data. We used Stata version 13 (StataCorp. College Station,
TX) and R version 3.0.0 (R Foundation for Statistical Computing).

RESULTS

We identified 20598 neonates born to 20569 mothers who delivered between 2006 and
January 2013. After exclusions (Figure 1), we reached a final study sample of 9384 mothers
who delivered 10496 neonates (mean of 1.2 per mother). Mothers lived in 699 communities
(mean of 14 per community). In eTable | we compare the final population to those
excluded. Geisinger patients had residential stability. We compared addresses from 2010
and 2013 on 333,222 paticnts and found that 79.8% had the exact same street address, 6.0%
had moved <1500m and another 10% had moved 1500-16,000m from their original address.
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The mean birth weight was 3272 grams (SD = 612). Eleven percent (n = 1103) of the births
were preterm, 8% were moderately preterm (n = 871), 2% (n = 227) had 5 minute Apgar
scores < 7, 10% (n = 1024) were small for gestational age, as expected given our use of an
internal standard, and 27% (n = 2853) of pregnancies were identified as high-risk (Table 1).

Unconventional natural gas development in the Pennsylvania Marcellus shale began in the
southwest in 2005 (15 wells drilled) and quickly accelerated. By the period 2009-2012, an
average of 1555 unconventional wells, drilled to an average depth of 3380m, and 1177 wells
entered production annually (Figure 2). The mean (SD), median (IQR) number of wells
within 20 km of mothers (during their pregnancy) in the first vs. fourth quartile of exposure
to unconventional natural gas development was 6 (28), 0 (0-1) vs. 124 (202), 8 (1-122),
respectively, reflecting a marked difference in intensity of potential exposure.

In Table 1 and 2 we present descriptive statistics of several demographic and clinical
variables by UNGD activity quartile and by outcome. Neonates born in later years and in the
summer and fall; and mothers that were multiparous, received an antibiotic order during
pregnancy, used well water, or lived farther from the nearest major road appeared to have
higher exposure to unconventional natural gas development activity. Among those with poor
pregnancy outcomes, several covariates were more common including receipt of Medical
Assistance, black race/ethnicity, ever-smoking, and others (Table 2). Mothers with a primary
care provider had an average of 16 prenatal visits (SD = 6) compared to 12 (SD = 7) in those
without.

The activity index was not associated with adverse birth outcomes in unadjusted analyses
(Table 1). In adjusted birth weight and preterm models, current smoking, underweight BMI,
nulliparity, high community socioeconomic deprivation (preterm only), and black race/
ethnicity and receipt of Medical Assistance (birth weight only) were positively associated;
normal BMI, never smoking, farther distance to nearest major road, and higher residential
greenness (preterm only) were negatively associated.

After adjustment for covariates, the fourth quartile of the activity index was associated with
lower term birth weight, but not after further adjustment for year (Table 3). In adjusted
models, the odds of preterm birth increased across quartiles of the activity index (fourth vs.
first quartile, 1.4 [95% CI: 1.0-1.9]) (Table 3). This association strengthened with
adjustment for year (Table 3), persisted in a survival model framework (eTable 2), and was
robust to restriction to moderate and late preterm births (fourth vs. first quartile, OR = 1.5
[95% CI = 1.0-2.4]). In model 2, antibiotic orders were associated with preterm birth (OR =
1.5[95% CI = 1.3-1.6]). Unconventional natural gas development exposure during the
prenatal period was associated with high-risk pregnancy (fourth vs. first quartile of the
activity index, OR = 1.3 [95% CI: 1.1-1.7]), but not with 5 minute Apgar score or small for
gestational age (results not shown).

In a sensitivity analysis in infants born in 2006 (n = 1932), future exposure to
unconventional natural gas development was not associated with preterm birth, Apgar score,
or small for gestational age birth in fully adjusted models. Neonates born in 2006, who

Epidemiology. Author manuscript; available in PMC 2016 April 01.



1duosnuepy Joyiny 1dussnuepy Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Casey et al. Page 8

would have been in the 41 quartile of the activity index had they been born in 2012, had
lower birth weights (§ =—53 [95% CI —120 to 12]).

DISCUSSION

We used electronic health record data to conduct a population-based retrospective cohort
study in central and northeast Pennsylvania during a time of very rapid unconventional
natural gas development in the region. Our study examined associations between prenatal
exposure to unconventional natural gas development activity and four birth outcomes and
high-risk pregnancy in the mother. We demonstrated that mothers with higher activity index
values during pregnancy were more likely to give birth preterm, a finding corroborated in
time-to-delivery analysis, and to have a physician-recorded high-risk pregnancy. An
association with term birth weight was not robust to adjustment for year. In a sensitivity
analysis, when we assigned babies born in 2006 the activity index they would have had if
they were born in 2012, unconventional natural gas development was associated with lower
birth weight, suggesting that the primary association may have been due, at least in part, to
unobserved confounding. There were no associations with Apgar score or small for
gestational age. The electronic health record allowed us to carefully ascertain both
pregnancy outcomes and confounding variables. We were able to control for other
community conditions and exposures, including distance to roadways, source of drinking
water, and community socioeconomic deprivation. To our knowledge, this is also the first
study to base estimates of unconventional natural gas development activity exposure in
relation to health risks on four separate phases of well development.

Three recent reviews summarized evidence linking health and unconventional natural gas
development and found it lacking.!"> Werner et al. identified only four highly relevant peer-
reviewed studies related to these processes and health outcomes: two using self-reported
symptoms, one of childhood cancer that may not have adequately accounted for latency, and
one of birth outcomes.21-22:26,30 The only published study dealing with birth outcomes
reported that density and proximity of gas wells in Colorado, USA, were associated with
two birth defects, but also higher birth weight and lower odds of preterm birth.26 During the
study period, the U.S. Energy Information Administration reported that Colorado produced
28 million cubic meters of natural gas unconventionally and 130 million cubic meters
conventionally. We were able to study people living in areas with much higher
unconventional natural gas development activity; Pennsylvania produced 58 billion cubic
meters of natural gas unconventionally in 2012, A second, unpublished study, compared
neonates born to mothers residing within 2.5 km of a spudded well to those living within 2.5
km of a permitted, but not spudded, well.2’ This study reported decreased term birth weight
(but did not control for gestational age) and increased small for gestational age and 5 minute
Apgar scores < 8, but no association with preterm birth. We too observed associations with
Apgar scores < 8, but not < 7, as most prior studies have used, and between unconventional
natural gas development and term birth weight when we omitted gestational age.

The unconventional natural gas development process is associated with heterogeneous
exposures that last varying amounts of time. We did not have the capability to measure
exposures directly. However, we were able to account for the varying durations of the
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different phases by using published descriptions and information from our own analysis to
assign deliveries activity values in defined windows. This should be an improvement over
prior studies, which generally used spud date to identify the start of an exposure assumed to
last forever, an incorrect assumption.26-30 Any bias introduced by errors in the estimation of
the durations of development phases is likely to be independent of birth outcomes and thus
tend to bias associations towards the null.

There are multiple ways unconventional natural gas development activity could influence
birth outcomes. Concerns include impacts on air quality,!-3 ground and surface water
quality,!2 and matemal psychosocial stress from noise, increased traffic volumes, and
contextual exposures including social disruption and community livability.* For many of
these, their associations with birth outcomes have been investigated in other
settings.!417-37:42 For instance, prior literature suggests that a 10pg/m? increase in exposure
to PM s is associated with a 10% increase in odds of preterm birth and low birth
weight.13:18 There are also several proposed mechanisms linking PM exposure to preterm
birth including interference with placental development, inflammation, and increased risk of
infection.!® In our study, mothers with higher activity indices were indeed more likely to
receive an antibiotic order during their pregnancy. Neighborhood contextual factors have
also been consistently associated with birth outcomes.*> Women living in communities
exposed to unconventional natural gas development likely experience both environmental
and social exposures that may have synergistic effects on health.** Finally, unmeasured
confounding could have contributed to our results; our measure of family SES was binary
and did not include education, and we also had no information on occupation.

This study had limitations. In an effort to assign activity values more accurately than prior
studies, we estimated the duration of each phase of unconventional natural gas development.
This is likely to have introduced measurement error since the amount of time each phase
lasts varies by well. We used a distance-based metric to estimate exposure to four phases of
development, but were not able to evaluate phase-specific associations due to collinearity.
Phases are known to contribute different types of exposures (e.g., pad development is a
source of diesel emissions including PM as well as noise),! but our methodology did not
allow us to differentiate among phase-specific exposures, type of hazardous exposure (e.g.,
air and water pollution), and the contextual effects of development. We were not able to take
environmental samples, which may have led to exposure misclassification and prevented us
from determining if a specific pollutant was responsible for our associations. Additionally,
unconventional natural gas development was highly correlated with year, making it
challenging to control for temporal trends; therefore we presented results both unadjusted
and adjusted for year. In regards to conventional gas development in the state, although the
densest development is in the northwest and many of these wells are decades old and non-
producing, there was still collinearity between our activity index and conventional gas
proximity metrics, which precluded adjustment for conventional gas well locations.
Historical addresses are not retained in the Geisinger electronic health record so we were not
able to determine whether the last recorded address represented residential location during
the course of pregnancy. Our sensitivity analysis suggested that most Geisinger patients do
not move, and if they do, they tend to move locally. In our study, many wells were
developed in one location over time, so the exposures, emissions, and community
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circumstances present in one trimester were likely present in another. This collincarity
prevented us from evaluating trimester-specific associations.

Prior studies found elevated symptoms in regions with unconventional natural gas
development and concern by residents of possible health effects. This study adds to limited
evidence that unconventional natural gas development adversely affects birth outcomes. We
observed that an index of development activity was associated with both preterm birth and
high-risk pregnancy. Multiple aspects of development might be involved, including
hazardous exposures and contextual effects. Future studies should use direct environmental
sampling to more accurately capture exposure and include data on mother’s place of
residence throughout pregnancy. Such data is needed to allow policy makers to effectively
weigh the risks and benefits of unconventional natural gas development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2.
The Marcellus shale extent, the location of spudded and producing wells as of December

2012, the location of the two Geisinger Health System hospitals and the primary and
surrounding Geisinger counties. Annotation indicates the number of neonates born to
mothers residing in each county. GMC = Geisinger Medical Center. GWV = Geisinger
Wyoming Valley.
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Distribution of study population characteristics among 9384 mothers and their 10496 children by quartile of
unconventional natural gas development (UNGD) activity index

UNGD activity index quartilea

Variable No. (%) 1 2 3 4
Maternal characteristics
Age at birth, years, mean (SD) 10496 (100) | 27.6(5.8) 27.8 (5.7) 279 (5.7) 27.8(5.8)
Race/cthnicity, %

White 9327 (89) 88 89 86 92

Black 382 (4) 4 3 4 3

Hispanic 601 (6) 6 6 7 3

Other 148 (1) 2 1 2 1

Missing 38(<1) <1 <1 <1 <1
Primary care patient, % 4789 (46) 45 45 46 46
Smoking statusb, %

Never 4984 (47) 46 45 49 49

Former 2258 (22) 21 24 21 20

*Current 1785 (17) 18 18 15 17

Conflicting or missing 1489 (14) 15 13 15 14
Alcohol use during pregnancyb, %

No 8448 (80) 77 79 83 83

Yes 1412 (13) 14 14 13 13

Missing 636 (6) 9 7 4 4
Pre-pregnancy body-mass index (kg/m?), %

<18.5 222(2) 2 2 2 2

18.5-24.9 3878 (37) 37 38 36 36

25-29.9 2834 (27) 27 25 28 28

>30 3013 (29) 29 30 28 28

Missing 549 (5) 5 5 5 5
Pre-pregnancy blood pressure, %

Systolic >140mmHg or diastolic >90mmHg 1125(11) 9 11 13 10

Normal 9371 (89) 91 89 87 90
Nulliparous, % 4600 (44) 47 43 44 41
gc]z)i;thcare visits during pregnancy, n, mean 10496 (100) 14.4(6.3) 13.8 (6.4) 13.6 (6.7) 13.7(6.7)
Antibiotic order during pregnancy, % 3338 (32) 30 31 31 35
Receipt of Medical Assistance, % 4796 (46) 44 47 45 47
Delivery hospital, %

Geisinger Medical Center 5638 (54) 57 57 51 49
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UNGD activity index quartilea
Variable No. (%) 1 2 3 4
Geisinger Wyoming Valley 4858 (46) 43 43 49 51
Distance to nearest major road, m, median 10496 (100) 788 863 609 1373
(IQR) (284-2825) | (304-3229) | (237-1826) | (455-6757)
Drinking water source, %
Municipal watcr 7306 (70) 72 72 78 57
Well water 3190 (30) 28 28 22 43
Community sociocconomic deprivationc, %
Quartile 1 2590 (25) 25 23 24 27
Quartile 2 2648 (25) 23 22 23 28
Quartile 3 2642 (25) 25 23 24 29
Quartile 4 2616 (25) 27 33 29 15
Residential greenness, NDVI index, mean (SD) | 0.54 (0.10) 0.50 (0.11) | 0.56(0.09) | 0.54(0.09) | 0.54 (0.11)
Infant Characteristics
Male, % 5372 (51) 51 52 52 50
Birth weight, grams, mean (SD) 10495 (100) | 3289 (604) | 3249 (623) | 3286 (599) | 3264 (622)
Gestational age, wecks, mcan (SD) 10418 (99) 38922 389 (2.4) 39.0(2.1) 38.9(2.3)
Preterm birth <37 wecks, % 1103 (11) 10 11 10 11
Preterm birth 32 to 36 weeks, % 871 (8) 2 2 2 2
Small for gestational age, % 1024 (10) 9 10 10 10
Apgar scorc, %
5 minute, <7 227(2) 2 2 2 2
5 minute, >7 10199 (95) 97 97 97 97
5 minute, missing 70 (<) 1 <1 1 1
High-risk prcgnancyd, % 2853 (27) 17 25 33 33
Birth year, %
2009 2336 (22) 79 7 1 2
2010 2518 (24) 20 55 9 11
2011 2608 (25) 1 27 49 22
2012 2852 (27) <1 11 38 60
2013 182 (2) 0 <] 2 5
Birth season, %
December-February 2562 (24) 27 20 25 24
March-May 2605 (25) 29 25 24 21
June-August 2748 (26) 23 29 25 27
September-November 2581 (25) 20 26 25 27

Page 16

UNGD activity index quartilc was assigned bascd on 4 z-transformed indicators using inverse-distance squared models that incorporated distance

to the mother’s home; dates and durations of the phases (well pad development, spudding, hydraulic fracturing, and production); and well

characteristics (depth and production volume) during gestation, and is in standard dcviation units. Percentages are rounded to whole numbcers.

EHR = clectronic health record. IQR = interquartile range. NDVI = normalized difference vegetation index.
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aQuartile 1: <—0.44; Quartile 2: —0.43 to —0.15, Quartile 3: —0.14 to 0.18, Quartile 4: >0.18.

bSmoking, alcohol use, and high-risk pregnancy were reported during pregnancy in the EHR social history and problem list.

cCommunity socioeconomic deprivation was assigned at the township, borough, or census tract level, based on 6 indicators derived from the U.S.
Census American Community Survey 2012 S-year estimates: combined less than high school education, not in the labor force, in poverty, on public

assistance, civilian unemployment, and does not own a car; a higher score represents a more deprived community.

dDeﬁned based on physician-reported high-risk pregnancy.
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Table 2
Distribution of outcomes by selected covariates
QOutcome
Birth weight, g, Preterm 5 min Apgar <7, High risk
median (IQR) birth, n (%) n (%) SGA, 1 (%) pregnancya, n (%)

N 10495 1103 10426 1024 2853
Pre-pregnancy body-mass index (kg/m?)

<18.5 3051 (2696-3359) 50 (23) 7(3) 41(19) 66 (30)

18.5-24.9 3258 (2903-3575) 408 (11) 80 (2) 443 (12) 1008 (26)

25-29.9 3352 (2991-3685) 265 (9) 66 (2) 267 (10) 751 (26)

230 3404 (3071-3745) 286 (10) 57 (2) 222(7) 940 (31)

Missing 3263 (2908-3631) 94 (17) 17(3) 51(10) 89 (16)
Parity

Nulliparous 3303 (2940-3625) 486 (11) 116 (2) 525(12) 981 (21)

Multiparous 3338 (2991-3686) 617 (10) 111 (2) 499 (9) 1872 (32)
Antibiotic order during pregnancy

No 3348 (3012-3679) 580 (8) 131 (2) 686 (10) 1891 (26)

Yes 3268 (2885-3617) 523 (16) 96 (3) 338 (10) 962 (29)
Year of birth

2009 and 2010 3330 (2974-3665) 528 (11) 90 (2) 455 (10) 888 (18)

2011, 2012, and 2013 3314 (2968-3657) 575 (10) 138 (2) 569 (10) 1965 (35)
Delivery hospital

Geisinger Medical Center 3284 (2884-3630) 874 (16) 180 (3) 554 (10) 1507 27)

Geisinger Wyoming Valley 3365 (3050-3688) 229 (5) 47 (1) 470 (10) 1346 (28)
Community socioeconomic deprivation b

Quartile 1 3372 (3033-3700) 249 (10) 67 (3) 205 (8) 597 (23)

Quartile 2 3345 (2984-3667) 264 (10) 49 (2) 241 (9) 705 (27)

Quartile 3 3303 (2944-3640) 306 (12) 53(2) 262 (10) 727 (28)

Quartile 4 3264 (2925-3620) 284 (11) 58(2) 316 (12) 824 (32)

Percentages are rounded to whole numbcrs.

EHR = clectronic health record. IQR = interquartile range. SGA = small for gestational age.
achortcd in EHR problem list during pregnancy.
Community sociocconomic deprivation was assigned at the township, borough, or census tract level, based on 6 indicators derived from the US

Census American Community Survey 2012 5-ycar estimates: combined less than high school cducation, not in the labor force, in poverty, on public
assistance, civilian unemployment, and doces not own a car; a higher score represents a more deprived community.
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Table 3

Associations of term birth weight and preterm birth and exposure to unconventional natural gas development
(UNGD) activity

Model 14”7 Model 2Ab Model 1B° Model 2Bd
Term birth weight (g) Preterm birth

Variable Difference (95% CI) | Difference (95% CI) | OR (95% CI) | OR (95% CI)
UNGD activity quartile N = 8839 N = 8839 N =9848 N =9848

1 Reference Reference 1.0 1.0

2 =21 (-46t0 5) —16 (44 to 11) 1.2 (0.9-1.6) 1.3 (1.0-1.8)

3 -9 (3510 16) 1 (—34 to 36) 1.3(1.0-1.7) 1.6(1.1-2.4)

4 =31 (-57to -5) —20 (=56 to 16) 1.4(1.0-1.9) 1.9(1.2-2.9)
Year of birth

2009 or 2010 Reference 1.0

2011, 2012, or 2013 12 (-15t0 39) 1.3 (1.0-1.8)

ClI=confidence interval. OR = odds ratio.

“Model 1A was adjusted for sex and gestational age of neonate; maternal characteristics: age at delivery, race/ethnicity, primary care patient status,
smoking status, pre-pregnancy body mass index, parity, number of antibiotic orders during pregnancy, receipt of Medical Assistance, delivery
hospital, drinking water source, distance to nearest major road, mean residential greenness during pregnancy; and community socioeconomic
deprivation quartile.

bModel 2A further adjusted for ycar of birth.

Model 1B was adjusted for sex of nconatc; maternal characteristics: age at delivery, race/ethnicity, primary care paticnt status, smoking status,
pre-pregnancy body mass index, parity, receipt of Medical Assistance, delivery hospital, drinking water source, distance to nearcst major road,
mean residential greenness during pregnancy; and community socioeconomic deprivation quartile.

dModel 2B further adjusted for year of birth.
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BACKGROUND: Studies suggest associations between oil and gas development (OGD) and adverse birth outcomes, but few epidemiological studies of
oil wells or inactive wells exist, and none in California.

OBJECTIVE: Our study aimed to investigate the relationship between residential proximity to OGD and birth outcomes in California.

METHODS: We conducted a retrospective cohort study of 2,918,089 births to mothers living within 10 km of at least one production well between
January 1, 2006 and December 31, 2015. We estimated exposure during pregnancy to inactive wells count (no inactive wells, 1 well, 2-5 wells, 6+
wells) and production volume from active wells in barrels of oil equivalent (BOE) (no BOE, 1-100 BOE/day, >100 BOE/day). We used generalized
estimating equations to examine associations between overall and trimester-specific OGD exposures and term birth weight (tBW), low birth weight
(LBW), preterm birth (PTB), and small for gestational age birth (SGA). We assessed effect modification by urban/rural community type.

RESULTS: Adjusted models showed exposure to active OGD was associated with adverse birth outcomes in rural areas; effect estimates in urban areas
were close to null. In rural areas, increasing production volume was associated with stronger adverse effect estimates. High (>100BOE/day) vs. no
production throughout pregnancy was associated with increased odds of LBW |odds ratio (OR) =1.40, 95% contidence interval (Cl): 1.14, 1.71] and
SGA (OR=1.22, 95% CI: 1.02, 1.45), and decreased tBW (mean difference = —36 grams, 95% CI: —54, —17), but not with PTB (OR=1.03, 95%
CI: 0.91, 1.18).

CONCLUSION: Proximity to higher production OGD in California was associated with adverse birth outcomes among mothers residing in rural areas.
Future studies are needed to confirm our findings in other populations and improve exposure assessment measures. https://doi.org/10.1289/EHP5842

Introduction

Oil and gas development (OGD) by the U.S. petroleum industry
spans decades in many states but concern about its potential
health and equity impacts did not gain traction among researchers
until the recent rapid increase in hydraulic fracturing (HF)
(Finkel and Law 2011; Kovats et al. 2014; Mitka 2012). As of
2017, California (CA) was one of the top five producers of crude
oil in the country (U.S. EIA 2018a, 2018b). Four of the 10 largest
U.S. oil fields are in CA’s San Joaquin and Los Angeles Basins
(Long et al. 2015a), and unlike newer shale gas plays, most of
CA’s natural gas is extracted from reservoirs also producing oil
(Long et al. 2015b). Given the long history of OGD in CA, stimu-
lation techniques, such as water and steam injection and HF, are
primarily used at established sites rather than newly drilled wells.
Oil recovered via water flooding and steam injection (conven-
tional enhanced oil recovery methods) accounted for 76% of the
state’s oil production in 2009 (Long et al. 2015b), whereas HF,
an unconventional stimulation technique, accounted for 20% of
CA’s oil production in the last decade. Due to types of geological
formations, HF practices in CA diftfer from other states, poten-
tially resulting in differing environmental hazards (Long et al.
2015b). OGD production in CA also occurs in both rural and

Address correspondence to R. Morello-Frosch, Department of Environmental
Science, Policy and Management, University of California, Berkeley, 130
Mulford Hall, Berkeley, CA 94720-3114. Telephone: (510)643-6358. Email:
mf@berkeley.edu or K, Tran. Email: kvtran@berkeley.edu

Supplemental Material is available online (https:/doi.org/10.1289/EHP5842).

The authors declare they have no actual or potential competing financial
interests.

Received 2 July 2019; Revised 29 March 2020; Accepted 22 April 2020;
Published 3 June 2020.

Note to readers with disabilities: EAP strives to ensure that all journal
content is accessible to all readers. However, some figures and Supplemental
Material published in EFP articles may not conform to 508 standards due to
the complexity of the information being presented. If you need assistance
accessing journal content, please contact ehponline@niehs.nih.gov. Our staff
will work with you to assess and meet your accessibility needs within 3
working days.

Environmental Health Perspectives

067001-1

urban settings in comparison with other states, such as rural
Pennsylvania and Colorado, where many epidemiological studies
have been conducted (Casey et al. 2015; Currie et al. 2017; Hill
2018; McKenzie et al. 2014; Rasmussen SG et al. 2016; Tustin
et al. 2017). Therefore, an epidemiological study of the relation-
ship between adverse birth outcomes and OGD in CA, a state
with a diverse population and the most annual births of any U.S.
state, can provide insights about the potential health impacts of
OGD exposure in both rural and urban areas.

Characterizing exposures related to OGD poses significant
measurement challenges because multiple environmental hazards
are associated with different stages of extraction and production.
OGD involves the development of oil and gas sites and wells (pro-
duction and injection for enhanced recovery), transport of materi-
als to and from well sites, drilling, operation of equipment to
recover oil and gas, and collection and disposal of chemicals and
waste separated from the raw oil and gas (Long et al. 2015a). These
activities are associated with diverse environmental hazards,
including air and water pollutants, noise, odors, excessive and
inappropriate lighting, and undesired land use changes (Adgate
et al. 2014; Long et al. 2015a). The application of unconventional
techniques presumably enhances the environmental burdens
because the additional toxic chemicals that are used can potentially
be released into air, water, and soil (Adgate et al. 2014; Long et al.
2015a; Macey et al. 2014; Roy et al. 2014; Vengosh et al. 2014).

Air pollutants associated with OGD include particulate matter
(PM) with an aerodynamic diameter of <2.5 um (PM,s), diesel
PM, nitrogen oxides (NOy), secondary ozone formation, mercury,
and volatile organic compounds (VOCs) like benzene, toluene, eth-
ylbenzene and xylene (BTEX) from truck traflic, drilling, hydraulic
fracturing, production, and flaring (Allshouse et al. 2019; Brantley
et al. 2015; Colbomn et al. 2014; Eapi et al. 2014; Esswein et al.
2014; Franklin et al. 2019; Goetz et al. 2015; Koss et al. 2017; Lan
et al. 2015; Macey et al. 2014; Marrero et al. 2016; Maskrey et al.
2016; Mellgvist et al. 2017; Roy et al. 2014; Wameke et al. 2014).
Additionally, fugitive toxic air contaminants cam acrane ot tha wiall
head (Garcia-Gonzales et al. 2019; Warneke ¢ /\

affect health near the points of release.
= &
Ey.29



associated with OGD include gas-phase hydrocarbons, chemicals
mixed in drilling fluids, and naturally occurring salts, metals, and ra-
dioactive elements within shale that surface with wastewater along
with recovered oil and gas and that can contaminate potable water
via leaks and spills or evaporate (Adgate et al. 2014; Hildenbrand
et al. 2015; Long et al. 2015a; Vengosh et al. 2014). Noise pollution
is associated with well pad construction, truck traffic, drilling,
pumps, flaring of gases, and other processes (Allshouse et al. 2019,
Blair et al. 2018; Ebisu and Bell 2012; U.S. BLM 2006). Drilling
and production activities occur both during the daytime and night-
time, and light pollution has been previously reported as a nuisance
in communities undergoing unconventional OGD (Long et al.
2015a), suggesting OGD may affect the health of nearby commun-
ities via increased psychosocial stress.

Several OGD-related environmental exposures have been
linked to reduced birth weight and gestational age: air pollution,
e.g., PMys, NOx, SOx (Basu et al. 2014; Dadvand et al. 2013,
2014; Ebisu and Bell 2012; Long et al. 2015a; Morello-Froschet al.
2010; Ponce et al. 2005; Ritz et al. 2007); noise pollution (Arroyo
et al. 2016; Gehring et al. 2014); some of the chemical compounds
found in OGD wastewater (Long et al. 2015a; Valero de Bernabé
et al. 2004); and psychosocial distress (Dominguez et al. 2008;
Goldenberg et al. 2008; Rond6 et al. 2003; Valero de Bernabé
et al. 2004). Previous studies examining the relationship between
unconventional OGD and birth outcomes provide suggestive evi-
dence of adverse effects. Although study designs vary, most have
characterized OGD exposure based on the density and distance of
HF shale gas wells near the maternal residence in urban and rural
Colorado (McKenzie et al. 2014, 2019), Pennsylvania (Casey et al.
2015; Currie et al. 2017; Hill 2018; Ma 2016; Stacy et al. 2015),
Oklahoma (Janitz et al. 2019), and urban Texas (Walker
Whitworth et al. 2018, 2017). Among the 10 studies, 8 evaluated
our outcomes of interest. Some studies found greater exposure to
OGD was associated with reductions in term birth weight (tBW)
(Hill 2018; Stacy et al. 2015) and increased odds or incidence of
low birth weight (LBW) (Currie et al. 2017; Hill 2018), preterm
birth (PTB) (Casey et al. 2015; Walker Whitworth et al. 2018,
2017), and small for gestational age births (SGA) (Hill 2018; Stacy
et al. 2015). However, those studies also reported statistically in-
significant (Casey et al. 2015; Whitworth et al. 2017) or inverse
associations (McKenzie et al. 2014; Stacy et al. 2015) for some
birth outcomes.

Building on this research, our study focused on OGD in CA.
We conducted our analysis in regions where OGD is concen-
trated: the Sacramento Valley, San Joaquin Valley, South Central
Coast, and South Coast air basins. To our knowledge, our retro-
spective cohort study with births from 2006-2015 is the first to
evaluate prenatal OGD exposure from oil as well as gas wells,
inactive as well as active wells, and non-HF and HF wells in rural
and urban settings of CA.

Methods

Study Population

Birth records for 1 January 2006 to 31 December 2015 were obtained
from the California Department of Public Health (CDPH). CDPH
collects statewide birth records that include mother’s residential
address at the time of birth, which we geocoded to assign exposure to
OGD exposure and area-level covariates using ArcGIS (ESRI).
Births with missing street-level addresses or that could not be success-
fully geocoded after a manual cleaning of the address fields for spell-
ing and punctuation errors were excluded (5%). We selected the
Sacramento Valley, San Joaquin Valley, South Central Coast, and
South Coast air basins because they had the highest well densities in
CA between 2005 and 2015 (Figure S1). We illustrate the
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construction of the study population in Figure 1. Exclusion criteria
included missing last menstrual period (LMP) date, which was
approximated as the date of conception and used to estimate gesta-
tional age (3%); congenital anomalies or abnormal birth conditions
such as cleft lip and Down’s syndrome (4%); plural births, e.g., twins,
triplets (4%); implausible birth weights of less than 500 g or greater
than 5,500 g (4%) (Alexander et al. 1996; Padula et al. 2014; Ponce
et al. 2005; Talge et al. 2014); and implausible gestational ages of less
than 22 or greater than 44 wk (4%) (Alexander et al. 1996; Talge et al.
2014). To limit unmeasured confounding and enhance comparability
of exposed and unexposed populations, we also excluded births to
mothers who did not live within 10 km of at least one oil/gas produc-
tion well (3%). Finally, we excluded observations with any missing
covariates or outcomes (2%) to arrive at a final study population of
2,918,089 births (N =2,718,629 term births). All study protocols
were approved by the Institutional Review Board of the CA
Department of Public Health (#13-05-z) and the University of
California, Berkeley (#2013-10-5,693).

Birth Outcomes

We assessed the relationship between OGD and four outcomes: a)
continuous birth weight (grams) among tBW (>37 completed weeks);
b) LBW (<2,500 g); ¢) PTB (<37 wk); and d) SGA (birth weight
less than the U.S. sex-specific 10th percentile of weight for each week
of gestation (Talge et al. 2014). Gestational age was estimated by sub-
tracting the LMP date from the date of birth.

Exposure Assessment

Active and inactive oil and gas well records including monthly pro-
duction data were downloaded from the CA Division of Oil, Gas and

N=3,481.610
in 4 air basins
(2006-2015)

Excluded (N=168,398);
-no address (n=19,626)
-address with no geocode matches (n=148,772)

N=3,313,212
geocaded biiths
(2006-2015)

-missing last menstrual period (LMP)

N=3,213,091
bil ths (2006-2015)

Excluded (N= 136 305):

-plural births
-congenital anomalies
4 -implausible bitth weight

-implausible gestational age
N=3,076,786 biiths

(2006-2015)
Excluded (N=89,357):
-no wells within 10 km of
tesidence during pregnancy
N=2,987,429

births within 10 km of at
least one production well

Exclusled (N=6,340);
-missing one or mole
covariates

N=2,918,089
births analyzed

Figure 1. Flow diagram of study population development and exclusion cri-
teria applied.
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Geothermal Resources website (CA DOGGR) in December 2015
(the division has been renamed to the CA Geologic Energy
Management Division, CalGEM, as of January 2020). We assessed
exposure to inactive wells because previous studies have found fugi-
tive methane emissions from abandoned production wells that have
not been plugged or were improperly plugged (Boothroyd et al.
2016; U.S. EPA 2018; Kang et al. 2016). VOCs, such as BTEX and
toxic air contaminants, are likely coemitted with methane (LACDPH
2018; SCAQMD 2019), and exposure to VOCs, including
BTEX and formaldehyde, are associated with adverse birth out-
comes (Bolden et al. 2015; Chang et al. 2017; Maroziene and
Grazuleviciene 2002). Some of the 224,695 wells in the data set
began producing as far back as 1900. The DOGGR data included
well latitude/longitude and monthly production volume (barrels
of oil and/or cubic meters of natural gas). We defined a produc-
tion well as active if it produced at least one unit of oil or gas ina
given month; production wells could transition between active
and inactive status across the study period. We combined these
well data with mothers’ residential addresses at the time of

A

delivery, date of conception (defined as LMP), and date of deliv-
ery to assign prenatal exposure to oil and gas wells.

Study participants lived within 10 km of at least one active or
inactive well at the time of delivery. We classified women who
had at least one active or inactive well within 1 km of their resi-
dential address as exposed (Figure 2); prior literature suggests
highest exposure to OGD-related hazards within this radius
(Boyle et al. 2017; McKenzie et al. 2012; Meng 2015; Walker
Whitworth et al. 2018, 2017). We selected the 1-km buffer pre-
suming that localized air pollution is likely the greatest contribu-
tor to OGD-related exposure in CA. We used the short distance
to minimize the impact of dispersion and the contribution of ex-
posure from other sources of air pollution. We calculated expo-
sure across the entire pregnancy and by trimester to examine
potential critical windows of prenatal exposure.

Exposure to active wells was characterized by oil and gas pro-
duction volume during pregnancy and exposure to inactive wells
by well count. Total production volume exposure from active wells
within 1 km was derived by summing monthly barrels of oil and

Exposure to inactive wells

X Maternal residence at birth

. Study popul.
@ Actived well N=2.918,089
O Tnactive well 1 |
Exposed to inactive wells Reference group
" 2 n=1,042,316 . = (no inactive wells) ————
n=1,875,773 I
Tnactive wells only Aclive+inactive wells No wells Active wells only
n=925,969 n=116,347 n=1,874,932 n=841

B Exposure to production volume from active wells

Study pupulation
I N=2,918,089 l

Exposed to active

well production volume
I n=117,188 1

Active wells only Activetinactive wells
n=841 0=116,347

Reference group

(no praduction volume)
| n=2,800,901 [

No wells
n=1,874,932

Inactive wells only
n=925,96Y

Figure 2. Schematic of definition of exposure and reference groups for inactive well count (A) and active well production volume (B). For each exposure met-
ric, exposure was based on the presence of inactive or active wells within the 1 km buffer. Observations without the specific well type for each metric were

assigned into the reference category.
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barrels of oil equivalent (BOE) of natural gas. Production volume
from oil and gas wells were summed because 95% of gas wells also
produced oil (i.e., wet gas) and gas-only wells did not produce sig-
nificant amounts of gas. Production volume was summed as shown
in Equation 1:

n i
Total production volume; = Z

Prod(oil),,
i=1 k=k

n i
+ Z Z Prod(gas),./6,

i=l k=k

where Prod(oil);, was the production volume of oil (in barrels),
and Prod(gas), was the production volume of gas (in thousand
cubic feet, mcf) at well { during month and year & of mother j’s
entire pregnancy or trimester. K is the month and year of concep-
tion or beginning of a trimester, and / is the month and year of
delivery or end of a trimester. K has a minimum value of 1 equal
to January 2005, and / has a maximum of 124 or December 2015.
Gas production volume was converted from the original units to
BOE by dividing by 6 because 6,000 cubic feet (mcf) =1BOE
(Bonavista Energy Corporation 2018; Schmoker and Klett 2005).
The total production volume for the first and last month of the
entire pregnancy or trimester was also weighted by the proportion
of the month the mother was pregnant.

We calculated the number of inactive wells within 1 km of a
mother’s residence during her pregnancy by subtracting the number
of active wells from the total number of wells within 1 km. For anal-
ysis, we first normalized production volume by the number of days
of the entire pregnancy or within each trimester by dividing produc-
tion volume by the total number of days and then categorized expo-
sure to production volume of active wells based on the exposure
distribution as: a) no active wells, b) 1-100 BOE/d (moderate), and
¢) more than 100 BOE/d (high). We similarly categorized exposure
to inactive wells as: @) no inactive wells, b) 1 inactive well, ¢) 2-5
inactive wells, and d) 6 or more inactive wells. The production vol-
ume was normalized to prevent bias from neonates born later
because their exposure period was longer. Given a lack of a priori
knowledge about the production volume or inactive well count that
might constitute a harmful exposure, we selected these categories
based on the distribution of each exposure metric across cases and
noncases to ensure sufficient overall sample size and number of
cases in each exposure group. The exposure variables were not mod-
eled as continuous because the distribution was right skewed (Table
S2). Both active and inactive well exposure variables were included
in all regression models. The exposure variables were generated in
R version 3.3.1 (R Development Core Team).

Covariates

Individual-level covariates that were identified a priori as significant
predictors of our outcomes and potential confounders based on prior
studies were derived from the CDPH birth records. Infant covariates
included sex, month (categorical) of birth, and year of birth (categori-
cal) to control for seasonal and secular trends. Maternal covariates
included age in years (<20, 20-24, 25-29, 30-34, 35+), race/cthnic-
ity (non-Hispanic white, black, American Indian, Asian-Pacific
Islander, unknown or other, and Hispanic), educational attainment
(<high school, high school graduate/GED, some college, college+),
Kotelchuk index of prenatal care (inadequate, intermediate, adequate,
adequate+) (Alexander and Kotelchuck 1996; Kotelchuck 1994),
and parity (nulliparous vs. multiparous). For maternal race/ethnicity,
American Indian, unknown, and other were combined into one cate-
gory due to the small number of women in each group. We included
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mean-centered and mean-centered squared variables for gestational
age in the tBW model to allow for nonlinearity.

We also integrated area-level variables, including indicators for
air basin and census tract-based urban/rural status, modeled nitrogen
dioxide (NO;) concentrations, and a measure of income concentra-
tion. These covariates accounted for neighborhood and regional dif-
ferences in air quality, economic activity, and emission sources
(Amuti et al. 2011; Finkelstein et al. 2003; O’Neill et al. 2003;
Wunderli and Gehrig 1990; Zhao et al. 2009). We used 2014 air basin
boundaries designated by the California Air Resources Board (CARB
2014), which coincide with county boundaries and roughly delineate
areas with similar air quality, meteorology, and geography. We used
U.S. Census urban areas [defined as a densely developed territory
consisting of urbanized areas of 50,000 or more and urbanized clus-
ters with between 2,500 and 50,000 people (U.S. Census Bureau
2010)] to designate census tracts as urban or rural. Using 2010 boun-
daries, we categorized census tracts as urban if 60% or more of the
tract overlapped with an urban area. We assigned, based on LMP
year, tract-level annual ambient NO, concentration as a proxy for
traffic-related air pollution (Kim et al. 2018). Last, we used the Index
of Concentration at the Extremes (ICE) for income as a measure of
neighborhood relative deprivation or affluence based on household
income by census tract (Massey 1996). ICE provides information
about concentration of privilege and deprivation of communities and
has previously been associated with infant mortality (Krieger et al.
2016). ICE ranges from —1 to 1, where negative values indicate a
concentration of household incomes in the lower 20th percentile of
area median household income, whereas positive values indicate a
concentration of household incomes in the higher 80th percentile. We
calculated ICE using 20062010 ACS and 20112015 ACS metro-
politan area median household income to establish percentile cutoff
values that account for regional differences in the cost of living. These
values were then used in combination with census tract median house-
hold income from the ACS data of the vintage of the birth year to
assign a tract-level ICE value to each birth, For tracts that were not
within metropolitan areas, county-level household income cutoffs
were used. ICE was categorized by quartile and this categorical vari-
able was included in adjusted models.

Statistical Analyses

Statistical analyses were conducted in SAS 9.4 (SAS Institute Inc.).
All models were adjusted for individual-level and community-level
covariates selected a priori: neonate sex, gestational age (tBW
model only), month and year of birth, maternal age, race/ethnicity,
educational attainment, Kotelchuck index, urban indicator, air ba-
sin, NO;, and ICE for income. Generalized estimating equations
were used to account for clustering of mothers within census tracts
(Hubbard et al. 2010). Observations with any missing covariate
were removed from analyses.

Initial analyses assessed exposure across the entire pregnancy and
then during each trimester for the entire study population across the
four air basins. Statistical significance was assessed at oo=0.05.
Effect moditication (EM) of exposure to active wells by urban/rural
status (primary), matemal race/ethnicity, and air basin (both second-
ary) was evaluated via stratification. We report the strata-specific
effect estimates and confidence intervals derived from this methodol-
ogy. To test the heterogeneity between strata-specitic estimates, we
modeled interaction terms to derive Bonferroni adjusted p-values for
two-sample z-tests using model-estimated beta coefficients and var-
iances (Buckley et al. 2017; UCLA: Statistical Consulting Group).
These EM p-values indicate whether the strata-specific associations
are statistically significantly different from each other or the referent
group. Non-Hispanic whites were used as the referent in heterogene-
ity tests for the other racial/ethnic groups because higher rates of
adverse birth outcomes have been observed among people of color in
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Table 1. Neonate, matemnal, and area-level characteristics of births by oil and gas well production volume category, California 2006-2015. Prepregnancy BMI

and smoking during pregnancy were available for 2007-2015 births (2006 births excluded from the missing category).

Production volume

No BOE 1-100 BOE/day GT 100 BOE/day
Variable n (%) (n=2,866,735) (n=70,615) (n=150,079) p-Value”
Neonate characteristics
Mean birth weight [g (mean + SD)] 2,987,429 (100) 3,327 £528 3,318 +527 3,316 £ 527 <0.0001
Mean gestational age {weeks (mean + SD)] 2,987,429 (100) 3942 3942 39+2 <0.0001
Sex
Female 1,456,548 (49) 49 48 49 0.2879
Male 1,530,866 (51) 51 52 51 —
Missing” 15 (<1) 100 0 0 -
Birth month
January 244,433 (8) 8 8 8 0.3261
February 224,691 (8) 8 8 8 -
March 245,683 (8) 8 8 8 —
April 233,297 (8) 8 8 8 =
May 242,652 (8) 8 8 8 —
June 241,962 (8) 8 8 8 —
July 260,028 (9) 9 9 9 —_
August 269,714 (9) 9 9 9 —
September 266,586 (9) 9 9 9 —_
October 261,399 (9) 9 9 9 -
November 245,566 (8) 8 8 8 —
December 251,418 (8) 8 8 8 —_
Birth year
2006 320,330 (11) 11 10 12 <0.0001
2007 320,698 (11) 11 11 12 —
2008 312,732 (10) 10 10 11 -
2009 300,201 (10) 10 10 10 —_
2010 290,469 (10) 10 10 10 -
2011 288,006 (10) 9 10 9 —
2012 288,855 (9) 10 10 9 —
2013 287,425 (10) 10 10 9 —
2014 293,637 (10) 10 10 9 —
2015 285,076 (10) 9 9 9 —
Maternal Characteristics (%)
Education
<High school 764,090 (26) 26 31 21 <0.0001
High school diploma/GED 764,206 (26) 26 23 21 —
Some college 724,574 (25) 25 22 23 —
College-+ 665,993 (23) 23 24 35 —
Missing” 68,566 (2) 95 3 2 —_
Age at delivery
<20 252,857 (8) 9 9 6 <0.0001
20-24 651,062 (22) 22 21 18 —
25-29 809,072 (27) 27 27 25 —
30-34 754,714 (25) 25 26 29 —_
35+ 519,700 (17) 17 17 22 —
Missing? 24 (<1) 92 8 0 e
Race/ethnicity
Asian/Pacific Islander 356,603 (12) 12 11 13 <0.0001
Black 154,047 (5) 5 6 9 —
Hispanic 1,673,517 (56) 56 59 47 —
Other 84,384 (3) 3 2 4 —
White 718,878 (24) 24 22 27 —
Kotelchuck index
Inadequate 351,729 (12) 12 13 12 <0.0001
Intermediate 349,946 (12) 12 12 9 —_
Adequate+ 905,545 (30) 30 29 34 —
Adequate 1,380,209 (46) 46 46 45 =
Parity <0.0001
Nulliparous 1,154,875 (39) 39 40 44 —
Multiparous 1,831,556 (61) 61 60 56 —
Missing” 998 (<1) 93 4 3 —
Mean pre-pregnancy BMI® (SD) 2,472,066 (93) 26+6 26+6 25+6 <0.0001
Missing” 195,033 (7) 94 4 2 =
Smoking during pregnancy® <0.0001
Smoked 49,461 (2) 2 1 1 —
Did not smoke 257,7903 (97) 98 99 99 —
Missing” 39,735 (1) 92 5 3 —
TRI facility: 1+within 1 km 48,189 (2) 2 4 3 <0.0001
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Table 1. (Continued.)

Production volume

No BOE 1-100 BOE/day GT 100 BOE/day

Variable n (%) (n=2,866,735) (n=170,615) (n=50,079) p-Value
Area-level characteristics (%)

Mean NO; [ppb (mean + SD)] 2,987,408 (99) 16+7 187 19+5 <0.0001
Missing” 21 (<1) 95 0 5 —.
Urban 2,651,066 (89) 89 87 97 —

Air Basin
Sacramento Valley 296,668 (10) 10 1 0.5 <0.0001
San Joaquin Valley 563,276 (19) 19 21 4 —
South Central Coast 178,647 (6) 6 6 1 —
South Coast 1,948,838 (65) 65 72 94 —

ICE
Quartile 1-poverty 731,431 (25) 25 31 27 <0.0001
Quartile 2 731,403 (25) 25 23 19 —
Quartile 3 730,283 (25) 25 19 23 —
Quartile 4-wealth 724,972 (25) 25 27 31 —
Missing” 217 (<1) 76 9 15 —

Oil/gas wells
Mean inactive well count (mean + SD) 2,987,429 (100) 0 89+ 111 160 + 191 <0.0001
Mean active well count 2,987,429 (100) 0 4+4 32427 <0.0001
Mean production volume (BOE)/d (mean + SD) 2,987,429 (100) 0 26+26 599 +711 <0.0001

Notc: —, No data; BOE, barrcls of oil cquivalent; ICE, Index of Concentralion at the Extremes.

“ANOVA or chi-square test.

*Distribution of missingness across categorics of production volume rather than percent missing in cach production volume category.
“No covariatc data available for 2006 (not included as missing), n =2,667,099 births between 2007 and 20135.

comparison with whites (Bryant et al. 2010; Teitler et al. 2007).
Sacramento Valley was the referent in heterogeneity tests for the other
air basins because exposures to active wells were limited to rural areas
of that basin, where there were also fewer births. For the effect modifi-
cation analyses with race/ethnicity and air basin, only exposure across
the entire pregnancy was evaluated because trimester-specific esti-
mates were similar to those for the entire pregnancy.

We conducted two sensitivity analyses with exposure variables
across the entire pregnancy only. Mothers’ smoking status during
pregnancy and prepregnancy body mass index (BMI) were not col-
lected by CDPH in 2006, so we conducted sensitivity analyses with
both of these variables in one model for 2007-2015. Only 2% of
mothers smoked during pregnancy among our study population
within our study period (prevalence of smoking during pregnancy in
CA was 2.5% in 2015) (CDPH 2015). Additionally, we considered
potential confounding from other industrial sources of air pollution
and included a binary variable for exposure to air pollution from other
facilities (e.g., refineries, power plants, metal mining facilities) moni-
tored for emissions, including air toxics by the CARB (CARB 2017)
within 1 km (referred to as TRI facilities). Only ~ 2% of mothers
resided within proximity to TRI facilities during our study period.

We tested for multicollinearity between all model variables
by calculating the variance inflation factors (Schreiber-Gregory
2012), none of which were high (i.e., >10). To assess residual
spatial dependence, we generated semivariograms of regression
residuals plotted against distance between mothers’ residential
addresses (Le Rest et al. 2013; SAS) (Figure S3). The residuals
appeared randomly distributed, suggesting spatial autocorrelation
was likely controlled for by the study design and inclusion of spa-
tial covariates (e.g., NO,) in regression models.

Results

Our study included 2,918,089 births in CA between January 2006 and
December 2015 located in four air basins: the Sacramento Valley, San
Joaquin Valley, South Central Coast, and South Coast. The overall
mean birth weight was 3,327 g [standard deviation (SD) = 528]
(Table 1). Five percent (n=148,100) of births were LBW, 7%
(n=199,460) preterm, and 12% SGA (n=337,943). A maximum
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of 1,189 inactive wells and 441 active wells were located within
I km of mothers’ residences during pregnancy. On average, moth-
ers exposed to moderate production volume (1-100 BOE /d) had 89
inactive and 4 active wells within 1 km of their home during preg-
nancy, whereas mothers exposed to high production volume
(>100BOE/d) had an average of 160 inactive wells and 32 active
wells within a 1-km butfer. The average moderate total production
volume from active wells producing oil and gas during pregnancy
was 26 BOE/d, and the average high total production volume
was 599 BOE/d. Temporal trends of mean annual production
volume and annual rates of the binary birth outcomes showed no
distinct patterns in either rural or urban areas (Figure S4A,B).
Plots of temporal trends in mean annual production volume and
mean annual tBW also did not reveal consistent patterns in either
rural or urban areas (Figure S4C,D). The reference (no BOE) and
exposed populations were relatively similar in terms of demo-
graphic and socioeconomic factors (Table 1). Compared to the
reference and moderate production volume groups, mothers in
the high production volume category were slightly more edu-
cated (35% vs. 23.5%, on average, college or more educated),
older (22% vs. 17%, on average, aged 35 or more), more often
non-Hispanic (53% vs. 42.5%, on average, non-Hispanic races),
more likely to have no previous pregnancies (44% vs. 39.5%, on
average, nulliparous), and to reside in urban areas (97% vs. 88%,
on average), in the South Coast air basin (94% vs. 68.5%, on aver-
age) and in areas with greater wealth (31% vs. 26%, on average,
in ICE quartile 4). Finally, babies born to mothers exposed to
high production volume weighed on average 2 and 11 grams less
than those born to mothers exposed to moderate production vol-
ume and reference group, respectively.

Adjusted models generally found no associations between
inactive well count and adverse birth outcomes in both rural and
urban areas (Figure 3, Tables S1-S2). All statistically significant
associations indicated modestly decreased odds of LBW and PTB
(0.96-0.97) (Figure 3A,B; Table S1) or minimally increased birth
weight (4-5 g) (Figure 3D; Table S2) related to increased inactive
OGD well exposure. Models based on trimester-specific exposures
yielded similar estimates across trimesters for all four birth out-
comes (Table S1-82).
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Figure 3. Plots of rural vs. urban odds ratios or mean difference in birth weight (grams) and 95% confidence interval (CI) for associations between exposure to low,
moderate, and high counts of inactive wells across the entire pregnancy and low birth weight (A), preterm birth (B), small for gestational age (C), and continuous
term birth weight (D). Logistic regression models adjust for inactive well count, child’s sex, birth month and birth year, and maternal education, age, race/ethnicity,
Kotelchuck prenatal care index, parity, air basin, NO, and ICE for income. In addition to the covariates adjusted for in the logistic regression models, the linear
regression models also adjusted for gestational age. All y-axes are on the logarithmic scale except for on the term birth weight plot. Numerical values plotted here
can be found along with estimates for the three trimesters and p-values for statistical tests for effect modification in Tables S 1-S2.

For exposures to production volume from active wells in unstrati-
fied models, we observed significant associations between production
volume and LBW and SGA (Table S3). When we stratified models
by the urban indicator, we observed significant effect modification
with stronger associations between high production volume and
LBW (p=0.01, Table S4) and tBW (»p =0.001, Table S7) in rural
areas (Figure 4). Compared to the reference group, the odds ratio for
LBW was 1.11 [95% confidence interval (CI): 0.97, 1.27] (Table S4)
and the OR for SGA was 1.07 (95% CI: 0.97, 1.19) (Table S6) with
exposure to moderate production volume across the entire pregnancy
in rural areas vs. ORs of 1.04 (95% CI: 1.00, 1.09) and 1.03 (95% CIL:
1.00, 1.07), respectively, in urban areas (Figure 4A,C). Exposure to
high production volume was associated with an OR of 1.40 (95% CI:
1.14,1.71) for LBW and an OR of 1.22 (95% CI: 1.02, 1.45) for SGA
in rural areas vs. ORs of 0.99 (95% CI: 0.95, 1.04) and 1.04 (95% CI:
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1.01, 1.07), respectively, in urban areas (Figure 4A,C; Tables S4, S6).
Exposure to high production volume was also associated with
decreased tBW (meandifference = —36 g; 95% CI. 54, —17)
for the rural stratum in comparison with the urban stratum
(meandifference =1 g, 95% CI: -5, 8) (Figure 4D; Table S7).
For LBW, SGA, and tBW, the strength of the associations
increased with higher production volume among the rural, but
not the urban, population. In general, exposure to production vol-
ume throughout pregnancy was not associated with PTB within
rural or urban populations (Figure 4B; Table S5). Models based
on trimester-specific exposures yielded similar estimates and
EM p-values for all birth outcomes (Tables S4-S7), except the
third trimester for PTB, where exposure to moderate production
volume was associated with increased odds of PTB (OR =1.06;
95% CI: 1.02, 1.11) and high production volume was associated
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Figure 4. Plots of rural vs. urban odds ratios or mean difference in birth weight (grams) and 95% confidence interval (Cl) for associations between exposure to
moderate and high production volume across the entire pregnancy and low birth weight (A), preterm birth (B), small for gestational age (C), and continuous
term birth weight (D). Logistic regression models adjust for inactive well count, child’s sex, birth month and birth year, and maternal education, age, race/eth-
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the linear regression models also adjusted for gestational age. All y-axes are on the logarithmic scale except for on the term birth weight plot. Numerical values
plotted here can be found along with estimates for the three trimesters and p-values for statistical tests for effect modification in Tables S4-S7.

with decreased odds of PTB in urban areas (OR =0.82; 95% CI:
0.77,0.88) (Table S5).

Maternal race/ethnicity (Tables S8-S9) and air basin (Tables
S10-S11) did not significantly modify associations between ex-
posure to active well production volume and birth outcomes.
Heterogeneity tests were only conducted on the rural population
because the effect sizes across outcomes were greater than those
of the urban population. Nearly all strata-specific effect estimates
included the null and all EM p-values from heterogeneity tests
were insignificant across all outcomes.

Sensitivity analyses that included: a) prepregnancy BMI and
smoking during pregnancy for 2007-2015 births (Table S12) and
b) exposure to TRI facilities (Table S13) did not change effect
estimates by more than 10%.
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Discussion

CA’s OGD primarily uses conventional drilling and enhancement
methods and, to a much lesser degree, HF. To our knowledge, our
study is the first to quantify prenatal exposures to both inactive
wells and cumulative oil and gas production volume from active
wells in proximity to pregnant women and to evaluate differences
in associations by rural vs. urban areas in CA. In rural areas, we
found that exposure to high production volume was significantly
associated with increased odds of LBW and SGA and decreased
tBW in comparison with the nonexposed group. In urban areas, ex-
posure within 1 km of high production volume relative to no expo-
sure was only significantly associated with increased odds of SGA;
effect estimates for exposure to moderate production volume in ru-
ral and urban areas were all insignificant.
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One prior study, by McKenzie et al. (2019), evaluated urban/
rural residential status as an effect modifier. Although that study
examined birth defects, the authors found significantly increased
odds for four congenital heart defects in the medium and highest
exposure groups (based on an intensity-adjusted inverse-distance
weighted well-count metric) relative to the lowest group in rural
areas (McKenzie et al. 2019); no significant associations were
observed for birth defects in urban areas. These rural vs. urban
differences in effect estimates align with the stronger effect esti-
mates we observed in rural areas in CA for LBW and tBW.
McKenzie et al. (2019) also discovered a potential additive effect
from other sources of air pollution besides OGD in their analysis.
Here, we considered residual confounding from TRI facilities
within 1 km, but inclusion of this covariate did not change the ru-
ral/urban strata-specific effect estimates. Nevertheless, there may
be residual confounding from other sources of air or drinking
water pollution that we could not account for in our analysis. For
example, the ratio of produced water from OGD (which can con-
tain naturally occurring or injected organic/inorganic chemicals,
chemicals that are reaction byproducts, and radioactive materials)
to oil and gas extracted increases with well age (Veil et al. 2004).
Certain chemicals from produced water could evaporate into the
air or percolate into groundwater sources, depending on disposal
methods (Long et al. 2015a). Air and water pollution concentra-
tions could differ regionally based on dispersion and hydrological
transport patterns. Additionally, individual factors that we could
not measure in our study, such as maternal occupation, housing
quality, indoor air quality, dependence on groundwater sources for
drinking water, and underlying population sensitivity to OGD-
related pollutants may have contributed to observed differences in
effect estimates between rural and urban settings. In the air pollu-
tion literature, the exposure-response relationship between cardio-
vascular disease mortality and PM, s is relatively steep at low
levels of exposure but flattens out at higher levels (Pope et al.
2009; Smith and Peel 2010). Such exposure—response relationships
could apply to the OGD setting where urban dwellers may be less
affected by OGD-specific pollutants because OGD as an emission
source contributes a relatively small percentage to ambient air pol-
lution levels in urban areas, which tend have higher pollutant con-
centrations overall from diverse mobile and stationary sources.
Indeed, average NO; levels among urban areas in our study were
double that of rural areas.

Results from our analysis align with prior studies that observed
decreased birth weight associated with maternal exposure to OGD
activities (Currie et al. 2017; Hill 2018, Stacy et al. 2015).
However, associations between exposure to OGD and LBW and
SGA from other studies have been mixed, with increased odds
(Stacy et al. 2015) or incidence probability (Currie et al. 2017; Hill
2018) as well as decreased odds (McKenzie et al. 2014) or no asso-
ciations (Casey et al. 2015; Whitworth et al. 2017). Although the
mechanisms by which OGD may adversely affect birth weight out-
comes remain uncertain, air pollution and noise may be possible
pathways that affect maternal health during pregnancy. During pro-
duction, operation of various ancillary equipment (e.g., wellhead
compressors, pneumatic devices, separators, and dehydrators) to
collect and process oil and gas generate air pollutants (Garcia-
Gonzales et al. 2019). Multiple VOCs have been measured at oil
and gas wellheads and off-site, including BTEX and formaldehyde.
At ambient levels, BTEX and formaldehyde have been linked to
significant decreases in birth weight (Bolden et al. 2015; Chang
et al. 2017; Maroziene and Grazuleviciene 2002). Flaring also
occurs with oil-producing and horizontally drilled wells (Franklin
et al. 2019) and can contribute to spikes in PM; s, black carbon,
and VOC:s during production (Allshouse et al. 2019; Franklin et al.
2019). Relative to other phases of OGD, excessive noise is

Environmental Health Perspectives

067001-9

minimized during production (Allshouse et al. 2019; Hays et al.
2017). However, noise from compressor stations often exceed the
World Health Organization’s recommended 55 dBA at night
(Hays et al. 2017) and noise above 65 dBA was measured 20% of
the time between 1900 hours and 0700 hours (7:00 P.M. and 7:00
A.M.) in one study (Allshouse et al. 2019). Excessive noise can
lead to annoyance and impaired sleep quality (Hays et al. 2017),
which have been linked to LBW (Abeysena et al. 2010; Owusu
etal. 2013) and PTB (Li etal. 2017).

Unlike previous studies, we found no significant association
between exposure to active wells and PTB except in the third tri-
mester in urban areas where moderate exposure appeared harmful
and high exposure protective. Exposure to OGD was associated
with modestly decreased odds for PTB (Stacy et al. 2015) and
increased odds (Casey et al. 2015) in Pennsylvania and increased
odds in Texas (Walker Whitworth et al. 2018; Whitworth et al.
2017). The two Pennsylvania studies were conducted in different
regions of Pennsylvania and among different populations [general
for Stacy et al. (2015) and patients served by one health-care pro-
vider for Casey et al. (2015)]. The inverse association in the Stacy
et al. (2015) analysis was only observed for the second quartile of
exposure in comparison with the lowest quartile, whereas the asso-
ciation increased with greater exposure (quartiled) in the Casey
et al. (2015) study. In Texas, the association was only significant
with the highest level of exposure within 10 miles (Walker
Whitworth et al. 2018) and the first and second trimesters with ex-
posure within half a mile (Whitworth et al. 2017). Associations for
PTB appear to vary by level of exposure as well as trimester. We
only observed significant associations—increased odds with mod-
erate exposure and decreased odds with high exposure—in urban
areas in the third trimester. Previous studies on air pollution and
birth outcomes have suggested that the first and third trimesters are
critical windows of exposure for LBW and PTB (Ritz and Wilhelm
2008; Woodruff et al. 2009). Additionally, the significant inverse
association between high OGD exposure and PTB in urban areas
may reflect residual confounding or live-birth bias. Other socioeco-
nomic status characteristics that were not controlled for in our
models could have led to underlying ditferences among urban
dwellers or their exposure patterns. Moreover, if more highly
exposed or more vulnerable mothers were less likely to become
pregnant or more likely to experience fetal loss, a so-called “deple-
tion of susceptibles” could have occurred (Raz et al. 2018), and a
seemingly protective effect would then be observed. Although we
could not evaluate fertility patterns or spontaneous abortion in our
analysis, a study in Ecuador observed greater odds of spontaneous
abortion among women who lived within 5 km downstream of an
oil field in comparison with those who lived at least 30 km
upstream of an oil field (San Sebastian et al. 2002).

The inconsistent results across studies may reflect differences in
statistical and exposure assessment methods, study population dem-
ographics, and OGD infrastructure. First, to limit unmeasured con-
founding, our analyses restricted the study population to those
individuals living within 10 km of at least one active or inactive
well at the time of delivery. Similar to Whitworth et al. (2017), we
specified the unexposed group as those pregnancies with some well
activity, but no well activity within 1 km. Besides their exposure,
the control and exposed groups are likely more similar to each other
on other characteristics (e.g., unmeasured socioeconomic factors)
than a control group selected from greater distances or other regions.
Second, we applied a 1-km buffer for our exposure metric without
weighting, i.e., without up-weighting wells at a shorter distance
from maternal residences. Previous studies used inverse distance
weighting (McKenzie et al. 2014; Stacy et al. 2015) or inverse dis-
tance squared weighting (Casey et al. 2015; Walker Whitworth et al.
2018, 2017) but often included wells beyond our 1-km buffer.
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Inverse distance weighting has been applied in many air pollution
studies (de Mesnard 2013). Although air pollution may be a large
contributor to OGD-related exposure, we did not assume that it is
the only OGD-related hazard, and within such a short distance
(1 km), dispersion patterns of OGD pollutants may be relatively
uniform. Therefore, we weighted all wells equally within the 1-km
buffer. Third, we examined separate effects of inactive wells and
active well production volume, whereas prior studies have not con-
sidered inactive wells separately and often only examined the den-
sity of (McKenzie et al. 2014; Stacy et al. 2015; Whitworth et al.
2017) or total production volume from unconventional wells (Casey
et al. 2015; Walker Whitworth et al. 2018). Including both inactive
and active wells allowed us to distinguish possible differential
etfects by well type. Fourth, our CA study population was more
racially and ethnically diverse than those in other studies conducted
in Colorado and Pennsylvania, which may contribute to differences
in analytical results. Finally, California’s OGD infrastructure is
older than infrastructure in other states and utilizes less HF in com-
parison with OGD in Pennsylvania, Colorado, and other states
where production infrastructure is newly established (Long et al.
2015b). These regional differences in OGD infrastructure may affect
the type of hazards associated with them and their implications for
maternal health and birth outcomes.

Our study is the first to highlight differences in potential health
impacts of exposure to active OGD based on total production vol-
ume from both oil and gas wells and inactive wells. We did not,
however, directly measure OGD environmental impacts via, for
example, air or drinking water monitoring near active or inactive
wells. Several OGD-related hazards—air toxics, water pollutants,
noise, excessive lighting—may elicit a variety of biological
responses, but our exposure measure precluded identification of
specitic pathways through which OGD may affect birth outcomes.
Further, the cumulative exposure-response curve of all of the
potential hazards and health outcomes may differ than that for each
individual hazard separately. For example, living in proximity to
oil and gas fields and seeing the active rigs daily might induce
stress, worry, and lack of sleep (Ferrar et al. 2013; Hirsch et al.
2018; Long et al. 2015a; Palagini et al. 2014). However, individu-
als may habituate, leading to biological responses that may peak
and level off (Basner et al. 2011), whereas we might expect a linear
exposure-response related to air pollution exposures.

We observed some modest inverse associations between inac-
tive wells and birth outcomes, primarily in urban areas. Inactive
wells can pose risks in several ways. To date, excessive fugitive
methane emissions have been measured at abandoned (unplugged)
well sites, with higher concentrations detected at sites with com-
promised wells (Boothroyd et al. 2016; Kang et al. 2016). Residual
otf-gassing of air contaminants such as BTEX could also occur,
which has prompted the South Coast air district and DOGGR to
begin to collect air toxics and VOCs emissions data (LACDPH
2018; SCAQMD 2019; California AB1328). Of greater concern is
contamination of potable water sources from subsurface leakage
and migration of contaminants through abandoned or idle wells
(Long et al. 2015a). In an assessment of groundwater contamina-
tion from OGD in Ohio and Texas over more than a decade, aban-
doned wells accounted for 22% (Ohio) and 14% (Texas) of
contamination incidents (Ground Water Protection Council 2011).
In CA, idle wells may be repurposed for wastewater disposal or
later revitalized with new technologies (Walker 2011). Wells oper-
ating with old infrastructure pose greater risks of leakages through
the well casing and cement barriers (Ingraffea et al. 2014). HF
could also increase the risk of surface or groundwater contamina-
tion via abandoned wells due to hydrological pressure changes; in
one rare incident, an abandoned well in Pennsylvania produced a
30-foot geyser of brine and gas for more than a week after a nearby
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gas well underwent HF (EPA 2016). We may not have observed
any consistent or significant associations between exposure to
inactive wells and adverse birth outcomes because we were not
able to capture these nuanced exposure pathways with well count
alone, leading to potential exposure misclassification.

Other limitations include our inability to adjust for several
individual-level factors. Due to lack of data linkage, we could not
control for the correlation between siblings (though we do
include parity in all models) or maternal mobility during preg-
nancy. Birth records did not include a linking variable for siblings
and only documented the residential address at time of birth.
Previous studies on impacts of residential mobility during preg-
nancy suggest that ignoring residential mobility may lead to mod-
est bias in associations toward the null or result in nondifferential
exposure misclassification (Chen et al. 2010; Hodgson et al.
2015; Lupo et al. 2010; Pennington et al. 2017). However, expo-
sure estimates based on addresses captured at birth vs. conception
have been highly correlated (Chen et al. 2010; Lupo et al. 2010;
Pennington et al. 2017). Across studies, <30% of mothers moved
during pregnancy and moving distances were relatively short and
within the same county (Bell and Belanger 2012; Chen et al.
2010; Hodgson et al. 2015; Lupo et al. 2010; Miller et al. 2010;
Pennington et al. 2017). The extent of misclassification error
depends on the spatial variability in the exposure (Hodgson et al.
2015). Additionally, exposure misclassification may be less
prominent in the third trimester. Across environmental epidemio-
logical studies that evaluated the impact of residential mobility
on effect estimates by trimester, the highest rates of mobility
occurred in the second trimester (Bell et al. 2018; Bell and
Belanger 2012). Lowest residential mobility was observed in the
first trimester among three studies and in the third trimester among
two studies (Bell et al. 2018; Bell and Belanger 2012). Exposure
misclassification due to mobility in the third trimester is less likely
to be an issue, due to its proximity to the time of delivery, when
the maternal residential address is collected and listed on the birth
certificate. In addition to residential mobility, maternal occupa-
tional mobility should also be considered. One study that evaluated
the impact of occupational mobility on air pollution exposure mis-
classification among Parisian women in the two first trimesters
found that mode of transport increased NO, exposure in the first
trimester (Blanchard et al. 2018). Our study results yielded similar
effect estimates across trimesters, suggesting that any bias resulting
from maternal residential and occupational mobility is likely non-
differential across trimesters.

In summary, this study expands the current literature on the
health implications of OGD. We observed that prenatal exposure
to active oil/gas production from both conventional and unconven-
tional wells in CA was associated with adverse birth outcomes, and
these associations varied by rural and urban arcas. We observed the
strongest associations with exposure to high production volume in
rural areas. Future studies should consider inactive wells and con-
duct exposure assessments that collect environmental samples of
OGD-related hazards. Such data would greatly improve exposure
assignment and advance our understanding of underlying exposure
sources and pathways. Additional evaluations of the relationship
between oil/gas operator size, pollutant emissions, and frequency
and type of violations and health outcomes would also elucidate
which types of wells may be of greatest concern. Such data can
inform regulatory decisions in terms of prioritizing inspection and
pollution monitoring as well as emissions reduction requirements
and community exposure reduction strategies.

Acknowledgments

We thank S. Shonkoff [Physicians, Scientists, and Engineers
(PSE) for Healthy Energy] and K. Ferrar (FracTracker) for their

128(6) June 2020



advice and insight into the CA oil and gas industry and data
resources.

This work was supported by the CARB # 18RD018 (R.M.F.,
K.V.T, J.LA.C.); the 11th Hour Project (R.M.F. and K.V.T.), the
National Institute of Environmental Health Sciences, K99/R00
ES027023 (J.A.C.); and the University of California, Berkeley
SAGE-IGERT Fellowship, National Science Foundation
#1,144,885 (K.V.T.).

References

Abeysena C, Jayawardana P, Seneviratne R de A. 2010. Effect of psychosocial
stress and physical activity on low birthweight: a cohort study. J Obstet
Gynaecol Res 36(2):296-303, PMID: 20492380, https://doi.org/10.1111/).1447-0756,
2009.01155.x.

Adgate JL, Goldstein BD, McKenzie LM. 2014. Potential public health hazards,
exposures and health effects fram unconventional natural gas development.
Environ Sci Technol 48(15):8307-8320, PMID: 24564405, https://doi.org/10.1021/
es404621d.

Alexander GR, Himes JH, Kaufman RB, Mor J, Kogan M. 1996. A United States
national reference for fetal growth. Obstet Gynecol 87(2):163-168, PMID: 8559516,
https://doi.org/10.1016/0029-7844{95)00386-X.

Alexander GR, Kotelchuck M. 1996. Quantifying the adequacy of prenatal care: a
comparison of indices. Public Health Rep 111:408-419, PMID: 1381783,

Allshouse WB, McKenzie LM, Barton K, Brindley S, Adgate JL. 2019. Community
noise and air pollution exposure during the development of a multi-well oil and
gas pad. Environ Sci Technol 53{12}:7126-7135, PMID: 31136715, https://doi.org/
10.1021/acs.est.9b00052.

Arroyo V, Diaz J, Ortiz C, Carmona R, Sdez M, Linares C. 2016. Short term effect of
air pollution, noise and heat waves on preterm births in Madrid (Spain).
Environ Res 145:162-168, PMID: 26706568, https://doi.org/10.1016/j.envres.2015.
11.034.

Arruti A, Fernandez-0Imo |, Irabien A. 2011. Regional evaluation of particulate mat-
ter composition in an Atlantic coastal area {Cantabria region, northern Spain):
spatial variations in different urban and rural environments, Atmos Res 101{1—
2):280-293, https://doi.org/10.1016/j.atmosres.2011.03.001

Basner M, Mller U, EImenhorst E-M. 2011. Single and combined effects of air,
road, and rail traffic noise on sleep and recuperation. Sleep 34(1}:11-23, PMID:
21203365, https://doi.org/10.1093/sleep/34.1.11,

Basu R, Harris M, Sie L, Malig B, Broadwin R, Green R. 2014. Effects of fine particu-
late matter and its constituents on low birth weight among full-term infants in
California. Environ Res 128:42-51, PMID: 24359709, https://doi.org/10.1016/j.,
envres.2013.10.008.

Bell ML, Banerjee G, Pereira G. 2018. Residential mobility of pregnant women and
implications for assessment of spatially-varying environmental exposures. J
Expe Sci Environ Epidemiol 28(5):470-480, PMID: 29511287, https://doi.org/10.

~ 1038/541370-018-0026-0.

Bell ML, Belanger K. 2012. Review of research on residential mobility during preg-
nancy: consequences for assessment of prenatal envirenmental exposures. J
Expo Sci Environ Epidemiol 22(5):429-438, PMID: 22617723, https://doi.org/10.
1038/jes.2012.42

Blair BD, Brindley S, Dinkeloo E, McKenzie LM, Adgate JL. 2018. Residential noise
from nearby oil and gas well construction and drilling. J Expo Sci Environ
Epidemiol 28(6):538-547, PMID: 29749380, https://doi.org/10.1038/s41370-018-0039-8.

Blanchard O, Deguen S, Kihal-Talantikite W, Frangois R, Zmirou-Navier D. 2018.
Does residential mobility during pregnancy induce exposure misclassification
for air pollution? Environ Health 17{1):72, PMID: 30340597, https://doi.org/10.
1186/512940-018-0416-8.

Bolden AL, Kwiatkowski CF, Colborn T, 2015. New look at BTEX: are ambient levels a
problem? Environ Sci Technol 49(9):5261-5276, PMID: 25873211, https://doi.org/10.
1021/es505316f.

Bonavista Energy Corporation. 2018. News release: Bonavista Energy Corporation
replaces 189% of 2017 preduction with the addition of 43,8 MMboe of proved plus
probable reserves. hitps;//mma.prnewswire.com/media/636247/Bonavista_Energy_
Corporation_Bonavista_Energy_Corporation_Replac.pdf?p=original [accessed 16
July 2018].

Boothroyd IM, Almond S, Qassim SM, Worrall F, Davies RJ. 2016, Fugitive emissions
of methane from abandoned, decommissioned oil and gas wells. Sci Total Environ
547.461-469, PMID: 26822472, https://doi.org/10.1016/j.scitotenv.2015.12.096,

Boyle MD, Soneja S, Quirgs-Alcala L, Dalemarre L, Sapkota AR, Sangaramoorthy T,
et al. 2017. A pilot study to assess residential noise exposure near natural gas
compressor stations. PLoS One 12{4}:20174310, PMID: 28369113, https://doi.org/
10.1371/journal.pone.0174310.

Brantley HL, Thoma ED, Eisele AP. 2015. Assessment of volatile organic com-
pound and hazardous air pollutant emissicns from oil and natural gas well

Environmental Health Perspectives

067001-11

pads using mobile remote and on-site direct measurements. J Air Waste
Manag Assoc 65(9):1072-1082, PMID: 26067676, https://dai,org/10.1080/
10962247.2015.1056888.

Bryant AS, Worjoloh A, Caughey AB, Washington AE. 2010. Racial/ethnic dispar-
ities in obstetric outcomes and care: prevalence and determinants. Am J
Obstet Gynecol 202(4):335-343, PMID: 20060513, https://doi.org/10.1016/j.ajog.
2009.10.864.

Buckley JP, Doherty BT, Keil AP, Engel SM. 2017, Statistical approaches for esti-
mating sex-specific effects in endocrine disruptors research. Environ Health
Perspect 125(6):067013, PMID: 28665274, https://doi.org/10.1289/EHP334,

CA DOGGR. Online Data Qil & Gas — Online Data. https://www.conservation.ca.gov/
calgem/maps/Pages/GiSMapping2.aspx [accessed 23 March 2017].

California AB1328. TrackBill. https:/trackbill.com/bill/california-assembly-bill-1328-oil-
and-gas-notice-of-intention-te-abandon-well-study-of-fugitive-emissions-from-idle-
idle-deserted-and-abandoned-wells/1700789/ [accessed 24 October 2019].

CARB (California Air Resources Board). 2014. Geographical Information System (GIS)
Library. https://www.arb.ca.gov/ei/gislib/gislib.htm [accessed 18 September 2018).

CARB. 2017. CARB Polluticn Mapping Tool. https://ww3.arb.ca.gov/ei/tools/poliution_
map/ [accessed 17 September 2019].

Casey JA, Savitz DA, Rasmussen SG, Ogburn EL, Pollak J, Mercer DG, et al, 2015,
Unconventional natural gas development and birth outcomes in Pennsylvania,
USA. Epidemiology 27(2):163-172, PMID: 26426945, https://doi.org/10.1097/EDE.
0000000000000387.

CDPH {California Department of Public Health). 2015, Smoking: before, during and
after pregnancy. https://www.cdph.ca.gov/Programs/CCDPHP/DCDIC/CTCB/CDPH%
20Document%20Library/ResearchandEvaluation/FactsandFigures/MaternalSmoking
Infographic2015.pdf (accessed 4 November 2019].

Chang M, Park H, Ha M, Heng YC, Lim YH, Kim Y, et al. 2017. The effect of prena-
tal TVOC exposure on hirth and infantile weight: the Mothers and Children’s
Environmental Health study. Pediatr Res 82{3):423-428, PMID: 28422943,
hitps://doi.org/10.1038/pr.2017.55.

Chen L, Bell EM, Caton AR, Druschel CM, Lin S. 2010. Residential mobility during
pregnancy and the potential for ambient air pollution exposure misclassification.
Environ Res 110(2):162-168, PMID: 19963212, https://doi.org/10.1016/j.envres.2009.
11.001.

Colborn T, Schultz K, Herrick L, Kwiatkowski C. 2014. An exploratory study of air
quality near natural gas operations. Hum Ecol Risk Assess 20(1):86-105,
https://doi.org/10.1080/10807039.2012.749447.

Currie J, Greenstone M, Meckel K. 2017, Hydraulic fracturing and infant health:
new evidence from Pennsylvania. Sci Adv 3(12):e1603021, PMID: 29242825,
https://doi.org/10.1126/sciadv.1603021.

Dadvand P, Basagana X, Figueras F, Martinez D, Beelen R, Cirach M, et al. 2014,
Air pollution and preterm premature rupture of membranes: a spatiotemporal
analysis. Am J Epidemiol 179{2):200-207, PMID: 24125920, https://doi.org/10.
1093/aje/kwt240.

Dadvand P, Parker J, Bell ML, Bonzini M, Brauer M, Darrow LA, et al. 2013.
Maternal exposure to particulate air pollution and term birth weight: a multi-
country evaluation of effect and heterogeneity. Environ Health Perspect
121(3):267-373, PMID: 23384584, https://doi.org/10.1289/ehp,1205575.

de Mesnard L. 2013. Pollution models and inverse distance weighting: some critical
remarks. ComputGeosci 52:459-469, https://doi.org/10.1016/j.cage0.2012.11.002.

Dominguez TP, Dunkel-Schetter C, Glynn LM, Hobel C, Sandman CA. 2008. Racial
differences in birth outcomes: the role of general, pregnancy, and racism
stress. Health Psychol 27{2):194-203, PMID: 18377138, https://doi.org/10.1037/
0278-6133.27.2.194,

Eapi GR, Sabnis MS, Sattler ML. 2014. Mobile measurement of methane and hydro-
gen sulfide at natural gas production site fence lines in the Texas Barnett
Shale. J Air Waste Manag Assoc 64(8):927-944, PMID: 25185395, hitps://doi.org/
10.1080/10962247.2014.907098.

Ebisu K, Bell ML, 2012. Airborne PM; 5 chemical components and low birth weight
in the northeastern and mid-Atlantic regions of the United States. Environ
Health Perspect 120(12):1746-1752, PMID: 23008268, https://doi.org/10.1289/
ehp.1104763.

Esswein EJ, Snawder J, King B, Breitenstein M, Alexander-Scott M, Kiefer M.
2014. Evaluation of some potential chemical exposure risks during flowback
operations in unconventional oil and gas extraction: preliminary results. J
Occup Environ Hyg 11(101:D174-D184, PMID: 25175286, https://doi.org/10.1080/
15459624.2014.933960.

Ferrar KJ, Kriesky J, Christen CL, Marshall LP, Malone SL, Sharma RK, et al. 2013.
Assessment and longitudinal analysis of health impacts and stressors per-
ceived to result from unconventional shale gas development in the Marcellus
Shale region. Int J Occup Environ Health 19(2):104-112, PMID: 23684268,
https://doi.org/10.1179/2049396713Y.0000000024,

Finkel ML, Law A. 2011. The rush to drill for natural gas: a public health cautionary
tale. Am J Public Health 101(5):784-785, PMID: 21421959, https://doi.org/10.
2105/AJPH.2010.300089.

128(6) June 2020



Finkelstein MM, Jerrett M, DelLuca P, Finkelstein N, Verma DK, Chapman K, et al.
2003. Relation between income, air pollution and mortality: a cohort study.
CMAJ 169(5):397-402, PMID: 12952800.

Franklin M, Chau K, Cushing LJ, Johnston JE. 2019. Characterizing flaring from uncon-
ventional oil and gas operations in south Texas using satellite observations. Environ
Sci Technol 53(4):2220-2228, PMID: 30657671, https://doi.org/10,1021/acs.est.8b05355.

Garcia-Gonzales DA, Shonkoff SBC, Hays J, Jerrett M. 2019, Hazardous air poliu-
tants associated with upstream oil and natural gas development: a critical syn-
thesis of current peer-reviewed literature. Annu Rev Public Health 40:283-304,
PMID: 30935307, https://doi.org/10.1146/annurev-publhealth-040218-043715.

Gehring U, Tamburic L, Shihi H, Davies HW, Brauer M. 2014, impact of noise and
air pollution on pregnancy outcomes. Epidemiology 25(3):351-358, PMID:
24595395, https://doi.org/10.1097/EDE.0000000000000073,

Goetz JD, Floerchinger C, Fortner EC, Wormhoudt J, Massoli P, Knighton WB, et al.
2015. Atmospheric emission characterization of Marcellus shale natural gas
development sites. Environ Sci Technol 49(11):7012-7020, PMID: 25897974,
https://doi.org/10.1021/acs.est.5b00452.

Goldenberg RL, Culhane JF, lams JD, Romerc R. 2008. Epidemiology and causes of
preterm birth. Lancet 371(9606):75-84, PMID: 18177778, https://doi.org/10.1016/
S0140-6736(08)60074-4.

Ground Water Protection Council. 2011, State Oil and Gas Agency Groundwater
Investigations and Their Role in Advancing Regulatory Reforms, A Two-State
Review: Ohio and Texas. hitp://www.gwpc.org/sites/default/files/State%200il%
20%26%20Gas%20Agency%20Groundwater%20Investigations.pdf [accessed 4
June 2019].

Hays J, McCawley M, Shonkoff S. 2017. Public health implications of environmental
noise associated with unconventional oil and gas development. Sci Total Environ
5h80:448-456, PMID: 27939937, https://doi.org/10.1016/j.scitotenv.2016.11.118.

Hildenbrand ZL, Carlton DD, Fontenot BE, Meik JM, Walton JL, Taylor JT, et al.
2015. A comprehensive analysis of groundwater quality in the Barnett Shale
region, Environ Sci Technol 49(13):8254-8262, PMID: 26079990, https://doi.org/
10.1021/acs.est.5b01526.

Hill EL. 2018. Shale gas development and infant health: evidence from Pennsylvania.
J Health Econ 61:134-150, PMID: 30114565, https://doi.org/10.1016/j.jhealeco.
2018.07.004.

Hirsch JK, Bryant Smalley K, Selby-Nelson EM, Hamel-Lambert JM, Rosmann MR,
Barnes TA, et al. 2018. Psychosocial impact of fracking: a review of the litera-
ture on the mental health consequences of hydraulic fracturing. Int J Ment
Health Addiction 16(1):1-15, hitps://doi.org/10.1007/s11469-017-9792-5.

Hodgson S, Lurz PWW, Shirley MDF, Bythell M, Rankin J. 2015, Exposure misclassifi-
cation due to residential mobility during pregnancy. Int J Hyg Environ Health
218(4):414-421, PMID: 25845985, https://doi.org/10.1016/j.ijheh.2015.03.007.

Hubbard AE, Ahern J, Fleischer NL, Van der Laan M, Satariano SA, Jewell N,
et al. 2010. To GEE or not to GEE: comparing population average and mixed
models for estimating the associations between neighborhood risk factors
and health. Epidemiology 21{4):467-474, PMID: 20220526, https://doi.org/10.
1097/EDE.0b013e3181caeb90,

Ingraffea AR, Wells MT, Santore RL, Shonkeff S. 2014, Assessment and risk analy-
sis of casing and cement impairment in oil and gas wells in Pennsylvania,
2000-2012. Proc Natl Acad Sci USA 111(30):10955-10960, PMID: 24982144,
https://doi.org/10.1073/pnas.1323422111,

Janitz AE, Dao HD, Campbell JE, Stoner JA, Peck JD. 2019. The association between
natural gas well activity and specific congenital anomalies in Oklahoma, 1997-2008.
Environ Int 122:381-388, PMID: 30551805, https://doi.org/10.1016/j.envint.2018.12.011.

Kang M, Christian S, Celia MA, Mauzerall DL, Bill M, Miller AR, et al. 2016,
Identification and characterization of high methane-emitting abandoned oil
and gas wells, Proc Natl Acad Sci USA 113(48):13636-13641, PMID: 27349603,
https://doi.org/10.1073/pnas.1605913113,

Kim SY, Bechle M, Hankey S, Sheppard L, Szpiro AA, Marshall JD. 2018, A parsi-
monious approach for estimating individual-level concentrations of criteria
pollutants over the contiguous U.S. Environ Health Perspect. In Press.

Koss AR, Yuan B, Warneke C, Gilman JB, Lerner BM, Veres PR, et al. 2017.
Observations of VOC emissions and photochemical products over US oil- and
gas-producing regions using high-resolution H30+ CIMS {(PTR-ToF-MS). Atmos
Meas Tech 10{8):2941-2968, https://doi.org/10.5194/amt-10-2941-2017.

Kotelchuck M. 1994. An evaluation of the Kessner adequacy of prenatal care index
and a proposed adequacy of prenatal care utilization index. Am J Public
Health 84(9):1414-1420, PMID: 8092364, https://doi.org/10.2105/ajph.84.9.1414.

Kovats S, Depledge M, Haines A, Fleming LE, Wilkinson P, Shonkoff SB, et al. 2014,
The health implications of fracking. Lancet 383(9919):757-758, PMID: 24581655,
https://doi.org/10.1016/S0140-6736(13)62700-2.

Krieger N, Waterman PD, Spasojevic J, Li W, Maduro G, Van Wye G. 2016. Public
health monitoring of privilege and deprivation with the index of concentration at
the extremes. Am J Public Health 106{2).256-263, PMID: 26691119, https://doi.org/
10.2105/AJPH.2015.302955.

Environmental Health Perspectives

067001-12

LACDPH (Los Angeles County Department of Public Health). 2018. Public Health
and Safety Risks of Oil and Gas Facilities in Los Angeles County. http://
publichealth.lacounty.gov/eh/docs/PH_OilGasFacilitiesPHSafetyRisks.pdf [accessed
24 October 2019].

Lan X, Talbot R, Laine P, Torres A, Lefer B, Flynn J, 2015, Atmospheric mercury in
the Barnett Shale area, Texas: implications for emissions from oil and gas proc-
essing. Environ Sci Technol 49(17):10692-10700, PMID: 26218013, https://doi.org/
10.1021/acs.est.5h02287.

Le Rest K, Pinaud D, Bretagnolle V. 2013. Accounting for spatial autocorrelation
from model selection to statistical inference: application to a national survey
of a diurnal raptor. Ecological Informatics 14:17-24, https://doi.org/10.1016/j.
ecoinf.2012.11.008.

Li R, Zhang J, Zhou R, Liu J, Dai Z, Liu D, et al. 2017. Sleep disturbances during
pregnancy are associated with cesarean delivery and preterm birth, J Matern
Fetal Neonatal Med 30(6).733-738, PMID: 27125889, hitps://doi.org/10.1080/
14767058.2016.1183637.

Long JCS, Feinstein LC, Bachmann CE, Birkhotzer JT, Camarillo MK, Domen JK,
et al. 2015a. An Independent Scientific Assessment of Well Stimulation in
California, Volume I): Potential Environmental Impacts of Hydraulic Fracturing
and Acid Stimulations. Oak Ridge, TN: U.S. Department of Energy Office of
Scientific and Technological Information, https://doi.org/10,2172/1236176.

Long JCS, Feinstein LC, Birkholzer JT, Jordan PD, Houseworth JE, Dobson PF, et al.
2015b. An Independent Scientific Assessment of Well Stimulation in California
Volume I: Well Stimulation Technologies and Their Past, Present, and Potential
Future Use in California. Oak Ridge, TN: U.S, Department of Energy Office of
Scientific and Technological Information, https://doi.org/10.2172/1236175.

Lupo PJ, Symanski E, Chan W, Mitchell LE, Waller DK, Canfield MA, et al. 2010.
Differences in exposure assignment between conception and delivery: the
impact of maternal mobility. Paediatr Perinat Epidemiol 24{2):200~-208, PMID:
20415777, hitps://doi.org/10.1111/.1365-3016.2010.01096..x.

Ma Z. 2016. Time series evaluation of birth defects in areas with and without
untonventional natural gas development. J Epidemiol Public Health Rev 1(4):,
https://doi.org/10.16966/2471-8211.107,

Macey GP, Breech R, Chernaik M, Cox C, Larson D, Thomas D, et al. 2014. Air con-
centrations of volatile compounds near oil and gas production: a community-
based exploratory study. Environ Health 13:82, PMID: 25355625, https://doi.org/
10.1186/1476-069X-13-82.

Maroziene L, Grazuleviciene R, 2002, Maternal exposure to low-level air pollution
and pregnancy outcomes: a population-based study. Environ Health 1{1}:6,
PMID: 12495448, https://doi.org/10.1186/1476-069x-1-6,

Marrero JE, Townsend-Small A, Lyon DR, Tsai TR, Meinardi S, Blake DR.
2016. Estimating emissions of toxic hydrocarbens from natural gas produc-
tion sites in the Barnett shale region of northern Texas., Environ Sci
Technol 50(19):10756-10764, PMID: 27580823, https://doi.org/10.1021/acs.
est.6b02827.

Maskrey JR, Insley AL, Hynds ES, Panko JM. 2016. Air monitoring of volatile or-
ganic compounds at relevant receptors during hydraulic fracturing operations
in Washington County, Pennsylvania. Environ Monit Assess 188(7);, PMID:
27312253, https://doi.org/10.1007/s10661-016-5410-4,

Massey DS. 1996. The age of extremes: concentrated affluence and poverty in the
twenty-first century. Demography 33(4):395-412, PMID: 8939412, https://doi.org/
10.2307/2061773.

McKenzie LM, Allshouse W, Daniels S. 2019. Congenital heart defects and intensity
of oil and gas well site activities in early pregnancy. Environ Int 132:104949,
PMID: 31327466, https://doi.org/10.1016/j.envint,2019.104949.

McKenzie LM, Guo R, Witter RZ, Savitz DA, Newman LS, Adgate JL. 2014, Birth out-
comes and maternal residential proximity to natural gas development in rural
Colorado. Environ Health Perspect 122(4):412—417, PMID: 24474681, https://doi.org/
10.1289/ehp.1306722.

McKenzie LM, Witter RZ, Newman LS, Adgate JL. 2012. Human health risk assess-
ment of air emissions from development of unconventional natural gas resour-
ces. Sci Total Environ 424:79-87, PMID: 22444058, https://doi.org/10.1016j.
scitotenv.2012.02.018.

Mellgvist J, Samuelsson J, Andersson P, Brohede S, Isoz 0, Ericsson M. 2017.
Using solar occultation flux and other optical remote sensing methods to mea-
sure VOC emissions from a variety of stationary sources in the South Coast Air
Basin. http://www.agmd.gov/docs/default-source/fenceline_monitroing/project_
2/fluxsense_project?_2015_final_report.pdf?sfvrsn=6 [accessed 23 September
2019].

Meng Q. 2015. Spatial analysis of environment and population at risk of natural gas
fracking in the state of Pennsylvania, USA. Sci Total Environ 515-516:198-206,
PMID: 25727517, https://doi.org/10.1016/j.scitotenv.2015.02.030.

Miller A, Siffel C, Correa A. 2010. Residential mobility during pregnancy: patterns and
correlates, Matern Child Health J 14{4):625-634, PMID: 19568920, https://doi.org/
10.1007/s10995-009-0492-z.

128(6) June 2020



Mitka M. 2012. Rigorous evidence slim for determining health risks from naturat
gas fracking. JAMA 307(20):2135-2136, PMID: 22618804, https://doi.org/10,1001/
jama,2012.3726.

Morello-Frosch R, Jesdale BM, Sadd JL, Pastor M. 2010. Ambient air pollution ex-
posure and full-term birth weight in California, Environ Health 9:44, PMID:
20667084, https://doi.org/10.1186/1476-069X-3-44.

0'Neill MS, Jerrett M, Kawachi |, Levy JI, Cohen AJ, Gouveia N, et al. 2003, Health,
wealth, and air pollution: advancing theory and methods. Environ Health
Perspect 111(16):1861-1870, PMID: 14644658, hitps://doi.org/10.1289/ehp.6334.

Owusu JT, Anderson FJ, Coleman J, Oppong S, Seffah JD, Aikins A, et al. 2013.
Association of maternal sleep practices with pre-eclampsia, low birth weight,
and stillbirth among Ghanaian women. Int J Gynaecol Qbstet 121{3):261-265,
PMID: 23507553, hitps://doi.org/10.1016/j.ijg0.2013.01.013.

Padula AM, Mertimer KM, Tager IB, Hammond SK, Lurmann FW, Yang W, et al. 2014,
Traffic-related air pollution and risk of preterm birth in the San Joaguin Valley of
California. Ann Epidemiol 24(12):888-895, PMID: 25453347, https:/doi.org/10.1016/}.
annepidem.2014.10,004.

Palagini L, Gemignani A, Banti S, Manconi M, Mauri M, Riemann D. 2014. Chronic sleep
loss during pregnancy as a determinant of stress: impact on pregnancy outcome.
Sleep Med 15(8):853-859, PMID: 24994566, https://doi.org/10.1016/ sleep.2014.02.013,

Pennington AF, Strickland MJ, Klein M, Zhai X, Russell AG, Hansen C, et al. 2017.
Measurement error in mobile source air pollution exposure estimates due to
residential mobility during pregnancy. J Expo Sci Environ Epidemiol 27(5):513—
520, PMID: 27966666, https://doi.org/10.1038/jes.2016.66.

Ponce NA, Hoggatt KJ, Wilhelm M, Ritz B. 2005. Preterm birth: the interaction of
traffic-related air pollution with economic hardship in Los Angeles neighborhoods.
Am J Epidemiol 162(2):140-148, PMID: 15972941, https://doi.org/10.1093/aje/kwi173.

Pope CA, Burnett RT, Krewski D, Jerrett M, Shi Y, Calle EE, et al, 2009, Cardiovascular
mortality and exposure to airborne fine particulate matter and cigarette smoke:
shape of the exposure-response relationship. Circulation 120(11):941-948, PMID:
19720932, https://doi.org/10.1161/CIRCULATIONAHA.109.857888,

Rasmussen SG, Ogburn EL, McCormack M, Casey JA, Bandeen-Roche K, Mercer
DG, et al. 2016. Association between unconventional natural gas development in
the marcellus shale and asthma exacerbations. JAMA Intern Med 176(9):1334—
1343, PMID: 27428612, https://doi.org/10.1001/jamainternmed.2016.2436.

Raz R, Kioumourtzoglou M-A, Weisskopf MG. 2018. Live-birth bias and observed
associations between air pollution and autism. Am J Epidemiol 187{11):2292—
2296, PMID: 30099488, https://doi.org/10.1093/aje/kwy172.

Ritz B, Wilhelm M. 2008. Ambient air pollution and adverse birth outcomes: meth-
odologic issues in an emerging field. Basic Clin Pharmacol Toxicol 102(2):182-
190, PMID: 18226073, hitps://doi.org/10.1111/j.1742-7843.2007.00161.x.

Ritz B, Wilhelm M, Hoggatt KJ, Ghash J. 2007. Ambient air pollution and preterm
birth in the environment and pregnancy outcomes study at the University of
California, Los Angeles. Am J Epidemiol 166(9):1045-1052, PMID: 17675655,
https://doi.org/10.1093/aje/kwm 181,

Rondd PHC, Ferreira RF, Nogueira F, Ribeiro MCN, Lobert H, Artes R. 2003.
Maternal psychological stress and distress as predictors of low birth weight,
prematurity and intrauterine growth retardation, Eur J Clin Nutr 57(2):266-272,
PMID: 12571658, https://doi.org/10.1038/sj.ejcn. 1601526,

Roy AA, Adams PJ, Robinson AL. 2014. Air pollutant emissions from the development,
production, and processing of Marcellus Shale natural gas. J Air Waste Manag
Assoc 64(1):19-37, PMID: 24620400, https://dei.org/10.1080/10962247.2013 826151

San Sebastian M, Armstrong B, Stephens C. 2002. Outcomes of pregnancy among
women living in the proximity of oil fields in the Amazon basin of Ecuador. Int J
Occup Environ Health 8(4):312-319, PMID: 12412848, https://doi.org/10.11790eh.
2002.8.4.312

SAS. PROC VARIOGRAM: Aspects of Semivariogram Model Fitting. SAS/STAT(R)
922 User's Guide. https://support.sas.com/documentation/cdl/en/statug/63347/
HTML/default/viewer.htm#statug_variogram_a0000000605.htm [accessed 26
October 2018].

SCAQMD (South Coast Air Quality Management District). 2019. Community
Emissions Reduction Plan: Chapter 5 Qil Drilling and Production: Wilmington,
Carson, West Long Beach. https://www.agmd.gov/docs/default-source/ab-617-
ab-134/steering-committees/wilmington/cerp/chapter-5e—draft—oil-drilling—
july-2019.pdf?sfvrsn=2 [accessed 2 September 2019].

Schmoker JW, Klett TR. 2005, Chapter 19 of U.S. Geological Survey Assessment
Concepts for Conventional Petroleum Accumulations. Petroleum systems and
geologic assessment of il and gas in the southwestern Wyoming Province,
Wyoming, Colorado, and Utah, https://support.sas.com/resources/papers/
proceedings17/1404-2017.pdf [accessed 28 October 2018].

Schreiber-Gregory DN. 2012. Paper 1404-2017 Multicollinearity: What s It, Why
Should We Care, and How Can It Be Controlled?

Smith KR, Peel JL. 2010. Mind the gap. Environ Health Perspect 118(12):1643-1645,
PMID: 20729177, https://doi.org/10.1289/ehp.1002517.

Stacy SL, Brink LL, Larkin JC, Sadovsky Y, Goldstein BD, Pitt BR, et al. 2015.
Perinatal outcomes and unconventional natural gas operations in southwest

Environmental Health Perspectives

067001-13

Pennsylvania. PLoS One 10(6):e0126425, PMID: 26039051, https://doi.org/10.
1371/journal.pane.0126425.

Talge NM, Mudd LM, Sikorskii A, Basso 0. 2014. United States birth weight refer-
ence corrected for implausible gestational age estimates. Pediatrics 133(5):844—
853, PMID: 24777216, https://doi.org/10.1542/peds.2013-3285.

Teitler JO, Reichman NE, Nepomnyaschy L, Martinson M. 2007. A cross-national
comparison of racial and ethnic disparities in low birth weight in the United
States and England. Pediatrics 120(5).e1182-e1189, https://doi.org/10.1542/peds.
2006-3526,

Tustin AW, Hirsch AG, Rasmussen SG, Casey JA, Bandeen-Roche K, Schwartz BS.
2017. Associations between unconventional natural gas development and
nasal and sinus, migraine headache, and fatigue symptoms in Pennsylvania.
Environ Health Perspect 125(2):189-197, PMID: 27561132, https://doi.org/10.
1289/EHP281.

UCLA (University of California, Los Angeles). Statistical Consulting Group.
Analyzing and Visualizing Interactions in SAS. https://stats.idre.ucla.edu/sas/
seminars/analyzing-and-visualizing-interactions/ [accessed 20 October 2019].

U.S. Census Bureau, 2010. Census Urban and Rural Classification and Urban Area
Criteria. https//www.census.gov/geo/reference/ua/urban-rural-2010html [accessed
1 March 2019].

US. BLM (Bureau of Land Management). 2006. Final environmental impact
statement: Jonah infill drilling project, Sublette County, Wyoming, https://web.
archive.org/web/20170306143651/https://www.blm.gov/style/medialib/blm/wy/
information/NEPA/pfodocs/jonah.Par.7761.File.dat/01volume1.pdf [accessed 15
February 2017].

U.S. EIA {U.S. Energy Information Administration). 2018a. CA-State Profile and
Energy Estimates. https:/fwww.eia.gov/state/analysis.cfm7sid=CA [accessed 6
November 2016].

U.S. EIA. 2018b. U.S. Crude Oil, Natural Gas, and Natural Gas Liquids Proved Reserves.
http://www.eia.gov/naturalgas/crudeoilreserves/ [accessed 6 November 2016].

U.S. EPA (U.S, Envirenmental Protection Agency). 2016, Hydraulic Fracturing for Oil
and Gas: Impacts from the Hydraulic Fracturing Water Cycle on Drinking
Water Resources in the United States {Final Report). EPA/600/R-16/236F 666.
Washington, DC: U.S. Environmental Protection Agency,

US. EPA {U.S. Environmental Protection Agency). 2018. Inventory of U.S.
Greenhouse Gas Emissions and Sinks 1990-2016: Abandoned Oit and Gas Wells.
https://www.epa.gov/sites/production/files/2018-04/documents/ghgemissions_
abandoned_wells.pdf [accessed 24 October 2019].

Valero de Bernabé J, Soriano T, Albaladejo R, Juarranz M, Calle ME, Martinez D, et al,
2004. Risk factors for low birth weight: a review. Eur J Obstet Gynecol Reprod Biol
116(1):3-15, PMID: 15294360, https://doi.org/10.1016/j.ejogrb.2004.03.007.

Veil JA, Puder MG, Elcock D, Redweik RJ Jr. 2004. A white paper describing pro-
duced water from production of crude oil, natural gas, and coal bed methane,
https://doi.org/10.2172/821666.

Vengosh A, Jackson RB, Warner N, Darrah TH, Kondash A. 2014, A critical review
of the risks to water resources from unconventional shale gas development
and hydraulic fracturing in the United States. Environ Sci Technol 48{15).8334—
8348, PMID: 24606408, hitps://doi.org/10.1021/es405118y.

Walker JD. 2011. California Class Il Underground Injection Control Program Review.
https://archive.epa.gov/region9/mediacenter/web/pdf/doggr%20usepa%20
consultant%27s%20report%200n%20ca%20underground%20injection%20
program.pdf [accessed 12 November 2019].

Walker Whitworth K, Kaye Marshall A, Symanski E. 2018. Drilling and production
activity related to unconventional gas development and severity of preterm
birth. Environ Health Perspect 126(3):037006, PMID: 29578659, https://doi.org/10.
1289/EHP2622.

Warneke C, Geiger F, Edwards PM, Dube W, Pétron G, Kofler J, et al. 2014, Volatile
organic compound emissions from the oil and natural gas industry in the
Uintah Basin, Utah: oil and gas well pad emissions compared to ambient air
composition, Atmas Chem Phys 14{20):10977-10988, https://doi.org/10,5194/acp-
14-10977-2014.

Whitworth KW, Marshall AK, Symanski E. 2017. Maternal residential proximity to
unconventional gas development and perinatal outcomes among a diverse
urban population in Texas, PLoS One 12{(7):20180966, PMID: 28732016,
https://doi.org/10.1371/journal.pone.0180966.

Woodruff TJ, Parker JD, Darrow LA, Slama R, Bell ML, Choi H, et al. 2009.
Methodological issues in studies of air pollution and reproductive health,
Environ Res 109(3):311-320, PMID: 19215915, https://doi.org/10.1016/j.envres.
2008.12.012.

Wunderli S, Gehrig R. 1930. Surface ozone in rural, urban and alpine regions of
Switzerland. Atmos Environ Part A 24{10):2641-2646, https://doi.org/10.1016/
0960-1686(30)90143-B.

Zhao X, Zhang X, Xu X, Xu J, Meng W, Pu W, 2009. Seasonal and diurnal varia-
tions of ambient PM2.5 concentration in urban and rural environments in
Beijing. Atmos Environ 43(18):2893-2900, https://doi.org/10.1016/j.atmosenv.
2009.03.009.

128(6) June 2020



"\ ANNUAL
§\ &l REVIEWS

Access provided by 47.212.202.144 on 12/15/20. For personal use only.

Annu. Rev. Public Health 2019. 40:283-304

The Annual Review of Public Health is online at
publhealth.annualreviews.org

Annu. Rev. Public Health 2019.40:283-304. Downloaded from www.annualreviews.org

hetps://doi.org/10.1146/annurev-publhealth-
040218-043715

Copyright © 2019 by Annual Reviews.
All rights reserved

viens CONNECT
—

www.annualreviews.org

* Download figures

* Navigate cited references

¢ Keyword search

* Explore related articles

* Share via email or social media

Annual Review of Public Health

Hazardous Air Pollutants
Associated with Upstream Oil
and Natural GGas Development:
A Critical Synthesis ot Current
Peer-Reviewed Literature

Diane A. Garcia-Gonzales,! Seth B.C. Shonkoff,??*
Jake Hays,>* and Michael Jerrett®

'Environmental Health Sciences Division, School of Public Health, University of California,
Berkeley, California 94720, USA; email: dgonzales98@berkeley.edu

2PSE Healthy Energy, Oakland, California 94612, USA,
email: sshonkoff@psehealthyenergy.org, jake.hays@gmail.com

I Department of Environmental Science, Policy, and Management, University of California,
Berkeley, California 94720, USA

*Environment Energy Technology Division, Lawrence Berkeley National Laboratory, Berkeley,
CA 94720, USA

SWeill Cornell Medicine, Cornell University, New York, NY 10065, USA

¢Department of Environmental Health Scicnces and Center for Occupational and
Environmental Health, Fielding School of Public Health, University of California, Los Angeles,
California 90095-1772, USA; email: mjerrett@ucla.edu

Keywords

hazardous air pollutants, volatile organic compounds, oil and natural gas,
air quality, oil and gas devclopment

Abstract

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

1. INTRODUCTION

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

The current body of scientific literature suggests that upstream ONG development pro-
cesses emit numerous air pollutants, including methane, nonmethane-volatile organic compounds
(VOCs), particulate matter (PM), aliphatic and aromatic hydrocarbons, aldehydes, and nitrogen
oxides, some of which are also precursors to tropospheric ozone and secondary organic aerosol
(SOA) production (18,41, 89,95,111,115,122). 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. Upstream
processes consist of four broad phases of operation: (#) exploration and well pad and infrastruc-
ture construction; (4) well drilling and construction of associated surface and subsurface equipment
and facilities; (¢) application of well stimulation or secondary oil and gas recovery techniques (e.g.,
water flooding and steam injection) and completion, or both; and (d) hydrocarbon production
and processing. Various attempts to identify and classify all products and chemicals used or emit-
ted during the upstream ONG development process have resulted in disparate lists ranging from
343 to 1,177 unique chemicals, some classified as HAP compounds with known carcinogenic and
noncarcinogenic toxicological properties (26, 38, 82, 108). Current research on oil and gas de-
velopment provides conflicting evidence over the concentrations of various pollutants in the air
across geographic, regulatory, and corporate spaces; however, a consensus exists regarding the
presence of air pollutants that can pose human health hazards around ONG sites (19, 27, 48, 56,
68,73,79, 88).

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

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

TERMS AND DEFINITIONS

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

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

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

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

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

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

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

Polycyclic organic matter (POM): defines a broad class of compounds that generally includes structures con-
taining 27 fused aromatic rings and are present in the atmosphere mostly in particle form. PAHs are a subset of
POM:s.

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

chronic exposures.

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

psehealthyenergy.org).

Wet gas: a natural gas that contains less than ~85% methane and increased amounts of ethane and other hydro-

carbons, as opposed to dry gas, which occurs in the near absence of condensate or liquid hydrocarbons.
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2. MATERIALS AND METHODS
2.1. Scope

We began with the inclusion of all 187 HAPs listed by the US Environmental Protection Agency
(EPA). Hydrogen sulfide (H,S) was removed from the official US EPA listin 1991 but was included
in our review owing to its toxic properties, detection at low concentrations (0.03-0.05 ppm), and
prevalence in oil and gas development operations. From this point forward, when referring to
HAPs, we include all 187 compounds listed by the US EPA, plus H; S 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. Many 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
emitted from ONG operations (27). Although they are central to the question of HAP formation
and atmospheric concentrations, HAP precursors fall outside the scope of this review.

2.2. Keyword Search

We developed a list of keywords to assist in a comprehensive literature search of all upstream ONG
processes and target pollutants. Owing to the inconsistency of the terminology surrounding the
upstream ONG development process, we cast a wide net to be inclusive of possible iterations
when building the keyword search. These keywords included, but were not limited to, the terms
“fracking,” “fracturing,” “hydraulic fracturing,
acronyms including “UNGD” and “ONG.” In all, we incorporated 18 iterations and acronyms.
Additionally, we included keywords for transport media to ensure that search results encompassed

” “oil and natural gas development,” and common

airborne compounds. We erred on the side of being overly inclusive and integrated broad group
names, including volatile organic compounds (VOCs), nonmethane hydrocarbons (NMHCs), and
hazardous air pollutants (HAPs) during the search process. Keywords and search queries are pro-
vided in Supplemental Table 1.

2.3. Electronic Database Search

We searched peer-reviewed journal articles within three electronic search databases in
March 2018. First, we searched the Clarivate Analytics Web of Science database (http://
www.webofknowledge.com) using their Advanced Search query tool. Boolean operators were

Garcia-Gonzales et al.



Annu. Rev. Public Health 2019.40:283-304. Downloaded from www.annualreviews.org
Access provided by 47.212.202.144 on 12/15/20. For personal use only.

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

2.4. Inclusion and Exclusion Criteria

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

3. RESULTS
A total of 37 peer-reviewed journal articles, published between January 1, 2012, and February 28,

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

3.1. HAPs Identified Within Review

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

Jan 2012-Feb 2018 Jan 2012-Feb 2018 Jan 2012-Feb 2018
1,146 citations 639 citations 227 citations

l

1,833 nonduplicate
citations screened

1,536 articles excluded
after title/abstract
screen

Inclusion/exclusion
criteria applied

297 articles
retrieved

254 articles excluded
after full text screen

Inclusion/exclusion
criteria applied

6 articles excluded
during data extraction

37 articles included

Figure 1

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

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

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

The sample limit of detection (LOD) expresses the lowest concentration of the targeted analyte that can be distin-
guished within a given sample, instrument, or method. We use the sample 1.OD as our metric of interest instead
of commonly referenced health-based comparison values for several reasons. First, the heterogeneity of sampling
methodologies prevents direct comparison between concentration results (6). Second, itis difficult to select a single
health-based standard exposure timeframe that adequately represents the variety of sampling durations present in
the reviewed literature (Supplemental Table 3). Finally, many health-based standards are derived from limited data
sets and inadequate conversion factors that do not appropriately define the risk threshold of sensitive populations
nor do they address the risks of exposure to multiple HAPs concurrently and, thus, may inappropriately imply the
absence of health risks.

Despite these advantages, an LOD above health-based standards may erroneously imply low exposure risk when
concentrations are not detected within the sample. To address these issues, we advise researchers to include T.ODs
within the results to avoid misleading the reader. Failure to supply sample 1.LODs encumbers accurate descriptions
of atmospheric concentrations, leading to underestimations of exposure, an issue we have found rife in the ONG
literature.

Supplemental Material >

3.2. Sources of HAP Emissions

The range of air pollutant emission sources identified in the reviewed literature includes cquip-
ment (e.g., dehydrators, condensate tanks), activities (e.g., flashings, gauging flowback tanks), de-
velopment phases (e.g., drilling, well stimulation), and facilities (e.g., flowback and produced water
treatment and recycling center, oil storage facility). To simplify these broadly categorized emis-
sion sources, we recategorized equipment, activities, and facilities into one of the four most ap-
propriate upstream ONG phascs: (#) exploration and wcll pad and infrastructure construction;
(b) well drilling and construction of associated facilities; (c) well stimulation, enhanced oil recovery,
and completion; and (4) ONG production and processing. For example, air quality measurements
collected from flowback were recategorized into the third phase (well stimulation, enhanced oil
recovery, and completion) because flowback is a fluid often recovered as a result of well stimula-
tion (e.g., hydraulic fracturing). Storage tanks and impoundments can be present at the well pad
through multiple phases or can be transported off-site via trucks or pipeline networks. Since the
location of storage-related equipment and associated activitics varies by location, HAP compounds
identified from these sources have been recategorized into a separate storage and impoundment
phase and described in Section 3.2.4.

Point source data are collected from stationary, identifiable locations and equipment that re-

lease pollutants into the atmosphere. Studies that included the collection of on-site primary point
source air quality data, including Brantley et al. (15), Esswein et al. (39), and Hildenbrand et al.
(58), provided detailed information about the equipment and activities that occurred during their
sampling periods. On the basis of these detailed descriptions, we collected and recategorized the
reported data into one of our five phases. In the absence of identifiable emission points, source at-
tribution methods are important to estimate probable sources or categories of sources. Examples
of source attribution methods employed in the reviewed literature include factor analyses (1, 43,
90), distance decay gradients (125), and sourcing ratios (45, 46, 50, 54, 85, 99), among others. Ad-
ditional studies, including Macey et al. (73) and Colborn et al. (27), collected samples off-site and
provided information about potential emission sources by detailing the most proximate upstream
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Figure 2

Hazardous air pollutant (HAP) compounds collected through primary measurements and recategorized. Abbreviations: ONG, oil and
natural gas; POMs, polycyclic organic matter.
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ONG equipment or activities during the data collection timeframe but did not specifically apply
commonly used source attribution techniques. Recognizing the limitations of off-site activity re-
porting in the absence of well-established source attribution analyses, we cautiously used these
descriptions as a guide for recategorization but used our best discretion for inclusion.

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

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

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

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

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

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

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

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

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

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

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

3.3. Summary of Health Impacts from HAP Compounds

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

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

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

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

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

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

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

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

Second, samples collected with short collection timeframes (e.g., “grab samples”) are capable
of detailing only conditions at a particular—and short—moment in time and often fail to capture
the episodic peaks commonly associated with many of the upstream ONG development processes
(17). Similarly, integrated concentrations derived from longer sampling timeframes may dilute
elevated concentrations during peak emission events and, thus, underestimate the full range of
potentially recurring acute exposures (54). Recent evidence suggests that abnormal process con-
ditions or uncontrolled emission events from a small proportion of wells or associated ancillary
infrastructurcs may better explain the complex exposurc environment from local to regional scales
(123). Studies that estimate exposures on the basis of modeled emission masses and rates may miss
peak exposures from abnormal process conditions that are more accurately characterized via field
sampling. Air quality studies that focus on granular geographic estimates of exposures via continu-
ous, local-level monitoring better characterize ambient concentrations during brief peak emission
episodes, common in upstream ONG development, that may be missed using intermittent sam-

pling methods at select stages (28, 54).
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Third, the current state of toxicological data and exposure science may not adequately address
potential risks associated with long-term, chronic, lower levels of exposure, particularly when mul-
tiple air pollutants might be implicated (18, 20, 52). Thus, available health standards developed
from inadequate uncertainty factors may not provide protection for human populations and es-
pecially for sensitive subpopulations, including infants, children, pregnant mothers, and people
with preexisting medical conditions. Using OEHHA’ conservative list of approved risk assess-
ment health values as a guide to understand the current state of available health benchmarks (5),
we found that fewer than 40% of all HAP compounds had inhalation cancer risks or noncancer
health-based exposure levels. Several compounds that lack reference values were detected in air
near, and are likely associated with, ONG sites. Other contaminants with health benchmarks, such
as benzene, may still elicit health effects at concentrations lower than the REL. Furthermore, many
HAP compounds are associated with cancer end points that, even at low atmospheric concentra-
tions, generally do not have a threshold below which there is a safe level of exposure. Therefore,
health studies that provide only comparisons to noncancer benchmarks may be misleading in their
estimates of actual long-term health impacts.

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

4. DISCUSSION

We identified 37 peer-reviewed journal articles that met our inclusion/exclusion criteria, of which
all but one focused on ONG operations within the United States. In our review, we found a lack
of peer-reviewed literature from outside the United States, likely owing to the growing concerns
about human health and environmental impacts, which may have slowed adoption of novel extrac-
tion methods in other countries. With the exception of Russia, the United States produced at least
twice as much natural gas compared with all other regions in the world (103). In Europe, most
exploratory shale gas extraction has occurred in Poland and the United Kingdom, but France and
Norway have some of the most promising reserves that remain largely unexploited (44). Within
the collected literature, we identified 61 HAPs, of which only 32 were collected during in-situ
monitoring. Hydraulic fracturing has received the greatest attention for its potential impact to
human and environmental health (14). In the context of HAPs, however, we did not find evidence
to support the common assumption that the discrete hydraulic fracturing phase itself is associated
with the highest risk of exposure. Instead, we found that the production phase—with its lengthy
operation timeframe, episodic peak emission events, and largest number of HAPs sourced to the
various equipment and operations—has the potential to emit the highest concentrations and the
most varied mixture of ITAPs over the longest time period, especially in regions rich in oil, wet
gas, and condensate. Our review of the literature further suggests that exposure risks can be much
higher if production equipment is colocated with condensate storage and wastewater impound-
ments. ONG development does not necessarily involve hydraulic fracturing but may include a
myriad of different oil and gas development techniques, many that were not investigated within
the collected literature.
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In general, in-situ air pollutant measurements were found to be below health benchmarks, and
yet multiple health-based studies found evidence of a spatial relationship between concentrations
of HAPs and incidence of cancer and noncancer health end points in the context of proximity to oil
and gas development operations. These findings suggest several possible explanations: (2) Spatial
sampling methodologics fail to properly characterize exposures prior to atmospheric degradation,
dispersion, and disposition of sampled pollutants; (b)) ambient air sampling timeframes are inap-
propriate for capturing the episodic peak emission events characteristic of upstream ONG; and
() prevailing health benchmarks are inadequate to identify exposures to chronic, low levels of
pollutants, multiple chemical exposures or from multiple exposure pathways.

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

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

Rationale: Navajo children living on the reservation have high
rates of asthma prevalence and severity. Environmental influences
may contribute to asthma on the Navajo Nation and are
inadequately understood.

Objectives: We performed a comprehensive, integrative literature
review to determine the environmental factors that may contribute
to increased asthma prevalence and severity among Navajo children
living on the reservation.

Methods: A systematic search was conducted in four databases
regarding the environmental risk factors for asthma in Navajo children
living on the reservation. Relevant studies between 1990 and 2017 were
examined. Nonexperimental literature was also integrated into the
review to describe the environmental injustices that have historically,
disproportionately, and systematically affected the Navajo people, thus
contributing to respiratory disparities among Navajo children.

Results: Eight studies met inclusion criteria for systematic review;
however, limited research regarding environmental risk factors
specific to asthma and Navajo children living on the reservation
was identified. Our integrative review indicated both indoor
and outdoor environmental risk factors commonly found on
the Navajo reservation appear to be important determinants of
asthma.

Conclusions: Future research should examine indoor and outdoor
air pollution from wood-burning stoves and cook stoves, coal
combustion, tobacco and traditional ceremonial smoke, diesel
exhaust exposure from long bus rides, indoor allergens, ambient
pollutants, and regional dusts. Comprehensive mitigation efforts
created in partnership with the Navajo Nation are necessary to
address less-recognized risk factors as well as the common risk
factors known to contribute to increased childhood asthma
prevalence and severity.
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Despite perceptions to the contrary, asthma
rates are not lower in rural as compared with
urban populations, and exposure to indoor
and outdoor pollution not typical in urban
environments may increase pediatric
asthma prevalence and severity (1, 2).
Approximately 13.0% of American

Systematic Review

Indian/Alaska Native children have asthma,
as compared with 8.6% of children in the U.S.
general population (3). Asthma morbidity

also appears to be higher among American
Indian/Alaska Native children, with 67.3%
reporting an asthma attack in the past

12 months, as compared with 60.7% of the

U.S. general population (3). In 2013, the
Navajo Nation Epidemiology Center
surveyed the Chinle Agency and found that
14.2% of respondents reported ever having
been told by a health nrafessinnal thev had

asthma, and 11.0%
CA

having a current as
Cy. 2
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Table 1. Databases and full electronic search strategy for systematic search

Health disparities for American Indian/
Alaska Native children with asthma living
on the reservation include poverty, limited
access to specialty care, and environmental
challenges, which include high levels of
indoor and outdoor air pollution.

The Navajo reservation is located in the
southwestern United States and spans a
geographic area of more than 27,000 square
miles (5). The reservation is positioned
across six counties and three states and
consists of multiple U.S. census blocks,
which presents numerous challenges with
epidemiological data collection and analysis
(6). Tribal-specific data composed by the
U.S. government are limited, and most data
collected by the Navajo Nation are not
publicly available to researchers. The
Navajo Nation is the most populous of all
Indian Nations, with more than 250,000
individuals; approximately 44% of the
Navajo population are children younger
than 19 years of age (n = 117,769) (5, 7). The
southwest Indian Health Services region,
which includes the Navajo Nation, reports
the highest rates for asthma hospitalizations
among the six Indian Health Services
regions (10.0 per 10,000 population; range,
1.8-10.1 per 10,000 population) (8).

The physical environment on the
Navajo reservation may disproportionately
expose children to risk factors for increased
childhood asthma prevalence and severity.
Indoor use of wood-burning stoves is
suspected to be common; otherwise,
information about potential asthma-relevant
environmental determinants remains sparse.
In this review, we sought to integrate the
known literature on indoor and outdoor air
quality specific to the Navajo reservation and
highlight the issues that impact these risks,
while acknowledging the historic impact of
environmental injustices that may influence
increased pediatric asthma prevalence and
severity among Navajo children living on the
reservation. :

Methods

A protocol adapted from PRISMA
(Preferred Reporting Items for Systemic
Reviews and Meta-Analyses) guidelines (see
Table El in the online supplement) was
developed to systematically guide the
abstract selection process. A comprehensive
search was conducted in four databases
(Table 1). Abstracts yielded by the search
were scanned by both the primary author

746

Database No. of
References

PubMed (1966—present) 71
Latin American and Caribbean 0

Health Sciences database

(LILACS) (1980-present)
Web of Science (1900-present) 135
Education Resources Information 14

Center (ERIC) (1965-1998)

Full Electronic Search Strategy

(“asthma”[Mesh:NoExp] or asthmalti} or
“respiratory illness”) AND (“indians,
north american”[Mesh] OR “native
americans”[tiab] OR “southwest”[tiab]
OR “navajo”[tiab] OR “Navaho”[tiab]
OR “dine”[tiab] OR “dineh"[tiab])

American Native Continental Ancestry
Group AND Asthma OR Respiratory
lliness

TOPIC: (asthma OR respiratory illness)
AND TOPIC: (native american OR
native americans OR american indians
OR navaho OR navajo OR dine OR
dineh OR southwest)

{navajo OR navaho OR diné OR dineh) AND
(diesel OR bus OR buses OR busing OR
pollution OR emissions OR asthma)

Definition of abbreviations: ERIC = Education Resources Information Center; LILACS = Latin American

and Caribbean Health Sciences database.

(A.A.L) and senior author (L.B.G.). We
selected articles for full review if they met
the following inclusion criteria: 1) a peer-
reviewed study, 2) published in the English-
language, 3) the target population was the
Navajo Nation or American Indian/Alaska
Native (AI/AN), 4) content was specific to
asthma or chronic respiratory illnesses, and
5) research addressed an indoor or outdoor
environmental risk factor of asthma or
respiratory disease. The primary reason
articles were excluded from full review was
that the content did not address an
environmental risk factor of childhood asthma
on the Navajo Nation or in an AI/AN
population. A hand search was also conducted
by reviewing the reference lists of articles as well
as consultation with experts in the field. Figure 1
illustrates the abstract and full-text selection
process of articles included in this review. The
last search was completed on November 1,2017.
Where no peer-reviewed literature was found,
we briefly discussed potential indoor and
outdoor environmental risk factors as suggested
by the non-AI/AN- and non-Navajo-specific
literature.

Results

Out of 220 screened abstracts, only 8 articles
met our inclusion criteria for review. Four
articles were specific to the Navajo
population, and four included all AI/AN
(Table 2). Table 3 summarizes the
environmental exposures (i.e., indoor and

outdoor) suspected of affecting asthma
development, severity, and exacerbation
among children.

Indoor Air Quality/Exposures
There is ample literature investigating the
connection between indoor air pollution
and poor respiratory health. Particulate
matter (PM) less than or equal to 2.5 pm in
aerodynamic diameter (PM, 5) and PM less
than or equal to 10 pm in aerodynamic
diameter (PM, ) are associated with asthma
severity and morbidity and acute lower
respiratory infection (9, 10). Indoor pollution
poses a great risk to children because of their
increased respiratory rate, developing
immune systems, and narrower airways (11).
Wood-burning stoves. Approximately
49% of homes lack electricity on the Navajo
reservation, and 89% of Navajo families rely
on biomass combustion as an economic and
primary source of heat (6, 12). Prior research
indicated that children residing in rural
locations without access to clean fuels have
higher mortality rates than children residing
in rural locations with cleaner fuels (13), and
exposure to indoor combustion sources
increases the risk of asthma and asthma
severity in children (14). Toxic pollutants
including PM, carbon monoxide, oxides of
nitrogen, and volatile organic carbons are
present in wood smoke (15). In addition,
wood-burning stoves are sometimes used to
burn alternative materials for heat, which
may increase the health-damaging effects of
indoor air pollution. A survey conducted by

AnnalsATS Volume 15 Number 6| June 2018
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Abstracts identified
through systematic search:
PubMed: (n=71)

LILACS: (n=0)
Web of Science: (n = 135)
ERIC: (n=14)

l (n=189)
Reasons
Abstracts screened L, 1. Not peer-reviewed 0
(n=220) 2. Not published in English-language 0

Studies identified through

lists
(n=0)

a hand search of reference

"

Abstracts excluded:

3. Asthma or chronic respiratory disease not addressed 111
4, Target population was not Navajo or Al/AN specific 59

r

Full text articles assessed
for eligibility

Reasons
(n=50)
addressed

Full text articles excluded:

(n = 24)

1. Environmental risk known to contribute to asthma not

42

!

( INCLUDED ) C ELIGIBILITY) ( SCREENING) @ENTIFICATIO@

\

Full-text articles included
in the systematic review

(n=8)

J

Figure 1. Flow chart of systematic integrative review process. AI/AN = American Indian/Alaska Native; ERIC = Education Resources Information Center;
LILACS = Latin American and Caribbean Health Sciences database.

Bunnell and colleagues found that 77% of
Navajo homes (n =137) used an indoor
woodstove for heating, and 25% of homes
burned coal in woodstoves not designed for
higher combustion temperatures. Ninety-
one percent of these stoves had visible
cracks, fissures, holes, or insufficient
ventilation, and 26% of these stoves were
more than 10 years old (16).

Yet, there is limited research specific
to Navajo children regarding indoor
wood stoves and their impact on asthma,
despite the large proportion of reservation
families that rely on biomass combustion
for domestic heat. Our systematic search
revealed two studies specific to Navajo
children that discussed woodstoves, indoor
biomass combustion, and respiratory
infections. Morris and colleagues investigated
wood-burning stoves and lower respiratory
tract infections in Navajo children 24
months of age or younger (17). Fifty-eight
children with diagnesed pneumonia or
bronchiolitis were matched with a control
child of identical sex and age. Parents were
interviewed about environmental exposures

Systematic Review

inside the home. The authors concluded that
wood-burning stoves were independently
associated with a higher risk of respiratory
infections (odds ratio [OR], 4.2; P < 0.001)
(17). Robin and colleagues subsequently
examined acute lower respiratory tract
illness in Navajo children (18). Children
with acute lower respiratory tract illness
were matched with control subjects who
had a health record at the same hospital
and had never been hospitalized for acute
lower respiratory tract illness (1 = 45).
Findings suggested that wood-burning
stoves were associated with an increased risk
of acute lower respiratory tract illness (OR,
5.0; 95% confidence interval [CI], 0.6-42.8),
but differences were not statistically
significant (18).

Because wood stoves are commonly
used on the Navajo reservation, investigating
the efficacy and effectiveness of
Environmental Protection Agency (EPA)-
certified woodstoves is necessary. Recently,
Champion and colleagues compared the
emission factors (EF) of EPA-certified stoves
using four of the most common solid fuel

sources used by Navajo families (19).
Ponderosa pine, Utah juniper, Black Mesa
(grade C) bituminous coal, and Fruitland
(grades B and C) bituminous coal were
tested (19). Controlled emission testing
was conducted to determine mass emission
factors and energy emission factors. Coal
produced much higher emissions than
wood, but the Black Mesa variety produced
the highest mass emission factors and
energy emission factors for PM, s, organic
carbon, and carbon monoxide (19).
However, ponderosa pine had the lowest
mass emission factors and energy emission
factors, with 50% lower PM, 5 emissions
than Utah juniper during the preburn phase,
and was recommended over Utah juniper
or coal by the research team for wood stove
use (19). These findings suggest that
newer, EPA-certified stoves in combination
with fuel sources such as Utah juniper
may reduce exposure to harmful indoor
pollutants that contribute to asthma
development.

This review did not identify any studies
that were specific to the Navajo reservation

747



SYSTEMATIC REVIEW

(panuiuog)

%09 Aq paonpai

aiom sanjeA ayids wnwixew
pue ‘SN d J00pul Ul uojlonpal
%25 'dn-moj|o} O} 1S0| Sem
awioy | pue ‘senfea STnd

paussiom Jo parosduwiun awoy
psjensuowap sawoy G (SenNd yoes woJ) pazAeue aiom so|dwes
ul uononpail) Ajenb Jie Joopul Ayenb Jie Joopui (9| = u) sewoy
panosdwi pey jeyl sswoy Q| Ul S9A0]S POOM PaLILSD-Yd] Oyep| uieypou
ul paynsal weiboid abueyoxs ‘mau Joj welboud 1nosbueys anols Ul uoljeAISSaY 8248 (02) senbes|j00
Anoabueyd anol1s poom ay| X S9A0)S POOAA -POOM B JO JuSLLISSaSSeIsod pue -ald  ZaN 8y} uo psionpuod) 1102 pue pJep

JolUIM By} Ul uey}

Jswiwins 8y} Ul Jojealb aiom
suolssiwa jueyd Jamod 1A
‘JoLLNS 3y} yum pasedwod
19JUIM 8] U] pasealoul Sem
ueping aseas|p Alojeidsal
%29.°9L = NN “o0udiys

ul @ouafenald BuylSE (sa|dwes io0pul gg = u)
[enuue) ssiuNWIWod AgqJeau SUOIRIILSOUOD Jojew ajenoiued auly
uey) asess|p Auojelidsal 10y uonnjiod JO JuBLISSasSE ((SaYIs plal} g Wo
)su Jayealb 1e aq o} Jeadde JIe 100pINo so|dwes Jie g| = u) {(pouad JA-Q B
eaJle 3ooudiysg ay} Ul sjuapisal ‘uolisNQIod I8N0 SpI023I §G/°CE ) = U) Spiodal eale AN “Yooudiyg
{[e02 wng o} paubisap [e0o |endsoy jo sisAfeue ‘(2g1 =u) aU}] Ul uoneAlssal (91) senbesjj0o
JOU 2JOM SANO0]S JO %462 X {SOA0IS POOM SISA[eUB YsK aIinsodxs ployssnoH OfeABN 8y} UC pPalonpuon) 0102 pue |jouung
L=
9%G6 ‘6 ‘HO) J4ouiow ay} ueyy ssau|) Aojeaidsal
JB10 sem Jayejaseo Aewud ayy JOMO| 91NJE U 0o} pazijendsoy
alsym pLe (6'95-6'0 ‘19 %S6 usaq JeAsu pey pue [exdsoy
10" ‘"O) (einusosed Wi o) SWes aU} 1B pJodal Yyeay & pey
(/67 6o = sajoired sjqesdses oym uaipjiyo ofeaeN = sjosfgns
1O SUONEBJIUSOUOD JIe JoopUl |oJjuo? ‘ssau|l Aojesidsal Jamo)
pey ‘8290 ‘19 %S6 ‘0'S 8noe ue yum pazieydsoy uaip|iyo Zv ‘@oueleq
‘HO) poom Aue Yum pa)ood ofeneN = $8seD ‘oW g 0} | sebe Yo4 U] [eNdsoH uelpu|
1BU1 spjoyssnoy ui Buiay| SSA0]S Y00 woyy Buibuel siied payojew-xas 201G yiesH olland {81) sanbes|j00
UdJP|IYD JO} |4V 4O MSu pasealou| X ‘SOA0]S POOAL  pue -abe (G = u) ApNIS |0U00—OSB) ‘SN 9Y1 1B paionpuo) 9661 pue uigoy

asBasSIp SNOIO3UI
81NJEB OU YLM 8IED P|IYD-||dM IO}

suonosjul oluIo Jusiedino sy} o} pajussaud
1081} AlojeIIdSal JOMO] JO XSU oym uaipiyo oleaep = sioslgns
JaybBiy yum pajeIoosse a1sm |0J3u09 ‘eluowinaud Jo SINIoIYoUoIq
(0S°1L1-8S} ‘1D %56 ‘2°€ ‘HO) jo sisoubelp e yum uaip(iyod ofeAeN 7Y ‘A0
ainsodxa ssauj|l Aojelidsas =S8SEeD ‘oW g 0} )M g sebe Bqnj ul oo [epdsoy
pue (L6'2L-69'} ‘ID %56 ‘¥ wo.y Buibues sired payojewu-xes 80IMBG UiEesH olland {21) senbesj00
‘4O) @sn aaoys Buiuing-poops X S3A0}S POOM  pue -abe {(gG = u) ApN}s |0uos—asen ‘'S’N 8yl JB palonpuod) 0661 puUE SLIOW
NV/lv 0} ofeaeN o1 ydeouo)d ajea
sbulpuiy ooedg oywedg  |ejusiuuolAUg spoylepy uopeoo uoneojqnd (skoyiny

UBJPIIYO SAEN
BYSE|Y/UBIPU| UBDLSWY pue oleABN Ul Sewooino Alojelidsel 8sIsAPE pUe SysU [elUSWILOIIAUS Buiuiwexs eusiuo uoisnjoul Bupesw seipnis pamainal-1eed "¢ olqel

AnnalsATS Volume 15 Number 6| June 2018

748



SYSTEMATIC REVIEW

‘UolBINGD

pIepUElS = (S “S18WIRID DIWRUAPO.SE Ul W GZ 0} [Bnb8 10 UBY) SS8| Js)jew o1enojued = S SN d ‘0i1el SpPo = HO ‘SJ0)0B} UOISS|WLS SSEL = 43U Sa0IAI8S UiesH UeIpU| = SH “Aousby uonosioid
[BIUSLLUOIIAUT ‘SN = YT 'SI0108] LOISSILWLS ABIUS = 438 ‘feAlo)ul 8OUSPYUOD = [J) 'SSaU||l 10.l} AI01elIdsal JamO| INoe = |4 ‘SAIBN BXSE|y/UeIpU| UBOUSLY = N/IV 'SUOHEIABIGQE JO UORIUIa(]

‘BaJe BWIOYUEPO
a3 Ul 9% |G O} SEale X|juooyd
pue ‘ofeaeN ‘enbienbngy
8y} Ul UOHEUSWINDOP
ou wouy Buibues ‘eale ayy
AQ psuEA uojiBlUBWINDOQ
*JASN JUBLIND B PajusWNdop
9%8| pue ‘1asnuou e
pajusWwINoop %6 ‘siusned ul
Snjels asn 099eqO} JUSWINJOP

10U pPIp SPJOJal JO %E/
[eoo o sadiunl yeyn Jono asn
2A0]S POOM JO} PaPUSLULLIOIA]
sem auld Bsosapuod
‘aseyd uingaud ay} Buunp
SUOISSIWL SN JomO| %06
Ajerewxoidde yum (G0 ‘as
B6x/6 1'g) Jedun( yein ueyy
(20 ‘as Bx/b £'1) SeNd 43w
Jamoj pey auid esosspuod
‘JOaNBMOH ‘epiIxouow

ainsodxa

SYOLWS 090BQ0|  2I5M SUBYD Pa103|as A|LLOPURI GHG  SOIUlD SHI 1B palonpuo)

sjuaned ul

Aioysiy BupjoLus Jo uoleswnNoop

10} SOIUNO SHI 22 WOJ) Pamalna)

[e02 snouiwnyig (D g g sepeib)
puBHnI4 pue ‘(B0 snouiwniqg
(n apeib) esapy yorlg “Jadiun(

(62) senbes|00
pue aossy

uogJed puB ‘uogied olueblio

‘SeNd Jo} 438 pue J3w
1saybiy ay) paonpoud Ajauea

yein ‘suid esoispuod :uonensSsas
ofeABN 8y} UO SBA0}S aWIoy OfeneN
ul pawng AJuoLWILIOD S[BldjBL

Aypioey Buiiss |
pue uoleZIpJ/EPURLS

BSOJ\ YOB|g 83U} ING ‘POOM uonsnguod 40 Buyssl UoIss|We pa|jonuod suoISs|Wwg

0} paledwod Se SuOoISSILU9 [eOD 19Npuod 0} jooojoud pazipiepuels OpEJIOo|0D) JO AlsIoAIUN (61) senbes|j00

Jaybiy yonw paonpoud o) X {SOA0}S POOA e pesn ey} ubisep [ejuswadxy 3y} 1e pejonpuon) /102 pue uoidwey)
UOJJB]JUSOU0D

1Unoo 2oiped ayy ul uoionpal
%G/ PUB SUONBUSIUOD
SENd Joopul Ul uoionpal
%69 B pajensuowdp Absjens
uonedyy Jie ay] ‘inosbueys
aA0)S poom sy} Buineoal
SaLIoY Ul paAISSQO aJaM SN d
ul suoponpal Jueoubis oN X
(961°51)
UoROB4UI JBOIYL PUB (%E2G)
BZUBNYU! (%9'¥S) SIIuouUoIqg
“(%t°Se) plod Buipnjoul
‘suoosyul Alojelidsal
papodal oy sppo paonpal
Ulm palBIoOSSE SEM SN
JuUBIqUE JBMO) (SN Jojuim
abeiene u| eseaioap w/bM-g
B 1O} 9Z99ym pauodal 1o sppo
paonpal 9,9°/¢ ‘inoabueyd uoiinjjod
9A0]S POOM JOYE SIDJUIM BY) Ul J[e JoopINo

(sswoy g6 =)
SHUN UONBJI}Y JfB pue snoabueyo
9A0]S POOM SUOIJUSAIBIUI [BAS] BUBJUOIA UiBlSom
-ploYasSNoY g UM [BLE PJJ|OJUCO  |BINU PUB MY ‘SHUBCUIE (ge) senbes|joo
SOA0)S POOA\  -0go0E|d PaZ|WOPpUBI paULB-SalY]| :SUOREDO| g Ul palonpuon G102 pue piep

{eus | =u) Auenp

[BIUSWIUOIIAUT JO JuswiUedaq
BUBJUO 8Y} WOJ4 B1ED
Bupoyuow Jie soueldwod Buisn
painseaw aiam JA 9 1ano Ayenb
Jre ul sebueyn "uaippyo psbe
-jooyos Jo sjuased wouy sAsnns
Buisn painsesw aJem sjoedul
uyesy ‘00L‘L = U ‘san01s Buiuing
poOM pPalINa0-y43 40} weiboud

uawaoe|dal anois Buiwing (1) senbes)j00

JOMO| 94,922 Sem Sed uaiquy X {SBA0)S POOM -poom juswissasselsod pue -aild | ‘Aggr ul paldonpuo)) 2Loe pue UBUCON
NV/IV 0} oleaenN 0} 1dasuo) ayeq
sbuipuigd oyeds ouoeds |ejuswuoNAUl spoylopny uoneoon uonealiqnd (sqouany

(panupuoo) g aI1qeL

749

Systematic Review



SYSTEMATIC REVIEW

Table 3. Environmental exposures suspected of affecting asthma development and
severity/exacerbation in children on the Navajo reservation

indoor Exposures

Heating & cooking sources
Wood-burning stoves
Coal-burning stoves
Other material-burning stoves
Open fires
Gas stoves: NOy*

Personal smoking
Commercial tobacco*
Mountain tobacco
Ceremonial
Marijuana

Allergens
Dog/cat dander*
Domestic birds*

Cow and horse*
Rodents”
Other animals
Cockroach”
Other insects besides cockroach
House dust mite*
Fungi*
Endotoxin®
Dampness, mold*

Outdoor Exposures

Coal plants

NOx*

SOx

Dust: metals*

Dust: PM other than indoor smoke*
Diesel*

Definition of abbreviations: NOx = oxides of nitrogen; PM = particulate matter; SOx = oxides of sulfur.
*Strong evidence that this exposure affects asthma development and/or severity/exacerbations.

and the implementation of woodstove
exchange programs; however, such
programs have been evaluated in other
AI/AN populations. Ward and colleagues
evaluated the effectiveness of a wood stove
exchange program on the Nez Perce
Reservation (20). Indoor air samples

(n =16) were collected in homes at baseline
and after intervention, and homeowners
were asked to complete activity and wood-
burning stove logs. After crude rates

were compared, the data indicated a 36%
reduction in mean indoor PM, 5 when older
stoves were replaced with newer EPA-
certified wood stoves. However, 10 homes
demonstrated improved air quality and

6 homes demonstrated reduced air quality
after intervention (20). The authors
explained that reduced air quality in these
six homes most likely resulted from poor
burning practices, such as drying wood on
top of the stove, burning wet wood in the
stove, or burning incense, thus outlining
the importance of incorporating culturally
appropriate education with stove exchange
programs (20).

Noonan and colleagues also examined
the impact of a community-wide woodstove
replacement program in 1,110 homes near
Libby, Montana (21). Ambient air quality
and parent-reported childhood respiratory
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symptoms were prospectively measured.
The woodstove exchange program resulted
in a 27% reduction in outdoor ambient
PM, 5 during the winter months and a
reduced odds of parent-reported wheeze in
children (OR, 0.73; 95% CI, 0.55-0.97) (21).
A third study conducted by Ward and
colleagues used a three-armed randomized,
placebo-controlled trial to examine the
effectiveness of household-level interventions
for improving indoor air quality (22).
Ninety-eight homes with wood-burning
stoves were randomized into one of

three treatment groups: 1) wood stove
replacement, 2) active air filtration unit,

or 3) placebo air filtration unit. Indoor
PM,; s was prospectively measure over two
consecutive winters. Findings suggested that
the air filtration strategy demonstrated the
greatest reduction in PM, 5 (69% reduction)
inside homes (22).

Indoor cooking. Although no research
specific to the Navajo reservation was
identified that investigated exposure to
domestic pollution from cook stoves, given
the limited availability of electricity on the
Navajo reservation, it is suspected that many
Navajo families rely on indoor wood stoves
and open fires for cooking, especially during
the winter. A meta-analysis of 25 studies
found a significant association between

indoor biomass exposure and acute
respiratory infection in children (OR, 3.53;
95% CI, 1.94-6.43) (23), suggesting that
indoor cook stoves disproportionately
expose women and children to harmful
pollutants because of their traditional roles
of cooking in the home (23). In many
cultures, infants and toddlers are exposed to
harmful levels of air pollution when they
are strapped to their mother’s back during
meal preparation (23, 24). The adverse
health impacts of biomass smoke exposure
have been well established but remain
inadequately understood in the United
States. Sood and colleagues demonstrated
exposure to wood smoke was linked with
gene promoter methylation and synergistically
increased the risk of reduced lung function
in cigarette smokers among a sample of
women in New Mexico (25).

Tobacco smoke. Children exposed to
secondhand smoke are at an increased risk
for respiratory symptoms, impaired lung
function, and lower respiratory illness, and
cigarette smoke has been established as a
leading risk factor of lung disease and
increased asthma severity (26). Among
AI/AN adults 18 years or older, commercial
tobacco use was 38.9%, as compared with
16.8% of the general U.S. population (27,
28), which indicates a higher risk for tobacco
smoke exposure among AI/AN children.
The Navajo Nation Youth Risk Behavior
Survey indicated that 11.4% of Navajo
students in sixth, seventh, and eighth grades
reported smoking cigarettes on 1 or more of
the past 30 days, and 16.4% of students had
smoked cigarettes or cigars in the past
30 days (n = 9,152 students) (4). Our review
included the work of Reece, which indicated
that clinical documentation of tobacco
use in Navajo area [HS clinics was 0% (29).
Recently, Nez-Henderson and colleagues
found that male sex and younger age were
associated with higher odds of cigarette
smoking in a sample of southwestern
American Indian tribal members (30).
These recent data suggest that cigarette
smoking may be on the rise among Navajo
youth, but more research is necessary.

Indoor allergens. Allergic asthma is
common among children, and exposure to
indoor allergens (e.g., dust mite, cockroach,
fungi, rodents, cats, dogs) may provoke
asthma exacerbation (31, 32). Coexposures,
such as endotoxin’s role in allergic asthma
and atopy, may also increase childhood
asthma prevalence and severity (33). Padhi
and colleagues found a significant
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association between biomass burning and
increased indoor endotoxin levels (34), and
the synergistic relationship between
endotoxin and diesel exhaust has been
associated with increased frequency of
wheeze in children (35). Although the
Navajo reservation is a semiarid region and
dust-mite and fungal exposures are believed
to be low, there is little research to support
this notion. We found no literature
regarding indoor exposures among Navajo
or AI/AN children but propose this is an
important area for future investigation.

Outdoor Exposures

Exposure to toxic air pollutants has been
associated with increased incidence and
severity of asthma, emergency department
use, hospital admissions, and use of asthma
medications (36). Since the 1960s, the
Navajo reservation has experienced high
levels of pollution from coal-fired energy
production, mining operations, and blowing
dust storms.

Coal-fired power plants. The long-
range transport of fine particles found in
coal-fired sulfur emissions has been
associated with asthma morbidity, increased
lower respiratory symptoms, and
decreased peak flow (37). Only one study
met our review criteria: Bunnell and
colleagues completed a multicomponent
study comparing the outdoor air quality
to the indoor air quality in Navajo homes
(n =20) (16). The study was conducted near
Shiprock, New Mexico where there were two
coal-fired power plants nearby; however,
industrial activities and motor vehicle use
were limited. During the winter months,
atmospheric thermal inversions often
trapped air pollution low to the ground (16).
Bunnell and colleagues demonstrated
that the average indoor ambient PM, 5
concentration was much greater than the
average outdoor ambient PM, 5 concentration
(36.0 ug/m> and 9.95 pg/m’, respectively),
and 9 of the 20 homes had levels far
exceeding the EPA guidelines (16). When
examining hospital admission and
outpatient visit records (n =133,759), the
respiratory disease burden was much higher
in the winter months than the summer
months (16). Interestingly, the power plant
emissions were much higher in the summer
months, as a result of increased energy
demands in the Southwestern United States,
which was inversely correlated with the
respiratory burden (16, 38). Bunnell and
colleagues determined that coal burning

Systematic Review

inside Navajo homes was a primary risk
factor for respiratory disease burden (16).

Diesel exhaust. Diesel exhaust has
been associated with increased asthma
and allergy symptoms, increased asthma
exacerbation, and decreased lung function
and has been implicated as a causative agent
in lung cancer and respiratory disease
(39). Approximately 50 to 94% of diesel
particulate matter is classified as fine
or ultrafine particulate matter. Diesel
particulate matter is highly respirable, coats a
large surface area of the lungs, and can easily
reach the lower respiratory tract in children
(39). Past studies have indicated that diesel
particulate matter and PM, 5 concentrations
within the school bus microenvironment
consistently exceed federal air quality
standards and do not sufficiently protect
children’s health (40, 41). Among urban
children living near roadways, diesel “soot”
fraction PM, 5 significantly contributed to
PM exposure and was associated with
pollution-related asthma exacerbation (42).
Children with longer bus commutes are
exposed to increased concentrations of diesel
particulate matter, black carbon, and oxides
of nitrogen (41, 43).

We found no literature examining
diesel exposure among Navajo or AI/AN
children; however, exposure to diesel
exhaust and harmful pollutants remains a
valid concern in Navajo communities. Many
Navajo children travel long distances to
school, and more than 83% of roads on the
Navajo reservation remain unpaved (44).
The Chinle Unified School District
transports 4,200 students, and 60% of the
roads in this district remain unpaved (45).
Navajo children in Blanding, Utah spend
4.5 hours per day on the bus, and Monument
Valley High School students spend more
than 6 hours per day on the bus (46). Also
concerning is the disproportionately high bus
failure rate on the Navajo and Apache
reservations, which range from 40% to
88%, compared with the statewide average
of 21% (45). Chinle Unified School District
had a 41% fail rate (45), and many failed
inspections cited major exhaust leaks
entering the school bus cabin (47).

Mining and dust. Exposure to metals
(e.g., copper) has been associated with
asthma symptoms and increased risk of
asthma in school children (48). Heavy
metals, such as iron, nickel, cadmium, and
chromium, are associated with increased
wheezing symptoms, and higher blood
chromium levels have been associated with

increased coughing episodes (49, 50).
Chronic exposure to arsenic in drinking
water has also been associated with
respiratory complications (51). Historical
uranium mining has also been a concern,
as blowing dust from more than 1,200
abandoned uranium mines has been
implicated in adverse health effects, which
may include respiratory health (52). A
recent study determined that dust storms
in the United States are most prevalent in
Arizona and southern California (53). Dust
is an important consideration on the
Navajo reservation, because overgrazed
land and severe drought have promoted
desertification and increased the frequency of
desert dust storms and wildfires. Currently,
mobile sand dunes cover over 30% of the
Navajo reservation (54). Therefore, dust and
desertification are unique environmental
determinants that may influence respiratory
disease in this population.

Discussion

In this review, we systematically searched
for peer-reviewed articles but were unable to
find a large body of evidence regarding
pediatric asthma on the Navajo reservation.
Therefore, we integrated literature regarding
the environmental exposures (both indoor
and outdoor) known to enhance the risk of
asthma on the Navajo reservation. Among
the environmental risks discussed in this
review, the most abundant peer-reviewed
literature specific to the Navajo reservation
and respiratory illnesses was conducted

on indoor air pollution, with an emphasis
on exposure to wood-burning stoves and
coal combustion. Although exchanging
older stoves for newer stoves is one
possible solution, the high cost of such
interventions may not be feasible for this
population. Using more practical and
low-cost interventions for families with
lower socioeconomic status is important.
Community-based participatory research
approaches that focus on promoting best
burning practices (i.e., ensuring wood is
aged and properly seasoned; burning woods
that produce less smoke, burn slower, and
provide more heat energy) are necessary.
Traditional cooking methods (especially

if commonly used within the indoor
microenvironment) remain a potential
area for intervention, considering the large
number of Navajo homes that lack access to
electricity.
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Diesel exhaust exposure on the school
bus is an important future direction for
interventions. Exposure to diesel exhaust
has deleterious effects on children’s health,
and protective measures include using
newer and more efficient buses for the
longest bus routes, limiting school bus idling
to reduce exposure, and paving frequently
used sections of dusty roads or other road
infrastructure improvements.

We also sought literature on other
known indoor asthma triggers, such as
animal and pest allergens, mold, pollens,
endotoxin and tobacco smoke exposure, and
ceremonial smoke exposure, but no peer-
reviewed literature specific to the Navajo
reservation was available. Gaps in current
research investigating indoor environmental
allergens remain an important future
direction for researchers, especially as they
relate to increased asthma prevalence on the
Navajo reservation. Quantifying ceremonial
tobacco smoke and cigarette smoke
exposure among the Navajo is important,
but challenges exist with acquiring this
information. Therefore, partnerships with
the Navajo Nation and community-based
participatory research methods are essential
to obtaining accurate information while
practicing cultural humility among this
population.

Although our integrative review found
a scarcity of published literature regarding
the environmental factors influencing
pediatric asthma in Navajo children, there
is some evidence to suggest environmental
risks may contribute to the disparate
burden of asthma in children on the Navajo
reservation. Some of these environmental
risks, such as the common use of indoor

heat and cook stoves, locale-specific
indoor and outdoor allergens and fungi,
various forms of personal smoke exposure,
and diesel exhaust, are well known and
are modifiable. Other potential risk
factors such as dust storms, dust from
contaminated soil, and coal-fired power
plants are less recognized, yet may present
additional insidious risks. The lack of
published research affects our ability to
adequately understand the causes of
asthma disparities and plan future
interventions.

The historic mistreatment,
trauma, environmental injustices, and
contraventions against American
Indian/Alaska Native people by the U.S.
government have led to a general mistrust
of research. Some researchers have
perpetuated this mistrust by publishing
research that used culturally insensitive
methods, was not collaborative with local
partners, and fundamentally failed to
understand the problems and resources of
the Tribe. Furthermore, these publications
often stigmatized and stereotyped American
Indian/Alaska Native people. American
Indians and Alaska Natives have
experienced poor health outcomes for more
than 500 years, and political and economic
influences have continually affected the
response (55). Such disparities are often
viewed as markers of social injustice that
clearly parallel disparities in wealth and
power (55). Therefore, the Navajo Nation
has been a leader in the movement by tribes
to assert sovereignty in research conducted
on the Navajo Nation, who mandate by law
a specific process for conducting research on
the reservation.

Future priorities to address children’s
asthma, therefore, should be built through
sustainable collaboration, including:
addressing indoor air pollution from wood-
burning stoves and coal combustion, diesel
exhaust exposure from long bus rides, and
understanding the burden of indoor
allergens such as animal dander, dust,
molds, pollens, and other known triggers of
asthma exacerbation. Such future research
could inform policy regarding effective ways
to improve asthma disparities and be
broadly applied to other Tribal reservations
and rural populations with similar
environmental risk factors. These indoor
and outdoor pollutant exposures require
further, careful investigation to fully
describe and understand their impact on
pediatric asthma for the Navajo Nation’s
children. Ultimately, this information can direct
comprehensive interventions to improve
outcomes for children with asthma. B
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Bridging the Cultural, Spiritual and Health Impacts of Oil Drilling
David Tsosie, Ed.D.

The Holy Surface Earth People (Diné) have always tried to follow the many traditional
teachings that have been shared with them by the Holy People since time immemorial. These
teachings have been passed down from one generation to another and have for centuries
established the parameters for the relationship that has been maintained by the Diné people.
Our elders tell about the stories of the creation when the Holy People came into the White
World/Glittering World. They placed the sacred mountains, the rivers, the plants, the animals,
the birds, and all life forms in their proper places and environment. They ordained, through
songs and prayers, the earth and universe to embody Nitsahakees (thinking), the water and the
sacred mountains to embody Nahata (planning), the air and vegetation to embody lina’ (life),
the fire, light, and offering sites of variegated sacred stones to embody Sihasin (wisdom). These
became the fundamental tenets established to follow an order of thinking, being the foundation
of planning, and life, being the foundation of wisdom. These tenets became an integral part of
our life pattern where all important events have first to be thought out, then planned, then they
all become part of life process, and from here, wisdom is attained to guide the future
generation.

More importantly, the Diné Traditional Law mandates that the teachers of traditional laws,
values and principles must be respected and honored if the people and the government are to
persevere and thrive and that their participation and contributions of the traditional values and
principles of Diné life way will ensure growth of the Navajo Nation. Additionally, the Diné
Natural Law emphasizes that:
1. The four sacred elements of life, air, light/fire, water and earth/ pollen in all forms must
be respected, honored and protected for they sustain life;
2. All creation, from Mother Earth and Father Sky to the animals, those who live in water,
those who fly, and plant life have their own laws and rights to exist; and
3. We, the Diné, have a sacred obligation and duty to respect, preserve and protect all that
was provided for us and that we were designated as the steward of these relatives and
must acknowledge them thorough our use of the sacred gifts of language and thinking.

It is important to note that Mother Earth and Father Sky are part of us as Diné and we are part
of Mother Earth and Father Sky; thus, we must treat this sacred bond with love and respect
without exerting dominance. The love, respect and honor that is shown to our natural
environment is displayed by following the proper protocols of making offerings at sacred sites
requesting permission to only take what is needed and to place them back with prayers and
songs.

There are ceremonial stories of how many of these elements were placed into the earth and sky
to be part of the cosmic order. If they were excessively removed, there would be devastating
consequences. One story tells of the destruction of the monsters and evil forces that came upon
the people after they came into the Glittering World. Monster Slayer and Born for the Water



brought about the destruction of all the evil forces/energies that were annihilating the people
living in the Glittering World. After all of these evil forces were destroyed, they were placed
into the earth and sky and it was declared that they should never be disturbed.

After the obliteration of the evil forces, the people lived in a peaceful environment for a long
time. One day some of the people noticed a change in the environment and called on the Holy
People for guidance. The Holy People discussed the situation and asked the Early Twilight
Dawn deity to assist in correcting the disharmony that had come into the environment. To
restore order and harmony, the Twilight Dawn deity gathered all of the sacred mineral people
at Dziil Na oodilii (E1 Huerfano). After much discussion, it was decided to send all of the
mineral people into the earth to restore order and become caretakers. It was then agreed among
the Holy People that minerals can only be taken out of the earth with prayers, songs, and
offerings. After their use, minerals will be placed back into the earth with prayers, songs and
offerings. There would be devastating consequences if large quantities of minerals were taken
out of the earth without following the proper protocols.

We have seen these devastating effects in how they have brought certain health complications
and illness like cancer, respiratory problems, and other sicknesses among our people.

Under the leadership of the late Dr. Larry Emerson, a study titled Hazho Nadaii was started to
examine problems and issues through a Diné Lens, meaning looking at problems and issues by
incorporating Diné traditional stories and teachings to address how some of these complications
could be dealt with. It was through this initiative that the Counselor Health Impact Assessment
- Hozhogo'na’da Committee started looking at the concerns of communities around oil drilling
activities and the use of fracking to acquire more oil. We undertook a two-phase approach to
looking at the problem oil drilling operation in the three Chapters of Counselor, Torreon, and
Ojo Encino (the Tri-Chapter).

Since 2015, the residents of Counselor Chapter have voiced concerns about sudden and unusual
health symptoms experienced from breathing polluted air around oil wells near their homes
and roads. The Chapter communicated those concerns in a 2015 Resolution to the Navajo Tribal
Council and requested a Health Impact Assessment (HIA) be conducted before further oil
operations were permitted. In January 2018, the Navajo Nation Human Research Board
approved a two-part Health Impact Assessment: Part One - to conduct air sampling and
voluntary health surveys in Counselor Chapter, and Part Two - Hozhogo'na’ada - the
continuation of Hazho Nadaii - a traditional survey taken by residents from Counselor and two
neighboring chapters, Ojo Encino and Torreon.

The first phase of the Health Impact Assessment (HIA) examines the changes that intensive oil
drilling has made to the air quality of Counselor Chapter, and identifies related health
symptoms reported by chapter residents.

The second phase of the Assessment, Hozhogo'na’ada (HNDA) is a survey tool and model
that seeks to identify degrees of concern felt by the individual regarding the familial,
community, cultural, and environmental impacts from current oil drilling and the threat of
expanded land leasing facing these three Diné communities.



TABLE OF CONTENTS

Part 1: HIA - Health Impact Assessment - Counselor Chapter

L. Introduction to Health Impact AssessSment. s ussmsvisssssussimmsssssvsssvsess s 6
Is the Open Air Safe?

Getting Started: Health Impact Assessment Checklist.................ccceeeiiiiiini 7

II. Chemical Exposure in Counselor...............c.oooiiiiiiiii e, 8

1. Harmful Emissions;ssesssassssensssssissossssssnssessnisasssssssssmsess i sassss st 12

IV. Counselor Chapter Air Quality Monitoring Results (2018)...............cc.cc..ee. 14
Outdoor PM3;5 Results from Eight Residential Sites

V. Counselor Chapter Health Impact Assessment............cccovvviiiiiiiiiniieniininnn. 25

VI. Summary of Resultsqsimmsisamsimimsemsaniasissis s ss aaisasissiisesamsas i gise 29

VI. Community Recommendations and Mitigation.............c..cccceviviiiininnn.... 30

REFERENCES
ACRONYMS
APPENDICES (1-4)

Part 2: HNDA - Hozhogoo'na’ada - Counselor, Ojo Encino, Torreon Chapters
1. Executive Summary juscsssssssas s cosiasssssassesnissssssissismnsss s ssvsasussimsss 1

I1. Introd uctiON. e smmess s os sk s seis sommy s - Ao sne e H sib R en r s A e 2
Background of Hydraulic Fracturing

II. Purpose of Researchiusicusssissisussaissinmsssmniassiasansssmessmpingsiassisissivassiens 6
Methods to assess spiritual and cultural impact

III. Review of Diné research methodology.........cccccccciiiiiiiiiiiiiiiiiiiiiiiiie, 7

IV. Analysis of Data. .. jessassesssaesismies sasssesssssessss soisn sosss oo sss ssiods possisssibomens 11

V. Discussion and Conclusion...........cocviveiuininiiii i ae e 28

WORKS CITED



I. Introduction - Is the Open Air Safe?

Counselor Chapter is a rural, sparsely populated, high desert area, with tree-covered mesas and
pinion-juniper forests and grasslands. There are an estimated 700 residents and many live in
small familial clusters in the Cross Roads and Cornfields areas in the central area of the Chapter.
The Chapter House, Lybrook Community School, and the Lybrook Ministries are located on the
Chapter’s northern boundary of US Highway 550, approximately 35 miles north of Cuba. The
northern half of the 70,771-acre chapter is a heavily developed gas and oil area with more than
400 oil wells, industrial wastewater ponds, storage tanks, pipeline infrastructure, and a network
of dirt access roads for oil company workers across the community.

For over five years, Counselor leaders and residents
have reported their concerns to tribal, state and federal
agencies and taken actions to identify the multiple
impacts of this industrial development within the
community. A young father-to-be spoke at a Chapter
meeting on May 23, 2016 with these words: “How is
our younger generation going to survive? Is the open
air going to be safe? Will it cause birth defects or not?”
This report attempts to answer these questions and
many others, and to reveal how little is yet known
about oil development’s ultimate impacts on human
health and the environment.

Points to bear in mind regarding local impacts of well emissions:

* Emissions from over 400 gas and oil drilling sites in Counselor Chapter are significantly
increasing the reported respiratory health symptoms of residents that mirrors results of
national health studies.

¢ Continued and cumulative exposure to elevated levels of toxic gases, particularly
formaldehyde, from nearby well operations can lead to chronic respiratory effects and
cancer.

* Lease sales for oil development are proposed in the adjacent chapters of Torreon and Ojo
Encino raising concerns that similar health, safety and cultural impacts will be felt in
those communities.

* Exposures to emissions do not occur evenly over time, but spike in intensity periodically.

* The extent to which people are exposed to toxins is determined by the concentrations of
emissions vented and leaked, combined with weather conditions.

* There is now an abundance of information about shale gas and oil site emissions and
their potential to do harm to the health of residents who live within 5 miles of well
operations, but almost no data on the Checkerboard Area of the Navajo Nation.

1 Southwest Pennsylvania Environmental Health Project Report: “Counselor Chapter Air Quality Assessment
Results: Particulate Matter (PM2.5) and Volatile Organic Compounds (VOCs)”, August 3, 2018



Getting Started: Health Impact Assessment Checklist

Free, Prior and Informed Consent: Have Counselor residents been provided the information they
need by state, tribal or federal agencies before leasing their land for gas and oil development?

NOT PROVIDED

INCOMPLETEL
Y ADDRESSED

ADDRESSED WELL

Attention to concerns
of residents

X BLM-BIA
meetings w/ no
explanation of
potential harms or
permanent effects

Listing of chemicals
emitted and at what
concentrations

X Not Provided

How often will
emissions occur and
at what times of day

X Not Provided

Projected exposure
within a mile of site —
daytime and nighttime
at peak level

X Not Provided

Radioactive matetial
present

X Not Provided

Air monitoring plan
specified

X Counselor HIA
Monitoring Project w/ EHP

Warning system in
place for times of
planned or unplanned
high releases for those
within a mile

X WPX explosion and 5
day fire (July 2016) is one of
many examples of need for
evacuation plan/response

Blowdown emissions X Not Provided
addressed
Emissions from flares | X Not Provided

estimated

Sufficient distance
from schools, day
cares and othet
sensitive locations

X Lybrook School has 31+
wells located within 2 miles
of the property

HEALTH IMPACTS

Chronic and episodic
exposute effects on
children addressed

X Not Provided

Exposure effects on
fetal development

X Not Provided

addressed

Effects of PM2.5 X Counselor HIA
addressed monitoring w/ EHP analysis
Effects of VOCs X Counselor HIA
addressed Monitoring w/ EHP analysis




QUESTIONS OFFICIALS OUGHT TO ANSWER BEFORE GOING

FORWARD WITH SHALE GAS OR OIL DECISIONS IN NEW MEXICO

Public agencies - Bureau of Land Management (BLM), Bureau of Indian Affairs (BIA), Navajo
Nation EPA, NM Energy, Minerals & Natural Resources Department - at the federal, tribal, and
state level - should address the health concerns raised in this report and establish Conditions of
Approval or prohibit certain industrial operations in inhabited areas to protect the public from
harm. In order to protect public health, it is necessary to know whether dangerous levels in
pollutants will occur in a developing area and what health effects may occur in the short or
long-term.

This Health Impact Assessment helps organize information needed to start answering critical
questions:

1) What chemicals are being emitted or leaked? 2) Are people being exposed to harmful
levels of emissions? 3) What is the local air quality? 4) What health effects from chemical
exposures have been determined? 5) How can your agency mitigate or remove existing or
potential harms?

II. Chemical Exposure in Counselor

The complete list of chemicals being used in oil drilling operations in Counselor is unknown. Of the
75 toxic substances tested for in four 24-hour samples, a total of 8 toxic chemicals were detected.
Results (Appendix 2) found formaldehyde at 4 sites, at elevated levels (greater than 0.003 ppm) that
carry recommended actions to reduce exposure for local residents. Other detected chemicals:

2-Propanol
Acetone

Chloromethane
Dichlorodifluoromethane
Hexane

Methylene chloride
Trichloroethene

Certain classes of particles and chemical agents have well known health effects that have been
documented by the Occupational Safety and Health Administration (OSHA), American Cancer
Society, Agency for Toxic Substances & Disease Registry (ATSDR) and in scientific journals, medical
reports, clinical studies and media articles?.

The presence of these chemicals makes it likely that other commonly used chemicals at well sites are
present at different stages of operations.

2 “Compendium of Scientific, Medical, and Media Findings Demonstrating Risks and Harms of Fracking” (5t Ed.,
2017) Physicians for Social Responsibility, Concerned Health Professionals of NY.



Chemicals Detected, Methods of Exposure and Associated Symptoms

2-Propanol - Inhalation; exposure can cause headache, dizziness, nausea, respiratory depression
and coma. (Highly flammable)
https:// www.google.com/search?source=hpé&ei=qw49XKyHKo2_jgT7kIf4Bw&q=2-

propanol+hazards&ogq=2-&gs |

Acetone - Inhalation; exposure can irritate eyes, nose and throat, and cause dry, red, cracked skin.
(Highly flammable) https:/ /www.ccohs.ca/oshanswers/chemicals/chem_profiles/acetone.html

Chloromethane & Dichlorofluoromethane - Skin contact: exposure can cause severe irritation and
chemical burns to eyes.
https:/ /www.msdsonline.com/2015/02/20/dichloromethane-methylene-chloride-hazards-safety-

information/

Hexane - Inhalation: short-term exposure affects the nervous system and causes headaches,
dizziness and nausea. Chronic exposure can lead to severe damage to the nervous system,
dermatitis and irritation of the eyes and throat. (Solvent)

https:/ / www.msdsonline.com/2014/11/19/understanding-the-hazards-of-hexane/

Methylene chloride - Inhalation and Skin contact: exposure may cause mental confusion, dizziness,
nausea, and headache. Continued exposure can cause eye and respiratory irritation. Skin contact
may cause irritation or chemical burns. (Solvent)
https://www.osha.gov/Publications/osha3144.html

Trichloroethylene (TCE) - BANNED in food and pharmaceutical industry since 1980s - Skin contact:
exposure may cause fetal toxicity and causes effects on the nervous system related to hearing,
seeing, balance and heartbeat, also liver and kidney damage. (Non-flammable)

https:/ / www.edf.org/health/banning-high-risk-uses-trichloroethylene-tce

Formaldehyde - Inhalation: exposure can cause cough, sore throat, nosebleeds and eye irritation. It
can cause cancer of the nose and throat and is harmful for people with asthma, bronchitis or other
breathing conditions.

https:/ /www.cancer.org/cancer/cancer-causes/ formaldehyde.html

Facilities of Concern
Gas & Oil Wells & Pipelines (Components & Maintenance using solvents and flammables):

* Tanks, pipelines, equipment and other quantifiable descriptions of pollution sources on well
pads, including amount of gas moved through pipelines, type of engines, horsepower of
engines, pipeline pressure, diameter of pipeline, and any safety procedures followed: Not
described to public

¢ Mobile tankers and wastewater on site that have potential to contaminate area: Not
described to public



Table 1. Counselor Land Use within %2 mile to 1-mile radius of gas and oil wells

1/2 Mile 1 Mile

Parcel Category Radius Radius
Grazing Land X
Residential X
Health Clinic X

Public Water well X

Church X
Ministry complex X
Oil Refinery X

Setbacks

PM 2.5 Particulate
Concentration by Wind
Direction/Speed

Legend
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Sources: Eastern Navajo Land
Comisslon, Census TIGER Boundary
NMOCD, NMDOT, NAIP 2011 & 2016.
Disdlaimer: Map and presented data is
subject to ervor, User advised to reverify
all dats and use with cation. Author not
responsible for inaccuracies.

Figure 1: Map of Structures in Counselor NM sowing oil wells and 8 air monitor sites

Gas and oil wells are in close proximity to residences and other structures in the areas leased for
development. There is no fixed setback distance from well pad to residential structure, school, or
business. Setbacks vary from 330 feet (or less if the well is an older vertical well) to 660 feet. The
majority of the 700 residents in Counselor live within 1 mile of one or more wells, pipelines, and/or
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other gas and oil infrastructure. Colorado now requires a 1000 setback while medical professionals
have estimated that a “diluted dose” of continuous emissions is attained with a residential setback
of 6,600” from large well sites, compressor stations, storage areas or processing plants.

Photo by Teresa Seamster
Figure 2: Partially developed area near Heart Mesa (near Cross Roads) leased for future oil drilling,.

Residents are concerned about drilling on lands within the chapter that have not been developed
before. New pollution sources have significant cumulative impacts on residents. Additional gas and
oil wells will add to whatever air pollution is already present. Each permit to drill additional wells
should be evaluated by what it adds to current impacts on local air quality, not only what emissions
it produces itself.

New Mexico Gas and Oil Emissions Inventory show High NOx and S20 Levels

A national oil and gas inventory by ENVIRON for 2018 was estimated by growing the 2002
inventory using factors derived from resource management plans produced by the Bureau of Land
Management and regional forecasts made by the Energy Information Administration.
Methodologies were developed that could be applied consistently across the western region,
without overlooking the variability in local production characteristics, control requirements and
inventory thresholds. Application of these methodologies resulted in the addition of almost 120,000
tons of NOx emissions to the 2002 Western Regional Air Partnership (WRAP) emission inventory.
New spatial surrogates were generated based on well locations to appropriately distribute these
emissions.

Additional effort was made to estimate emissions in new development areas without base year
emissions. The resulting approach incorporated the most complete information available on the
anticipated oil and gas development in the western US region to produce an inventory that predicts
a doubling of non-point oil and gas NOx emissions between 2002 and 2018. Emissions for each
formation were calculated as the product of the formation specific emission factor and the number
of wells drilled in the formation in 2002. The emissions for that formation were then allocated to the

* www.environmentalhealthproject.org (Recommendations for Mitigation of UOGD to Protect Public Health)
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counties that intersected the formation based on the fraction of the wells drilled that were drilled in
each county’s portion of the formation.

The state total drill rig NOx and SO2 emissions that resulted from this procedure are shown in Table
2. The adjustments made to the emission factors are apparent in these results. While significantly
more wells were drilled in the State of Wyoming than in New Mexico, the emissions in New Mexico
are higher than in Wyoming. This occurs because many of the Wyoming wells were drilled quickly
and to a shallow depth, as commonly occurs for the Powder River Basin CBM wells. In contrast, the
wells in New Mexico were, on average, drilled deeper and took longer to drill. (See Western
Regional Air Partnership Technical Support System

https:/ / views.cira.colostate.edu/tss/Results/ Emissions.aspx).

Table 2. State total drill rig emissions.

State Wells Drilled NOx (tons) SO2 (tons)
New Mexico 932 6,645 1,444

Total in US: 6,088 21,536 3,706

New Mexico has drilled slightly > than 15% of the total US rigs and generates > 30% of the Nitrogen
Oxide emissions and almost 39% of the Sulfur Dioxide emissions for the US.

Sulfur Dioxide (SO2): Levels of this emission are not routinely reported to the public or highlighted
as a health risk in publicly available county air quality or health statistics. At high concentrations
SO2 can cause life-threatening accumulation of fluid in the lungs (pulmonary edema). Symptoms
caused by lower concentrations may include coughing, shortness of breath, difficult breathing and
tightness in the chest. A single exposure to a high concentration can cause a long-lasting condition
like asthma.*

II1. Harmful Emissions

Current Regional Air Quality

2018 American Lung Association AQI Report:

San Juan County - High Ozone Days: Grade C

San Juan County - Particulate Matter Pollution: INC (incomplete state monitoring for PM)
San Juan County - Groups at risk (Lung Cancer, COPD, Asthma, etc)

Navajo Nation Environmental Protection Agency (NNEPA) Air Quality Control Program conducted
air monitoring of measured criteria air pollutant levels in Counselor from April 14, 2016 to May 18,
2017. Data were downloaded monthly and quality checks (QC) done on the gaseous analyzers and
particulate sampler. The observed 1-hour NO;and SO> did not exceed primary NAAQS; observed 8-

* See EPA Integrated Risk Information System: https:/ /www.epagov/so2-pollution/sulfur-dioxide-basics#effects
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hour maximum Oz and daily 24-hr. PMiodid not exceed NAAQS, with generally good to moderate
readings. (See Appendix 3) Note: No comparisons were made with other locations in the chapter
nor were monitoring distances from active wells reported.

Average and High Periods of Exposure in Counselor

Many of the chemicals released at gas and oil wells can have respiratory effects and increase asthma
rates for adults and children. Some chemicals emitted can affect reproduction and infant mortality
and disabilities. The National Environmental Pubic Health Tracking Network:

(https:/ /www.cdc.gov/nceh/tracking/).

Exposures from gas and oil wells are not constant. There are several variable contributors to

individual exposure:

1) Emissions at any given time - There will be more emissions during a time when a large amount
of gas is being vented or going through the pipeline as compared to when little or no gas is.

2) Content of the emissions - The content of the emissions also varies by the area of shale that the
gas was released from. For instance, some gas may have more Hydrogen Sulfide than others;
other sources may have more Radon or Radium.

3) Weather conditions - The weather (temperature, wind, and cloud cover) will affect whether a
well’s emissions will disperse quickly away or whether it will stay in close proximity.

4) Topography - The topography will affect how much emissions exposure a home might receive.
Counselor has many mesas and arroyo areas that can either block air currents from home sites or
trap air contaminants around residences for periods of time. Large flat open areas predominate
the area and strong winds can quickly carry toxins from well sites to occupied structures before
they have a chance to rise or mix with the air to become less hazardous. Some of the most
polluted air has been found in these open areas.

Photo by Teresa Seamster
Figure 3: Winter flaring (2018) near Corn Fields residential area in Counselor

Exposures vary over time; even varying from one half-hour to the next. If you average the exposure
level over the year or month or day, you will miss the high (and more dangerous) periods of
exposure. For instance, over a 24-hour period the average particulate exposure was 29 ug/m3 but
there was a period just before dawn that was 398 ug/m3 that was high enough to cause an asthma
attack.
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IV. Counselor Chapter Air Monitoring Results (2018)

The Counselor HIA Committee, under the guidance of the Environmental Health Project (EHP),
conducted community air quality monitoring in the spring of 2018. Data were collected from eight
indoor and outdoor residential and public locations in Counselor from mid-April to the end of May.
These results have been compared to other results that EHP has reviewed in communities near shale
gas and oil operations in New York, Ohio, California and Pennsylvania. (Note: Indoor results were
reported to the residents living at the 8 locations and are not part of this community report.)

Outdoor Speck monitors were deployed during the week of April 8 to April 15 and were located an
average of 30" to 50" away from the side of the house closest to the nearest oil well. All monitors
were retrieved between 32 to 45 days later and sent to the Environmental Health Project in New
Haven, Connecticut, for data analysis.

The analysis found that large-scale changes (peaks) in air quality averaged 2-4 peaks per day and
lasted from 21-28 minutes per peak exposure. The time between peaks varied from 6 to 13 hours
while the median for other communities sampled by EHP is 8.5 hours. The level of particles
generally found outside between peak times was considerably higher in six locations compared to
the median found in other communities, and the total sum of accumulated particle counts over the
32-day period was at or above average levels of accumulated fine particulate matter (PMz5) in other
sampled communities nationally. With higher than average PMz5 levels, residents living near a
source of air pollution are at greater risk for developing or worsening respiratory or cardiovascular
diseases. Further, some air contaminants cause neurological effects or are carcinogenic.

Outdoor PM 2.5 Results from 8 Counselor Residential sites

Outdoor Monitors {1-Hour Average): April 15 to May 23, 2018
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Figure 4: PM5 Results from 32-Day monitoring period. Monitor numbers correlate to colors.
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Figure 4 shows the results from eight outdoor Speck monitors placed in the community for 32 days.
Significantly, there were many times when peaks in PM25 (particulate matter in the air that are 2.5
microns in size) exposure occurred simultaneously at various locations, most notably on April 17,
2018 and April 19, 2018. When a source of air pollution is nearby, these conditions could cause
increased exposure for residents. Chemicals from the source may combine with the particulate
matter and travel to the deep regions of the lungs to cause respiratory problems or gain access to
other parts of the body through blood-gas exchange.

Additional Outdoor Air Testing in Counselor

Volatile Organic Compounds (VOCs) samples were also collected at four of the eight Speck monitor
sites. Sampling was conducted from May 29 to May 30, 2018 for a 24-hour period using four summa
canisters and four sets of Radiello absorbing cartridges (hydrogen sulfide) and formaldehyde
badges. The samples were tested for 75 chemicals. Three VOCs were detected on May 23, 2018 and
seven on May 30, 2018. No Hydrogen Sulfide was detected but Formaldehyde was found at all
locations. For all other chemicals identified there is a threshold to consider action. In this one
sample, all chemicals were found at levels below what would cause immediate health concerns
except Formaldehyde.

There are some 600 chemicals that can be used in the production of gas and oil, and sites can use
different types of chemicals and combinations. However, there are several common pollutants such
as VOCs, PM25, and formaldehyde. EHP uses these 3 as “indicators” because scientists have
measured and estimated the amounts of these chemicals emitted from oil/ gas well sources. If these
indicators are present in air samples, it is likely that other chemicals of concern are present.

Table 3: Elevated levels of Formaldehyde were found at all four locations

May 23, 2018 May 30, 2018
Acetone 2-Propanol
Chloromethane Acetone

Dichlorodifluoromethane | Chloromethane
Dichlorodifluoromethane

Hexane

Methylene chloride
All PEL- permissible Trichloroethene
exposure limits

All PEL
Formaldehyde* Formaldehyde*
0.0090 ppm 0.0070 - 0.0097 ppm

Take action at 0.003 ppm | Take action at 0.003 ppm
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Previous Air Quality Testing in Counselor at Operational Well Sites

October 14, 2016

Two samples were collected at entrances to active wells along US 550 in Counselor and both showed
levels of Toluene ((19ug/m3 and 72 pg/m3). These levels are under relevant health-based standards
(acute 8 hour chronic reference exposure level) however these levels of Toluene are unusually
high.

A 2013 survey of air quality in more than 100 locations nationally found daily “mean
concentrations” of Toluene lower than in Counselor ranging from 0.073 - 19ug/m3.

April 18, 2017

Three air samples were collected at entrances to active wells along US 550 at 1) mile marker 100
north of Lybrook School; 2) at mile marker 107.5 south of the San Juan and Rio Arriba County line;
and 3) at the intersection of US 550 and County Road 7900. Hydrogen sulfide was detected at mile
marker 100 closest to the Lybrook School at a level of 7.6pug/m3. (See ALS Lab results in Appendix 1)

Hydrogen sulfide is a gas that has a potently offensive odor of rotten eggs and exposure to it is
associated with an elevated incidence of respiratory infections, eye and nose irritation, coughing,
breathlessness, nausea, headache, and mental symptoms including depression. The US EPA
reference concentration level (RL) is 2pg/m3.

The level detected exceeded the RL but was below the Office of Environmental Human Health
(OEHHA) California chronic reference level for hydrogen sulfide. But if levels of 7.6pg/m3
generally are reached then these levels can pose a human health risk for students and staff at
Lybrook School. (Additional analysis from Mark Cherniak, Ph.D., Staff Scientist, Environmental
Law Alliance Worldwide)

EHP Analysis of Counselor Air Monitoring Results

After air-monitoring results were obtained, the Counselor HIA Committee consulted with
Environmental Health Project specialists: Celia Lewis, Ph.D., and Sujit Joginpally, M.D.

1. How does Counselor compare with other communities being monitored by EHP?

Six (6) out of the eight (8) monitored locations in Counselor Chapter recorded levels between 10 to
25 micrograms/meter3, with only 2 locations reading at Baseline PM2.5 levels in other communities
are generally below 10 micrograms/meterd. the lower average PM2.5 level. Also, the total particle
count over the 32-day monitoring period was at or above average levels of accumulated PM2.5 for
other states.

2. Are Counselor’s PM2.5 levels considered high?

Yes, because they are higher than average PM2.5 levels recorded at similar distances from oil wells
in communities in New York, Ohio, California and Pennsylvania. Counselor is the first community
in a southwestern state to be monitored by the Environmental Health Project.
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3. What are some reasons for Counselor’s higher levels of PM 2.5 and Formaldehyde?
Many homes in Counselor are located closer than a mile to one or more operating oil and gas wells.
The recommended setback distance between occupied structures and wells is now 6600, or 1v4
mile. Many homes are “downwind” of wells that emit Volatile Organic Compounds (VOCs) and
Formaldehyde (which can be formed from methane emissions in the presence of sunlight).
Counselor has areas of open plains with numerous homes situated where the wind tends to blow
towards the houses from a nearby pollution source. On sunny days with no wind, pollutants will
rise quickly upward away from houses. On cloudy days with no wind, pollutants more slowly and
mix with the air very slowly keeping emissions closer to the ground and more hazardous for
residents. On windy days, pollutants from nearby wells can reach downwind homes nearby before
chemicals can disperse.

Photo by Samuel Sage
Figure 5: Summa Canister monitoring Volatile Organic Chemicals (VOCs) at Counselor Chapter
House in May 2018.

(See Appendix 2 for complete report: SWPA Environmental Health Project: Counselor Chapter)
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EHP analyzed results for PM2.5 at eight residences/locations in the Counselor area. In the bar charts
below, each blue dot represents the average results for outdoor air levels at one home. The red bar
marks the average (median) of all results compiled by EHP outside New Mexico.
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Figure 6: The range of results of PM»5 monitoring for five components measured Peaks per day,
Duration of peaks, Time between peaks, Baseline air quality and Accumulated particle matter using
Speck monitor data.

The results are shown in relation to the national data reviewed to date by EHP. The majority of
locations in Counselor had higher particle concentration (ug/m?) in their Baseline Air Quality and
higher Accumulated Particle Matter (mg/m3/day) than in similar locations monitored in other
states.
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Comparisons of Wind Speed and Direction on Individual Site Air Pollution
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Figure 9: Counselor East (CE4) P564
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Figures 7 to 14 are Counselor monitoring sites. EHP’s Particulate Matter Impact App pairs the Speck
PM monitor results with local weather data to show which weather conditions bring higher levels of
PM2.5 to each residence. If you take a closer look at Speck P567 you can see how wind direction and
wind speed influence the PM 2.5 concentrations.

Each location shows s different level of exposure when paired with the weather app. Hazardous
levels were reached on a few days in late April and early May when the weather was calm, cold,
cloudy and snowy, keeping particulate matter and chemical emissions closer to the ground for
longer periods of time.

PM 2.5 Particulate
Concentration by Winc
Direction/Speed

[_J Counselor Chapter Boundary
Counties
% Plot Locations
“  Counselor Structures
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A Vertical
Spudged New Wells (May 2018)
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2 D
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PLSS
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Sources: Eastein Navajo Land
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Figure 15: Close up Map of Location Speck PS67 with highest levels of PM 2.5

#67 Close up Map shows the wind speed, direction and intensity of PM 2.5 - ranging from lowest
(blue) to ye'icwv-green (which indicates the EPA level of PM 2.5 at 35 ug/m3, which can impact the
respiratory health of individuals), to red (the highest level of exposure and hazardous to human
health).
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In this particular situation, PM 2.5 concentrations exceeding a hazardous level of 80 ug/m3 occurred
from south-southwest at 30-50 mph, southeast at 20-40 mph, and east at 10-20 mph. The image
above displays three important aspects of the outdoor Speck monitoring results: the direction from
which the highest levels of PM2.5 come from; the intensity of the PM2.5 measurements; and the
wind conditions at the times of exposure. In the image, the Speck monitor is located in the center
where the lines cross. The endpoints of the lines represent the cardinal directions of North, South,
East, and West with North at the top. The intensity of PM2.5 levels is shown in the range of colors
from blue (low exposure) to red (high exposure). The concentric circles represent the wind speed,
with low wind speed near the center and higher wind speeds further out.

Significance of Exposure

1) The episodic intense peak exposures produced from oil/gas well emissions may only last for a
few minutes to an hour in Counselor. But, such exposures can cause acute health symptoms, even
though the total exposure averaged over a 24-hour period appears acceptable and falls within a
limit below a current threshold to consider action to prevent immediate health impacts.

2) Weather plays a significant role in both the number and duration of peak exposures. The period
chosen to conduct air sampling fell during the spring when high winds and low precipitation is
normal in Counselor. Such conditions are not conducive to sampling for air pollutants that remain
in the local area and are closer to the ground (and the monitors) on calm days with either cloud
cover or rain and snow events. Testing throughout the year would yield different and more
accurate results.

3) Evidence of exposure to hazardous levels of VOC concentrations is very short lived in the
bloodstream and blood samples must be taken within hours of a symptom or time of suspected
exposure. Most communities have no facility that can provide this highly specialized blood test and
residents who cannot take time to take a sample are unable to provide this crucial evidence if they
try to file a formal complaint. The complaints recorded in the health section of this report have all
been made in person to an HIA Committee member conducting the health survey or to a Counselor
Chapter representative.
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V. Counselor Chapter Health Impact Assessment (HIA)

Background

Counselor Chapter initiated the Health Impact Assessment in 2016 with a series of brief Health
Impact Reports, written to document the oil well impacts being reported to chapter staff. Residents
who attended chapter meetings and commented at public hearings held by Bureau of Land
Management and the Navajo Nation, contributed their concerns about fracking, air pollution, traffic,
accidents and illness to these reports. After several presentations to the Oil Conservation Division
(EMNRD) and the Air Quality Bureau (NMED), in 2016-2017, a loosely organized committee formed
in Counselor to start a formal HIA and do a community air quality study with the assistance of the
Southwest Pennsylvania Environmental Health Project.

Sampling Strategy

The study focused on Counselor as the most heavily developed chapter with the highest number of
active wells in the Tri-Chapter area of Counselor, Ojo Encino and Torreon. Participants in the study
were landowners who lived within one mile of an active well and who volunteered to have a pair of
Speck monitors placed inside and outside their home for a 32-45 day period to gather data on indoor
and outdoor quality. After air sampling was completed and preliminary results released to the
chapter, community residents were asked if they wanted to participate in a written health survey.

Community Health Survey

The purpose of the research, the health survey and Informed Consent forms were explained and
provided to all participants. Confidentiality and the Rights as a Volunteer Participant were
reviewed. A 28-question survey, listing 20 medical symptoms most commonly reported by people
living near oil well operations, was completed by residents at each of the eight (8) air quality
monitoring sites as well as by 57 attendees of chapter meetings in July and August of 2018 and 14
additional chapter residents who submitted survey forms directly to chapter staff following
community events such as the Wellness Walk in May of 2018.

A total of 80 respondents represent 11.4 % of the population (700) of Counselor.

80 respondents were asked to indicate if they lived “near” (within 5 miles or within sight, hearing or
smell) any of the following drilling or gas and oil infrastructure with the following responses:

Well Pad: 67 yes, 13 no (84% live near a well pad)

Pipeline: 53 yes, 27 no (66% live near a pipeline)

Processing Plant (refinery): 1 yes, 79 no

None lived near a Wastewater pond: 0 yes, 80 no

None lived near a Compressor station: 0 yes, 80 no

Respondents then recorded all the health symptoms they experienced in the past year since drilling
began near their home.
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SYMPTOM-YES (N=80)

Sore Throat
Cough

Loud Breath
Headache
Sleep Change
Fatigue-Tired
Itchy skin-rash
Itch-burn eyes
Stomach Pain
Mood Swings
Sinus Problem
Short Breath
Nosebleeds

Dizziness
Anxiety-Fear |

Hard to concentrate
Joint Pain

Nausea

Weight Loss
Tumor-Growth ™

1

T + ! i i 1

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Figure 16: 20 recorded health issues with highest recorded symptom: Sinus Problem

Highest Recorded Symptoms:
*  >90% reported sinus problem (discharge, obstruction and pain)® and irritated/sore throat
* 80% reported cough, headaches, itching/burning of eyes, joint pain, fatigue & sleep
disturbance
e >70% reported nosebleeds and wheezing (loud breathing)
* > 60% reported shortness of breath
* 42% reported itching of skin/rash

5 “ Associations between Unconventional Natural Gas Development and Nasal and Sinus, Migraine
Headache, and Fatigue Symptoms in Pennsylvania”. Aaron W. Tustin, et al, Environ Health Perspect DOI:
10.1289/EHP281.
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* >30% reported dizziness, nausea and feelings of anxiety/fear

* 11% reported difficulty in concentrating

e Other less reported (< 10%) symptoms: mood changes, stomach pain, weight loss or
tumors/ growths

* Four Counselor health survey respondents who did not live near wells reported either no
health symptoms (2 respondents), 2 symptoms (1 respondent) or 3 symptoms (1 respondent),
as contrasted with the average of 11 or more symptoms reported by residents who live near
wells.

Survey Results and Comparison with National Database

Over 60% of health survey respondents reported they experienced 11 out of a total of 20 listed
symptoms. This a greater number of health symptoms reported by Counselor residents compared to
other residents living next to gas and oil wells. The same 20 symptoms, surveyed by EHP nationally
in similar communities, were reported by less than 50% of the respondents for any given symptom.
Example: > 88% of Counselor respondents experienced sinus problems, sore throat and cough
compared to the average of <60% of respondents in Washington County.
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Figure 17: Environmental Health Channel screen shot of Health Symptoms recorded from residents
in Washington County, Pennsylvania.
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Figure 18: Counselor Health Survey included a body graphic so respondents could draw circles
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around parts of the body where they experienced symptoms. 100% of 57 respondents who chose to
complete this page circled the head, 92% circled the lungs and 40% circled the skin.

(Graphic courtesy of Coming Clean, Inc.)
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VI. SUMMARY OF RESULTS
Potential Childhood and Birth Outcomes Due to Exposure to Well Emissions

The majority of locations sampled in Counselor had higher particle concentration (ug/m?3) in their
Baseline Air Quality and higher Accumulated Particle Matter (mg/m3/day) than in similar locations
monitored in other states. Newborns and young children are especially sensitive to well emissions
and highly at risk. Exposing them to burning hydrocarbons from gas and oil well emissions puts
them at greater risk than adults for both short- and long-term health effects.

Six large, well-conducted studies have been published on the effects of shale gas and oil
development activity and birth outcomes. The studies found a range of overlapping outcomes
associated with proximity to well pads, including low birth weight, low APGAR scores,
prematurity, and neural tube defects. ¢

Children do not respond to emissions as though they are little adults. Instead:

* Children have higher respiratory rates and as a result children exposed to air contaminants
breathe in more toxics per pound of body weight than adults.

* Children accumulate more toxics in their bodies than adults. Their bodies are still maturing
and they cannot metabolize some toxicants as well as adults. They don’t detoxify as
efficiently.

* Children spend more time engaged in vigorous activity outside, increasing their exposures.

* Children’s brains are still developing. Many toxic agents are known to interfere with
developmental processes within the brain.

Children under the age of 9 years make up approximately 31% of the population of Counselor. Their
well-being and future health and development is the highest rated concern of Counselor residents.

Health Effects from Exposure to Volatile Organic Compounds (VOCs)

VOCs, present at gas and oil wells, are a varied group of compounds that can range from having no
known health effects to being highly toxic. Short-term exposure can cause eye and respiratory tract
irritation, headaches, dizziness, visual disorders, fatigue, loss of coordination, allergic skin
reaction, nausea, and memory impairment or inability to concentrate. Long-term effects include
loss of coordination and damage to the liver, kidney, and central nervous system.

The above symptoms caused by episodic exposure to VOCs were recorded by > 80% of Counselor
residents that participated in the health surveys conducted from May through August 2018 by the
Counselor HIA Committee.

Further air quality testing and voluntary on site blood sampling from residents, for VOC
levels, is needed to determine the actual degree of individual exposure and potential harm.

% Hu, Howard, James Shine, and Robert O. Wright. “The Challenge Posed to Children’s Health by
Mixtures of Toxic Waste: The Tar Creek Superfund Site as a Case Study.” Pediatric Clinics of North
America 54, no.1 (February 2007): 155-175, x. doi: 10.1016/].pcl.2006.11.009.
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VII. Community Recommendations

Mitigation Measures Recommended for Community Health and Safety

The Counselor HIA Committee has worked closely for several years with the residents of Counselor
and in 2018 with the Environmental Health Project (EHP), a public health organization working at
the forefront of the nation-wide response to health impacts from unconventional oil and gas
development (UOGD)

Based on 1) written comments, resolutions and memorials from Navajo Chapters and other elected
leaders and representatives from the Navajo Nation and New Mexico Legislature; 2) results from
the air monitoring project conducted by the Counselor HIA Committee; 3) health surveys completed
by the Counselor Chapter; 4) and national research conducted by organizations and academics that
have published in peer-reviewed literature, this report recommends the following mitigation
measures to protect public health:

1. The most effective method to prevent toxic exposures for nearby residents is to trap emissions at
the source. Emissions should be contained on all polluting equipment including wellheads, tanks,
compressors, and pipeline valves.

2. Continuously monitor air emissions at UOGD sites for volatile organic compounds (VOCs),
formaldehyde and fine particulate matter (PM25). Monitoring should provide minute-by-minute
data and the data should be analyzed to show the frequency, intensity and duration of peak
emissions in addition to long term averaged exposures. These peak periods can cause dangerously
high exposures for residents, especially children and individuals with pre-existing conditions, and
are important health data for medical diagnosis.

3. Continuously monitor for VOCs, formaldehyde and PM at nearby schools, daycares, nursing
homes where health-sensitive individuals are located. Develop emergency plans for these locations

in the event of high exposure scenarios.

4. Provide indoor air filters for residents within 12 mile of UOGD sites. Include the provision of
replaceable filters and maintenance for the indoor air equipment.

5. Establish a setback distance minimum of 1/2 mile (2640 feet) from smaller shale gas facilities,
such as wells, that emit 100 to 500 grams/hour.

6. Establish a setback distance minimum of 1 1/4 mile (6600 feet) for gas processing plants and large
compressor complexes whose emissions exceed 1000 grams/hour.

7. Require windbreaks around UOGD sites that are located on plateaus, plains or other geographic
areas that do not provide physical barriers between sites and residential areas.
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In addition:

® Complete the recommended steps on the HIA Assessment Checklist to adequately inform
community residents of all the known and unknown risks they are being asked to
assume.

Perform an in-depth air emission projection to establish the local population health risk to
cumulative effects before additional wells are drilled.

Require best practices to ensure that effective emissions control measures are kept up to
date.

ALERT residents via the Chapter ALERT website of large emission events.

Put emergency plans in place in case of evacuation.

Institute a monitoring strategy at well sites and key public locations and make the data
public on the Chapter website.

Institute a health-monitoring registry at the local Indian Health Clinic to include short-
and long-term effects.

Facilitate voluntary blood sampling by providing “on-site” facility (within a one-hour
drive) that can test exposed individuals for VOC levels and monitor symptoms and
treatments.

®* & 666 o o
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Appendix 1

ALS Environmental: Report #1806078, NCP-Navajo Community Project (QC sample results and
case narrative) June 18,2018. Pgs. 1-25; ALS Environmental: Report 18051137. June 13, 2018.
Pgs.1-12.
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Southwest Pennsylvania Environmental Health Project Report: “Counselor Chapter Air Quality
Assessment Results: Particulate Matter (PM2.5) and Volatile Organic Compounds (VOCs)”,
(August 3, 2018) pgs. 1-14

Appendix 3

Navajo Nation Environmental Protection Agency Air Quality Control Program “ Ambient Air
Monitoring, Counselor, NM” (April 14, 2016-May 18, 2017) pg. 1-2

Appendix 4

New Health Issues for Counselor - Produced Water & Water Monitoring

ACRONYMS

US EPA United State Department of Environmental Protection

ATSDR Agency for Toxic Substances and Disease Registry of the Centers for Disease
Control and Prevention

NIOSH National Institute for Occupational Safety and Health

OSHA Occupational Safety and Health Administration
PEL Permissible exposure limits
REL Recommended exposure limit pg/m3
Micrograms per cubic meter-> air quality measurement
ppm parts per million
ppb parts per billion
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