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Background: Technological advances (e.g. directional drilling, hydraulic fracturing), have led to increases in
unconventional natural gas development (NGD), raising questions about health impacts.

Objectives; We estimated health risks for exposures to air emissions from a NCGD project in Garfeld
County, Colorado with the abjective of supporting tisk prevention recommendations in a health impact
assessment (HiA).

Methods: We used EPA guidance to estimate chronic and subchronic non-cancer hazard indices and can-

cer risks from exposure to hydrocarbons for two populations; { 1) residents living > mile from wells and
(2) residents living <% mile from wells.

Results: Residents living < mile from wells are at greater risk for health effects from NGD than are res-
idents living > mile from welis. Subchronic exposures to air pollutants during well completion activ-
ities present the greatest potential for health effeces. The subchronic non-cancer hazard index (HI) of
5 for residents < mile from wells was driven primarily by exposure to trimethylbenzenes, xylenes,
and aliphatic hydrocarbons, Chronic His were 1 and 0.4, for residents <l: mile from weils and
>% mile from wells, respectively. Cumulative cancer risks were 10 in a million and & in 2 million for res-
idents living <% mile and >% mile from wells, respectively, with benzene as the major contributor to
the risk.

Conclusions: Risk assessment can be vsed in HIAs to direct health risk prevention strategies. Risk man-
agement approaches should focus on reducing exposures 1o emissions during well completions. These
preliminary results indicate that heaith effects resulting from air emissions during unconventional
MNGL warrant hurther study. Prospective smidies should focus on health effects asseciated with air

polivtion. :

© 2012 Elsevier B.V, All rights reserved.

1. Introduction

The United States (US) holds large reserves of unconventional nat-
ural gas resources in coalbeds, shale, and tight sands. Technological
advances, such as directional drilling and hydraulic fracturing, have
led to a rapid increase in the deveiopment of these resources, For ex-
ample, shale gas production had an average annual growth rate of
48% over the 2006 to 2010 period and is projecred to grow almost
fourfold from 2009 io 2035 {US EIA, 2011). The number of

Abbreviations; BTEX, benzene, toluene, ethylbenzene, and xylenes; COGCC,
Colorardo Oil and Gas Canservation Commission; HAP, hazardous air pellutant;
Hl, hazard index; HIA, health impact assessment; HQ, hazard quotient: NATA, Na-
tional Air ToxXics Assessment; NGD, natural gas development,
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unconventional natural gas wells in the US rose from 18,485 in
2004 to 25,145 in 2007 and is expected to continue increasing
through ar least 2020 {Vidas and Hugman, 2008). With this expan-
sion, it is becoming increasingly common for unconventional naturai
gas development (NGD} to occur near where people live, work, and
play. People living near these development sites are raising public
health concerns, as rapid NGD exposes more people to various poten-
tial stressors (COGCC, 2009a).

The process of unconventional NGD is typically divided into two
phases: well development and production (US EPA, 2010a; LS DOE,
2009), Well development involves pad preparation, well drilling, .
and well compietion. The well completion process has three primary
stages: 1) completion transitions (concreie well piugs are installed in
wells to separate fracturing stages and then drilled out to release gas
for production}; 2 hydraulic fracturing (“fracking”: the high pressure
injection of water, chemicais, and propants into the drilled welt to re-
lease the natural gas); and 3) flowback, the refusn of fracking and
geologic fluids, liguid hydrocarbons {“condensate™) and natural gas
to the surface (US EPA, 2010a; US DOE, 2009), Once development is
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complete, the “salable” gas is collected, processed, and distributed.
While methane is the primary constituent of natural gas, it contains
many other chemticals, including alkanes, benzene, and other aromat-
ic hydrocarbons (TERC, 2009).

As shown by ambient air studies in Colorade, Texas, and Wyoming,
the NGD process results in direct and fugitive air emissions of a complex
mixture of pollutants from the natural gas resource itself as well as diesel
engines, tanks containing produced water, and on site materials used in
production, such as driliing muds and fracking fluids (COPHE, 2009;
Frazier, 2009; Watther, 2011; Zielinska et al, 2011). The specific contribu-
tion of each of these potential NGI} sources has yet to be ascertained and
poliutants such as petroleum hydrocarbons are likely to be emitted from
several of these NGD sources. This complex mixture of chemicals and re-
sultant secondary air pollutants, such as ozone, czn be transported to

"nearby residences and population centers (Walther, 2011; GCPH, 2010},

Multiple studies on inhalation exposure to petroleum hydrocar-
bons in occupational settings as well as residences near refineries,
oil spills and petrol stations indicate an increased risk of eye irrita-
tion and headaches, asthma symptoms, acute childhood leukemia,
acute myelogenous Jenkemia, and muitiple myeloma (Glass et al,
2003; Kirkeleit et al, 2008; Brosselin et al, 2009; Kim et al,
2009; White et al., 2009). Many of the petzoleum hydrocarbons ob-
served jn these studjes are present in and around NGD sites (TERC,
2009). Some, such as benzene, ethylbenzene, toluene, and xylene
(BTEX} have robust exposure and toxicity knowledge bases, while
toxicity information for others, such as heptane, octane, and
diethylbenizene, is more limited. Assessments in Colorado have con-
cluded that ambient benzene levels demonstrate an increased po-
tential risk of developing cancer as wel} as chronic and acute non-
cancer health effects in areas of Garfield County Colorado where
NGD is the only major industry other than agriculture (CDPHE,
2007; Coons and Walker, 2008; CDPHE, 2010). Health effects asso-
ciated with benzene include acute and chronic nonlymphocytic leu-
kemia, acute myeloid leukemia, chronic lymphocytic leukemis,
anemia, and other blood disorders and immunological effects,
(ATSDR, 2007a, RIS, 2011). In addition, matermal exposure to ambi-
ent levels of benzene recently has been associated with an increase
in birth prevalence of neural tube defects {Lupo et al., 2071). Health
effects of xylene exposure include eye, nose, and throat irritation,
difficulty in breathing, impaired hmg function, ard nervous system
impairment {ATSDR, 2007b). in addition, inhalation of xylenes, ben-
zene, and alkanes can adversely affect the nervous system
{Carpenter et al, 1978; Nilsen et al, 1988; Galvin' and Marashi,
1999; ATSDR, 2007a; ATSDR, 2007b).

Previous assessments are Hmited in that they were not able to
distinguish between risks from ambient air pollution and specific
NGD stages, such as well completions or risks between residents
living near wells and residents living further from wells. We
were able to isolate risks to residents living near wells during
the flowback stage of well completions by using air quality
datz collected at the perimeter of the wells while flowback
was OCCUTTing.

Battlement Mesa (popufation ~5000) located in rural Garfisid
County, Coicrado is one comumunity experiencing the rapid expan-
sion of NGD in an upconventional tight sand resource. A NGD op-
erator has proposed developing 200 gas wells on 9 well pads
located as close as 500ft from residences. Colorado Oil and Gas
Commission (COGCC) rules allow natural gas wells to be placed
as close as 150 ft from residences (COGCE, 2009b). Because of com-
munity concerns, as described elsewhere, we conducted a health
frmpact assessment (HIA) to assess how the project may jmpact
public health (Witter et al.,, 2011), working with a range of stake-
holders to identify the potential public health risks and benefits.

In this article, we illustrate how a risk assessment was used to
support elements of the HIA process and inform risk prevention
recommendations by estimating chronic and subchronic non-

cancer hazard indices (Hls) and lifetime excess cancer risks due to
NGD air emissions.

2. Methods

We used standard United States Environmental Protection Agency
(EPA) methodoiogy to estimate non-cancer His and excess iifetime
cancer risks for exposures to hydrocarbons (US EPA, 198%; US EPA,
2004) using residential exposure scenarios developed for the NGD
project. We used air toxics datza collected in Garfield County from jan-
uary 2008 to November 2010 as part of a special study of short term
exposures as well as on-going ambient air monitoring program data
to estimate subchronic and chronic exposures and heaith risks
{ Frazier, 2009; GCPH, 2009; GCPH, 2010; GCPH, 2011; Antero, 2010).

2.1. Sample collection and analysis

All samples were collected and analyzed according to published
EPA methods. Analyses were conducted by EPA certified laboratories.
The Garfieid County Department of Public Health (GCPH) and Olsson
Assodates, Inc {Olsson) collected ambient air samples Into evacuated
SUMMA® passivated stainless-steel canisters over 24-hour intervals.
The GCPH collected the sampies from a fixed monitoring statien and
along the perimeters of four well pads and shipped samples to East-
ern Research Group for amalysis of 78 hydrocarbons using EPA's cormn-
pendium method TO-312, Method for the Determination of Non-
Methare Organic Cormpounds in Ambient Air Using Cyrogenic Pre-
concentration and Direct Flame lonization Detection {US EPA, 1999).
Olsson collected samples along the perimeter of one well pad and
shipped samples to Atmospheric Analysis and Consulting, Inc. for
analysis of 56 hydrocarbons {a subset of the 78 hydrocarbons deter-
mined by Eastern Research Group) using method TO-12. Per method
T0O-12, a fixed volume of sample was cryogenically concentrated and
then desorbed onto a gas chromatography column equipped with a
flame jonization detector. Chemicals were identified by retention
time and reported in a concentration of parts per billion carbon
(ppbC). The ppbC values were converted to micrograms per cubic
meter (ug/m>) at 01325 kPa and 298.15 K.

Two different sets of sampies were collected from rural
{population<50,000) areas in western Garfield County over vary-
ing fime periods. The main economy, aside from the NGD indus-
try, of western Garfield County is agricultural. There is no other
major industry.

2.1.1. NGD area samples

The GCPH collected ambient air samples every six days between
January 2008 and November 2010 (163 samples) from a fixed moni-
toring station located in the midst of rural home sites and ranches and
NGD, during both well development and produnction The site is locat-
ed on top of 2 small hill and 4 miles upwind of other potential emis-
sion sources, such as a major highway (Interstate-70) and the town
of §ilt, CO.{GCPH, 200%; GCPH, 2010; GCPH, 2011).

2,12, Well completion samples .

The GCPH collected 16 ambient air samples at each cardinal direc-
tion along 4 well pad perimeters (130 to 500 ft from the well pad cen-
ter) in rural Garfield County during well completion activities, The
samples were collected on the penimeter of 4 well pads being devel-
oped by 4 different natural gas operators in summer 2008 (Frazier,
2009}, The GCPH waorked closely with the NGD operators to ensure
these air samples were collected during the period while at least
one well was on uncontrolled (emissions not controlled) flowback
into collection tanks vented directly to the air. The number of wells

" on each pad and other activities occurring on the pad were not docu-

mented. Samples were collected over 24 to 27-hour intervals, and
samples included emissions from both uncontrolied flowback and
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diesel engines (Le., from. trucks and generators supporting cormple-
tion activities). In addition, the GCPH collected a background sample
0.33 to 1 mile from each-well pad {Frazier, 2009). The highest hydro-
carbon levels corresponded te samples collecied directly downwind
of the tanks (Frazier, 2008; Antero, 2010). The lowest hydrocarbon
leveis corresponded either to background samples or samples collect-
ed upwind of the fliowbaclk tanks {Frazier, 2009; Antero, 2010).

Antero Resources Inc, 2 natural gas operator, contracted Olsson to
collect eight 24-hour integrated ambient air samples at each cardinal
direction at 356 and 500 ft from the wel} pad center during well com-
pletion activities conducted on one of their well pads in summer 2010
(Antero, 2010). Of the 12 wells on this pad, 8 were producing salable
natural gas; 1 had been drilied but not completed; 2 were being hy-
draufically fractured during daytime hours, with ensuing uncon-
trolied flowback during nighttime hours; and 1 was on uncontrolled
flowback during nighttime houss. ‘

All five weli pads are located in areas with active gas production,
approximately 1 mile from Inrerstate-70. :

2.2, Data assessment

We evahiated outliers and compared distributions of chemical con-
centrations from NGD area and well completion samples using Q-Q
plots and the Mann-Whitsey U test, respectively, in EPA’s ProlJ(L version
4.00.05 software {US EPA, 2010b). The Mann-Whitmey U test was used
because the measurerient datz were not normally distributed. Distribu-
tions were considered as significantly different at an alpha of 0.05. Per
EPA guidance, we assigned the exposure concentrafion as either the
95% upper confidence mit (UCL) of the mean concenfration for com-
pounds found in 10 or more samples or the maximum detected concen-
tration for compounds found in more than 1 but fewer than 10 samples.

This latter category included three compounds; 1,3-butadiene, 2,2 4-tri- -

methylpentane, and styrene in the well completion sampies. EPA's
ProUCL software was used o select appropriate methods based on sam-
ple distributions and detection frequency for computing 95% UCLs of the
mean conceniration (US EPA, 2010b).

2.3. Exposure assessmernt

Risks were estimated for swo popuiations: {1) residents > mile
from wells; and (2) residents <V:mile from wells. We defined

residents <% mile from wells as living near wells, based on residents
reporting oder complaints attributed te gas wells in the summer of

2010 (COGCC, 20171).

Exposure scenarios were developed for chrenic non-cancer His
and cancer risks. For both populations, we assumed & 30-year project
duration based on an estimated 5-year well development period for
all well pads, followed by 20 to 30 years of production, We assurmed
a resident Eves, works, and otherwise remains within the town
24 h/day, 350 days/year and that lifetime of a resident is 70 years,
based on standard EPA reasonable maximum exposure (RME) de-
faults (US EPA, 1989).

23.1. Residents >¥%: mile from well pads

As iliustrated in Fig. 1, data from the NGD arez samples were
used to estimate chrenic and subchronic risks for residents > mile
from wel} development and production throughout the project. The
exposure concentrations for this population were the 95% UCL on
the mean concentration and median concentration from the 163
NGD samples.

232, Residents <34 mile from well pads

To evaluate subchronic non-cancer HIs from well completion
emissions, we estimated that a resident lives <lamile from two
well pads resulting a 20-month exposure duoration based on
2 weeks per well for completion and 20 welis per pad, assuming
some overiap in between activities. The subchronic exposure concen-
trations for this population were the 95% UCL on the mean concentra-
tion and the median concentration from the 24 well completion
samples, To evaluate chronic risks to residents <% mile from wells -
throughout the NGD project, we calculated a time-weighted exposure
concentration (o) to account for exposure to emissions from welt
completions for 20-months foliowed by 340 months of exposure to
emnissions from the NGD area using the following formula:

Cose = (Co % ED/ED) + (G5 x EDg/ED)
where:
Ce Chronic exposure point concentradon (tg/m?) based on the

95% UCL of the-mean concentration or median concentra-
tion from the 163 NGD area samples

'163 Namral
Gas
Development
Atez Samples

| =12 mile from ; Cos
>¥ mitle from
- well pad
) well pad —
subehronic. 20 !
- ] : chromic 30
month
- B YeaT EXposUTe
exposure - .

Fig. 1. Relaionship between completion samples and natural gas development area samples and residents living <% mile and > mite from wells. *Time weighted average based
on 20-month contribution frorm well completion samples and 340-month contribution from natural gas development samples,




4 I M. Mcienzie et al. / Scence of the Totn! Environment o [2012) sooi—xo00

ED. Chromnic exposure duration

Cs Subchromnic exposure point concentration (pg/m>) based on
the 95% UCL of the mean concentration or median concen-
tration from the 24 well completion samples

EDs Subchronic exposure duration

ED Total exposure duration

2.4. Toxicity assessment and risk characterization

For non-carcinogens, we expressed inhalation toxicity measure-
-ments as a reference concentraton {RFC in units of pg/m> air). We
used chropic RfCs to evaluate long-term exposures of 30 years and
subchronic RfCs to evaluate subchronic exposures of 20-months, If
a subchronic RfC was not available, we used the chronic RIC. We
obtained RfCs from {in order of preference) EPA's Integrated Risk In-
formation System (IRIS) {US EPA, 2011), California Environmental
Protection Agency (CalEPA) (CalEPa, 2003), EPA's Provisional Peer-
Reviewed Toxicity Values (ORNL, 2009), and Health Effects Assess-
ment Summary Tables (US EPA, 1297), We used surrogate RiCs
according to EPA guidarice for Cs to Cyg aliphatic and G to Gy aro-
matic hydrocarbons which did not have a chemical-specdific toxicity
value (US EPA, 2009a). We derived semi-quantitative hazards, in
terms of the hazard quotient (BQ), defined as the ratio between an
estimated exposure concentration and RfC We summed HQs for in-
dividual compounds to estimate the total cumulative Hi, We then
separated HQs spedific to neurological, respiratory, hematological,
and developmental effects and calculated a curnalative Hl for each
of these specific effects.

For carcinogens, we expressed 1nha]at:cm toxicily measurements
as inhalation unit risk (IUR) in units of dsk per pg/m>. We used
JURs from EPA's IRIS {US EPA, 2011) when available or the CalEPA
(CalEPA, 2003). The lifetime cancer risk for each compound was
derived by multiplying estimated exposure concentration by the
IUR. We summed cancer risks for individual compounds to

Tabie 1

estimate the cumulative cancer risk. Risks are expressed as excess
cancers per 1 million population based on exposure over 30 years.

Toxicity values (i.e., RICs or IURs} or a surrogate toxicity value
were available for 45 out of 78 hydrocarbons measured. We per-
formed & quantitative risk assessment for these hydrocarbons. The
remaining 33 hydrocarbons were considered qua.htanvely in the
risk assessment.

3. Resulis
3.1. Data assessment

Evaluation of potential outiiers revealed no sampling, analytical,
or other anomalies. were associated with the outliers. In addition,
removal of potential cutliers from the NGD area sampies did not
change the final Hls and cancer risks. Potential outliers in the
well completion samples were associated with samples collecred
downwind from flowback tanks and are representative of emis-
sions during flowback. Therefore, no data was removed from ei-
ther data set.

Descriptive statistics for concentrations of the hydrocarbons used
in the quantitative risk assessment are presented in Table 1. A list of
the hydrocarbons detected in the samples that were considered qual-
itatively in the risk assessment because toxicity vaiues were not avail-
able is presented in Table 2. Descriptive statistics for all hydrocarbons
are available in Supplemental Table 1. Two thirds more hydrocarbens
were detected at a frequency of 100% in the well completion samples
(38 hydrocarbons) than in the NG area samples {23 hydrocarbons).
Generally, the highest alkane and aromatic hydrocarbon median con-
centrations were ohserved in the well completion samples, while the
highest median concentrations of several alkenes were observed in
the NGD area samples, Median concentrations of benzene, ethylben-
zene, toluene, and m-xylene/p-xiyene were 2.7, 4.5, 4.3, and 9 times
higher in the well compietion samples than in the NGD area samples,
respectively. Wilcoxon-Mann-Whitney test results indicate that

Descriptive statistics for hydrocarben cencentrations with toxidty vatues in 24-hour integrated samples collected in NGD area and samples collected during well completions.

Hydrocarbon (pg/m?) NGD area sample resalts®

well completion sample resalis®

No. %>MDL Med 3D $5% U Min Max No. E>MDL  Med 5D Q5% 10 Min Max

1,2 3-Trimethylbenzene 163 39 011 0095 0098 0822 0B85 24 83 084 23 32 0055 12
1.2 4-Trimethylbenzene 163 96 018 034 031 0063 3.1 24 100 17 17 21 044 83
1.3,5-Trimethylbenzene 163 83 01z 012 0175 no24 1.2 24 100 13 16 185 033 78
1,3-Butadiens 163 7 011 0020 0465 0025 015 16 56 011 0021 NC 0068 G.17
Benzene 163 100 085 13 17 0gg9e 14 24 100 26 14 20 094 69
Cyrlohexane 163 100 21 83 62 011 i05 24 100 53 43 58 221 200
Ethylbenzene %3 95 017 073 0415 0ass 8.1 24 100 077 47 54 025 230
Isopropylbenzene 163 38 015 D@53 0074 0026 033 24 &7 033 10 1.0 0.0 48
Methylcyciohexane 183 100 37 40 63 0.15 24 24 100 14 148 180 31 720
m-Xylene/p-Xylene 183 100 087 12 13 016 99 24 100 78 194 240 20 880
p-Hexane 163 100 40 47 6.7 013 25 24 100 7.7 57 80 1.7 255
n-Nonane 183 99 044 049 0.66 0064 31 24 100 3.6 1] 76 1.2 300
n-Pentane . 183 10D 9.1 93 14 023 62 24 100 11 156 210 3.9 550
p-Propylbenzene 163 66 0.10 0.068 0.10 0.032 0.71 24 88 064 24 33 0.098 12
o-Xylene 163 97 022 033 033 {.064 3.6 24 100 12 40 48.5 038 190
Propyiene 163 10D 034 023 040 611 25 24 100 041 034 0.60 016 1.9
Styrene 163 15 015 026 0.13 0.017 34 24 21 013 12 NC 0z3 5.9
Toleene 163 100 1.8 62 .48 011 74 24 100 78 &7 92 27 320
Aliphatic hydrocashons Cs—Cg® 163 NC 29 NA 44 1.7 220 24 NC 58 NA 780 24 2700
Aliphatic hydrocarbops Co—Cie™ 163 NC 13 NA 14 018 400 24 NC 79 NA 100 14 350
Aromatic hydrocarhons Cg—Cy’ 163 NC 0,57 NA 0.695 0.17 586 24 NC 17 NA 27 071 120

Apbreviations: Max, maximuen detected concentration; Med, median; Min, minimum detected concentration; NGB, natural gas development; NC, not calculated; No., number of
samples; SD, standard deviation; % >MDL, percent greater than method detection limit; pg/m® micrograms per cubic meter; 95% UCL 95% upper confidence Gmit on the mean.

® Samples collected at one site every & six days between 2008 and 2010.

b Samples collected at foar separate sites i summer 2008 and one site in summer 2010.

¢ Calculated using EPA's ProUCL version 4.00.05 software (US EP4, 2010b).

4 sum of 2Z2-trimethyipentane, 2,2 4-trimethylpentane, 2,2-dimethylbutane, 2,3 4-trimethylpentane, 2,3-dxmeﬂ1ylbutane 23-dimethylpentane, 2 4-dimethylpentane, 2-
methylheptare, 2-methylhexane, 2-methylpentane, 3-methylheptane, 3-methylhexane, 3-methylpentane, cyclopentane, isopentane, methylcycopentane, n-heptane, n-ottane.

® Sum of n—decane, n-dodecane, n-tridecane, n-undecane.

I Sum of m~diethylsenzene, m-ethyltaitene, c-ethyitaluene, p-diethylbenzene, p—erhy!tuluene
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Table 2
Detection frequencies of hydrocarbons without toxicity vatues detected in NGD area or
well completion samples,

Hydrocarbon NGD area sarnple® Well completion
detection sample® detection
frequency [%) frequency (%)

1-Dodecene 36 81

1-Heprene 94 100

1-Hexene 63 79

1-Nonene 52 94

1-Octene 28 75

T-Pentene a8 79

1-Tridecene 7 38

1-Undecene 28 B1

2-Ethyi-i-butene 1 o

2-Methyl-1-butene . 28 44

2-Methyl-1-pentene 1 3

2-Methyl-2-burene 36 69

3-Methyl-1-butene 5 "B

4-Methyl-1-pentene 16 69

Acerylens 100 92

aPinene 63 100

b-Pinene 10 44

cis-2-Butene 58 75

cis-2-Hexene 13 81

cis-2-Pentene 38 54

Cyclapentene 44 o4

Ethane R ' 108 130

Ethylene 100 100

Isobutane 100 140

Isobutene/1-Burene 73 44

Isoprene il 96

n-Butane 98 | 100

Propane 100 100

Propyne 1 0

trans-2-Butene 80 75

rans-2-Hexene 1 6

‘ trans-2-Pentene 55 83

Abbreviations: NGD, natural gas development.

¢ Samples collected at one site every 6 six days berween 2008 and 2010,
® Samples eollected at four separate sites in summer 2608 and one site in summer
2010 :

concentrations of hydrocarboas from well completion samples were
significantly higher than concentrations from NGD area samples
{(p<0.05) with the exception of 1,2,3-tnimethylbenzene, n-pentane,
1,3-butadiene, isopropylbenzene, n-propylbenzene, propylene, and
styrene {Supplemental Table 2).

3.2. Non-cancer hazard indices

Table 3 presents chronic and subchronic RfCs used in calculating
non-cancer Hls, as well critical effects and other effects. Chronic
non-cancer HQ and H! estirnates based on ambient air concenirations
are presented in Table 4. The total chronic His based on the 95% UCL
of the mean concentration were 0.4 for residents > mile from
wells and 1 for residents <% mile from wells. Most of the chronic
non-cancer hazard is atiributed to neurological effects with neurolog-
icai Hls of 0.3 for residents >% mile from wells and 0.8 for residents
<1 mile from wells. : :

Total subchronic non-cancer HQs and HI estimates are presented
in Table 5. The total subchronic Hls based on the 85% UCL of the
mean concentration were 0.2 for residents > mile from welis
and 5 for residents <% mile from wells. The subchromic non-
cancer hazard for residents >% mile from wells is atiributed mostly
to respiratory effects (HI==0.27, while the subchronic hazard for
residents <V mile fTom wells is attributed to neurological
{Hl=4), respiratory {HI=2), hematologic (Hi=3), and develop-
mental {HI=1) effects.

For residents > mile from wells, aliphatic hydrocarhons (51%),
trimethylbenzenes {22%), and benzene (14%) are primary contribu-
tors to the chromnic non-cancer Hi. For residents <% miie from welis,

frimethylbenzenes {45%), aliphatic hydrocarbons (32%), and xylenes
(17%) are primary contributors to the chronic non-cancer Hl, and tri-
methylbenzenes {46%), aliphatic hydrocarbons (21%) and xylenes
(15%) also are primary contributors to the subchronic HI,

3.3. Cancer risks -

Cancer risk estimates calculated based on measured ambient air

. concenfrations are presented in Table 6. The cumulative cancer risks

based on the 95% UCL of the mean concentration were 6 in a million
for residents >'% from wells and 10 in a million for residents
<l mile from wells. Benzene (84%) and 1.3-butadiene (9%) were
the primary contributors to cumwative cancer risk for residents
>% mile from wells. Benzene (67%) and ethylbenzene {27%) were
the primary contributors to cumulative cancer risk for residents
<V mile from welis.

4. Discnssion

Our resulfs show that the non-cancer Hl from air emissions due to

- natural gas development is greater for residents living closer to wells.

Our greatest Hl corresponds to the relatively short-term (ie., sub-
chronic), but high emission, well completion periad. This HI is driven
principally by exposure to trimethylbenzenes, aliphatic hydrocar-
bons, and xylenes, all of which have neurological and/or respiratory
effects. We alse calculated higher cancer risks for residents living
nearer to wells as compared to residents residing further from
wells. Benzene is the major contributor to lifetirne excess cancer
risk for both scenarios. It aiso is notable that these inecreased risk met-
Tics are seen in an air shed thiat has elevated ambient levels of several
measured air toxics, such as benzene {CDPHE, 2009; GCPH, 2010).

4.1. Representation of exposures fromm NGD

It is likely that NGD is the major source of the hydrocarbons ob-
served in the NGD arez samples used in this risk assessment. The
NCD area monitoring site is located i the midst of multi-acre rural
home sites and ranches. Natural gas is the only industry in the area
other than agriculture, Furthermore, the site is at least 4 miles up-
wind from any other major emission source, including Interstate 70
and the town of Silt, Colorade. Interestingly, levels of benzene, m,p-
xylene, and 1,3,5-trimethylbenzene measured at this rural monitor-
ing site in 2009 were higher than levels measured at 27 out of 37
EPA air toxics monitoring sites where SNMOCs were measured, in-
cluding urban sites such as Elizabeth, NJ, Dearbors, Mi, and Tulsa,
OK {GCPH, 2016; US EPA, 2009b). In addition, the 2007 Garfield Coun-
ty emission inventory atiributes the bulk of benzene, xylene, toluene,
and ethylbenzene emissions i the county to NGD, with NGD point
and non-point sources contributing five times more benzene than
any other emission source, including on-road vehicles, wildfires, and
wood burning. The emission inventory also indicates that NGD
sources (eg. condensate tanks, drill rigs, venting during completions,
fugitive emissions from wells and pipes, and compressor engines)
cortributed ten times more VOC emissions than any source, other
than biogenic sources {e.g. plants, animals, marshes, and the earth)
(CDPHE, 2000,

Emissions from flowback operations, which may include emis-
stons from various sources on the pads such as wells and diese! en-
gines, ate likely the major source of the hydrocarbons observed in
the well completon samples. These samples were collected very
near (130 to 500 ft from the center) well pads during uncontrolled
flowback info tanks venting directly to the air. As for the NGI area
samples, no sources other than those associated with NGD were in
the vicinity of the sampling locations, -

Subchronic health effects, sach as headaches and throat and eye
irritation reported by residents during well completion activities
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Tabie 3
Chronic and subchronic reference concentrations, critical effects, and major effects for hydirocarbans in quantitative risk assessment.
Hydrocarbon Clironic Subchronic Critical effect/ Other effects
RIC {pg/m®) Source REC (pgfm™} Source target oFgan
1,23 Trimethylbenzene 5.00E+00 PPTRV 5.00E+01 PPIRYV Neurological Respiratory, hematelogical
13,5 Trimethylbenzens 6.00E+-00 PFIRV 1.00E+4-01 PPIRV Neuralogical Hematological
Isopropylbenzene 4.00E-+-02 RIS 9.00E 401 HEAST Renal Neurological, respiratory
n-Hexane 7.00E +02 RIS 200E+03 PPTRV Neurgiogical - '
n-Nonane 200E+02 PPTRV 2.00E-+03 PPTRV Neurclogical Respiratory
n-Pentane 1.00E-+C3 PPIRV 1.00E+04 PPIRV Neusoiogical -
Styrene 1.00E+03 RIS 3.00E4+03 HEAST Neuroiogica! -
Toluene 5.00E+03 RIS 5.00E+02 PPIRV MNeurological Developmental, respiratory
Xylenes, total ) 1.O0E4-G2 RIS 4,00E+-02 PPTRV Neurological Developmental, respiratory
n-propylbenzene 1.00E-+03 PPIRY 1.00E+03 Chronic RFC PPFTRV Devetopmental Neurciegicl
1.2, 4-Idmethylbenzene 7.00E +00 PPIRV 7.00E+01 PPIRV Decrease it blood- Neurological, respiratory
: clotting time '

13-Butadiene 2.00E -+-D0 IRIS 2 00E+00 Chronic RIC IRIS Reproductive Meurological. respiratory
Propylene 3.00E+3 CalEPA 1.00E+03 Chronic REC CalEPA Respiratory -
Benzene - 3,00E+01 ATSDR B.O0E 01 PPIRV Decreased Neurological, developrnenti,

iymphocyte count reproductive
Ethyibenzene 1.00E4-03 ATSDR 9.00E +03 PPIRV Auditory Neurological, respiratory, renia
Cyclonexane 6.00E 403 IRES 1.BOE+04 FPIRV Developmental Neurological '
Methylcyclohexane 3.00E403 HEAST 3.00E+03 HEAST Renal -
Aliphatic hydrocarbons Cs—Cg® 6E 402 PPTRV 27E+04 PFTRV Neurological -
Aliphatic bydrocarbons Co-Cyg 1E+02 ) PPIRV 1E402 PPIRV Respiratory
Aromatic hydsocarbons Cs-Cya® 1E-4+02 PPIRV 1E-+03 PPRTV Pecreased maternal Respiratory

: body weight

Abbreviations: 95%UCL, %5% upper confidence limit; CalEPA. California Envirunmental Protection Agency; HEAST, EPA Health Effects Assessment Surmmary Tables 1957; HQ, hazard
quotient; IRIS, Integrated Risk information System; Max, maximum; PPTRY, EPA Provisional Peer-Reviewed Toxidty Vatue; RRC, reference concentration; Mg/nr, mictograrms per
cubic meter. Data from CalEPA 2011; IRIS (US EPA, 2011); ORNL 2011,

4 Based on PPTRV for commercial hexane.

* Based on PPTRV-for high flash naphtha.

ocourting in Garfield County, are consistent with known health ef-
fects of many of the hydrocarbons evaluated in this analysis
{COGCC, 2011; Witter et al, 2011). Inhalation of rimethylbenzenes

and xylenes can irritate the respiratory system and mucous mem;
branes with effects ranging from eye, nose, and throat irritation to dif- -
ficulty in breathing and impaired Jung function {ATSDR, 2007a;

Table 4

Chronic hazard, quotients and hazard indices for residents living >4 mile from wells and residents Jiving <2 mile from wells.
Hydrocarbop >V mile =1 mile

Chronic HQ based on Chronic HQ based on 95% Chronic HG based an Chronic HQ based on 95%
) median concentration UCL of mean concentration median concentration UCL of mean concentration

1,2 3-Trimethylbenzene 209E—02 1.90E—02 2.87E—02 521E—02
1,2 4-Trimethylbenzene 251E—02 422E—-02 364E—02 201E—-07
12 5-Trimethylbenzene 1.96E —02 2.80E--02 3.00E—02 1.99E—01
15-Butadiene 5.05E—02 223E--02, 5.05E—02 22502
Benzene 3.03E—-02 5A4DE--02 332E—-0Z2 8.70E—02
Cyclohexane 3A4CE—D4 9.88E—04 3.67E—04 1.46E--03
Ethylbenzene 1.63E—D4 398E--(4 1.95E—04 323E-03
Isopropylbenzene 368E—04 1.78E—04 380E—04 3.05E—04
Methyloyclohexane 1.18E—03 2.00E —03 136E—03 532E—03
n-Hexane 5A49E—03 923E—-G3 5.76E—03 14702
n-Nonane 211E—-03 3.14E--03 295803 231E-02
n-Pentane B1E-—-03 132E—02 B.79E—03 239E—-02
n-propylbenzene 995E—05 959E~-05 128E—04 254E—-04

. Propylene 1.09E—04 127E—-04 1.10E—04 130E—04
Styrene ’ 1.43E--04 12504 142E—-04 432E—04
Toluene 340E—04 9.28E—04 4.06E—04 1.86E—03
Xylenes, total 1.16E—02 1.57E--02 1.54E—02 171E—01
Aliphatic hydrocarhons Cs—Cs 463602 7.02E—02 4.87E—02 1.36E—01
Aliphatic hydrocarbons Cg-Cas 122E—-02 135E—-01 1.58E—02 1.83E-01
Aromatic hydrocarbons Co—Crg 5.44E —03 6.657E—03 7.12E—03 2.04E—02
Tota! Hazard kndex 2E—01 4E—01 3E-01 1E 300
Neuorological Effects Hazard Index® 2E—D1 3E—01 3E—-D1 9E-—-01
Respiratory Effects Hazard Index® 1E—01 2E—02 2E—02 7£-01
Hematogical Effects Hazard Index® 1E—01 1E—01 1E—01 S5E—01
Developmental Efects Hazard kndex? 4E—02 JE—O2 SE—02 3E-01

Ahbreviations: 95%UCL, 95% upper confidence [imit; HQ, hazard quotient.

 Sum of HQs for hydrocarbons with neurological effects: 1,2,3-Trimethylbenzene, 1,24-Trimethylbenzene, 1,35-Trimethyloenzene, 1,3-butadiene, benzene, cycohexane, eth-
ylbenzene, isopfupylbenzene, n-hexane, n-nonane, n-pentane, n-prapylienzene, styrene, toluene, Xyienes, aliphatic C5-Cg hydrocarbans.

% Surp of HQs for bydrocarbons with respiratory effects: 1.2.3-Trimethylbenzene, 1,2.4-Trirnethylbenzene, 1 3-butadiene, ethylbenzene, isopropylbenzene. n-nonane, propylene,
toluene, xylenes, aliphatic Co-Cys iydrocarbens, aromatic Co-Cya hydrocarbons.

< Sum of HQs for hydrocarpons with hematological effects: 1.2 3-trimethylbenzene, 1,2,4-trimethylbenzene, 1.3,5-rimethylbenzene, benzene.

4 sum of HQs for hydrocarbons with developmental effects: benzene, cyclohexane, toluene, and xylenes.
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Table 5

Subchronic hazard quotients and hazard indices residents living >% mile from wells and residents living <% mile from wells. .

Hvdrocarbon (pg/m>) >4 mile <¥ mile

Subchronic KQ Subchronic HQ based Subchronic BQ Subchronic HQ

based on median on 95% UL of mean based on median based on 95% UCL of

cancentration cancentration concentration mean concentration
1,2,3-Trimethylbenzene 2.098 —03 1.80E —03 1.67E—-02 6.40E—-02
12,4 Trimethylbenzene 2.51E—03 | AE—03 238E—02 3.02E-01
1,3,5-Trmethyhenzene 1.18E—02 1.68E—02 129E-01 1.95E+00
1.3~Butadiene S.04E —02 223E—02 525E--G2 830E—02
Benzene 1.14E—02 2,02E—02 325E—02 255E—D1
Cyclohexane T13E~04 333F—04 293E—{04 324E—-03
Ethyihenzene 1.8I1E—05 442FE—05 856E—-05 5.96E—03
Isapropylbenzene 183E-03 792E—04 3.62E D3 1.14E—02
Methylcyclobexane 1.18E—~03 2ME—-03 467E—03 647E—02
n-Hexane 192E-03 32303 3.86E-03 398E—-02
n-MNonane 211E-—-D4 3.14E—-04 180E—03 378E—02
n-Pantane 8T1E—04 132E—03 1.05E—03 2. 13E—-02
n-propyibenzene 985E—-05 957E—05 6.36E—04 326E-—03
Propylene 143E—D4 3BOE—04 4712E—04 6.02E —04
Styrene 5,68E —04 4.16E 05 400E—06 1.97E—-03
Totuene 4.18E—05 S28E—D4 2.46E—04 1.84E-02°
Xyienes, total 291E—03 393E—-03 2.05E--02 721E-01
Aliphatic hydrecarbons Cs—Cg 1.07E—03 1.63E—03 2.07E—03 2.88E 02
Aliphatic hydrecarbons Co—Cig 1.3E-02 141E—0 79E—2 1.03E-00
Aromatic hydratarbons Co-Cyy 5.00E —04 6.95E —04 3.7E—03 2.64E—D2
Total Hazard Index. 1E—01 2E—01 4E—D1 S5E+00
Neuorological Effects Hazard Index” 9E—02 8E—02 3E—-01 4E+00
Respiratory Effects Hazard index® JE-02 ZE—01 2E—01 2E+00
Hematogical Effects Hazard Index® 3E—02 4E—02 2E—01 3E+4-00
‘Developmental Effects Hazard Index® 1E~02 '3E—02 5E—02 1E+00

Abbreviations: 95%UCL, 95% upper confidence limit; HQ, hazard quotient.

* Sum ef HQs for hydrocarbons with neurplogical effects; 1,2 3-Trimethylbenzene, 1,2 4-Trimethylbenzene, 1,3.5-TrAmethylbenzene, 1,3-buadiene, benzene, cyclohcxme eti-
ylbenzene, isopropylbenzene, n-hexane, n-noxane, p-pentane, n-propylbenzene, styrene, toluene, xylenes, aliphatic Cs—Ce hydrocarbens.
® Surm of HQs for hydrocarbans with respiratory effects: 1,2 3-Trimethylbenzene, 1,2,4-Trimethylbenzene, 13-butadiene, ethylbenzene, isopropylbenzene, n-nonang, propylene,

toluene, xylenes, aliphatic Ca-Cqg hydrocarbons, aromatic C5-Cy, hydrocarbons.

¢ Sum aof HOs for hydrocarbons with hamatolagical effects: 1,2 3-tiimethylbenzene, 1,2 4trimethylbenzene, 1,3,5-trimethylbenzene, benzene.
4 Sum of HQs for hydrocarbons with developmentsl effects: benzene, cyclohexane, toluene, and xylenes.

ATSDR, 2007b: US EPA, 1954). Inhalation of trimethylbenzenes, xy-
lenes, benzene, and alkanes can adversely affect the nervous system
with effects ranging from dizziness, headaches, fatigue at lower expo-
sures to numbness in the limbs, incoordination, remors, temporary
fimb paralysis, and unconsciousness at higher exposures (Carpenter
et al, 1978; Nilsen et al, 18988; US EPA, 1984: Galvin and Marashi,
1999: ATSDR, 2007a; ATSDR. 2007b).

42 Risk assessment as a tool for henlth impact assessment

HIA is a policy tool used internationally that is being increasingly used
in the United States to assess multiple complex hazards and exposures in
cornrmunities. Comparison of risks between residents based on proximity
to wells illustrates how the risk assessment process can be used to sup-
port the HiA process. An important component of the HIA process is to
identify where and when public health is most likely to be impacted
and to recommend mitigations to reduce or efiminate the potential

impact (Collins and Koplan, 2009}, This risk assessment indicates that
public health most likely woald be impacted by well completion activi-
fies, particulasly for residents living nearest the wells. Based on this infor-
mation, suggested risk prevention strategies in the HIA are directed at
minimizing exposures for those lving closet to the well pads, especially
during well completion activities when emissions are the highest. The
HIA includes recommendations to {1) control and monitor emissions
during completion transitions and fiowback; {2} capture and reduce
emissions through use of low or no emission flowback tanks: and (3) es-
tablish and maintain communications regarding well pad activities with
the community (Witter et al, 2011).

43. Comparisons to other risk estimates

This risk assessment is one of the first studies in the peer-
reviewed literature to provide a scientific perspective tothe potential
health risks associated with development of unconventional natural

Table 6 .
Excess cancer isks for residents Jiving =14 mile from wells and residents living <% mile from wells.
Hydracarbon WOE tinit Risk Source >% mile <% mile
T 3 -

IRIS 1ARC (hg/m) Cancer risk Cancer risk based Cancar isk Cancer risk based
based on median on 95% UCL of mean based on median an 95% UCL of mean
concentration concentration concentration concentvation

1.3-Butadiene B2 1 3.00E—05 RIS 1.30E--D6 5.73E—-07 130E—06 6.54E 07
Benzene A 1 7.80E—08 IRIS 3.03E—06 5A40E--06 3.33E-06 B.74E—06
Ethylbenzens NC 2B 2.50E 06 CalEPA 175E—-07 428E—07 2,008 —07 3A48E—08
Styrene NC 2B 5.00E 07 CER 3, 10E—08 2.70E—08 3.,00E—08 030E—-08
Cumulative cancer risk 5E—06 6E—06 5E—06 1E—05

Abbreviations: 95%UCL, 95% upper confidence Hmit; CalEPA, California Environmental Protection Agency; CEP, (Caldwell et al, 1998); 1ARC, International Agency for Research on
Cancer; IRYS, Integrated Risk Information System: Max, maximum; NC, not calentated; WOE, weight of evidence; pg/m®, micrograms per cubic meter, Data from CalEPA 2011; IRIS

(US EPA, 2011}
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gas resources, Our results for chronic non-cancer His and cancer risks
for residents > than % mile from wells are similar to those reported
for NGD areas in.the relatively few previous risk assessments in the
non-peer reviewed literature that have addressed this issue
{(DPHE, 2010; Coons and Watker, 2008; CDPHE, 2007: Watther,
2011). Qur rsk assessment differs from these previous risk assess-
ments in that it is the first to separately examine residential popuia-
tions nearer versus further from wells and to report health impact
of emissions resulting from well completions. It also adds information
ol exposure to air emissions from development of these resources.
These data show that it is important te include air pollution in the na-
tHional dialogue on unconventional NGD that, to date, has largely fo-
cused on water expasures to hydraulic fracturing chemicals.

44, Limitations

As with all risk assessments, scientific limitations may lead o an
over- or untderestimation of the actual risks. Factors that may lead to
overestimation of risk inctude wse of: 1) 95% UCL on the mean expo-
sure concentrations; 2) maximum detected values for 1,3-butadiene,
2,2, 4-trimethylpentane, and styrene because of & low number of de-
tectable measurements: 3) default RME exposure assumptions, such
as an exposure time of 24 h per day and exposure frequency of
350 days per year; and 4) upper bound cancer risk and non-cancer
toxicity vatues for some of our major risk drivers. The benzene TUR,
for example, is based on the high end of a range of maximum iikeli-
hood values and includes uncertainty factors to account for limita-
tions in the epidemiological studies for the dose-response and
exposure data (US EPA, 2011). Similiarly, the xylene chronic RfC is
adjusted by a factor of 200 to account for uncertainties in extrapolat-
ing from animal studies, variability of sensitivity in humans, and ex-
trapolating from subchronic studies {US EPA, 2017). Our use of
chromic RICs values when subchronic RfCs were not available may
also have overestimated 1,3-butadiene, n-propylbenzene, and pro-
pyiene subchronic HQs. None of these three chemicals, however,
were primary contributors to the subchronic HI, so their overall ef-
fect on the Hi is relatively smail.

Several factors may have lead to an underestirmation of risk in our
study results. We were not able to completely characterize expesures

because several criteria or hazardous air pollutants directly assodated’

with the NGD process via emissions from wells or equipment used to
develop wells, including formaldehyde, acetaldehyde, crotonalde-
hyde, naphthalene, particulate matter, and polycyclic aromatic hy-
drocarbons, were not measured. No toxicity values appropriate for
quantitative risk assessment were available for assessing the risk to
several alkenes and jow molecular weight alkanes {particularly<Cy
aliphatic hydrocarbons). Whiie at low concentrations the toxicity of
alkanes and alkenes is generally considered to be minimal
(Sandmeyer, 1981), the maximum concenirations of several low mo-
Jecular weight alkanes measured in the well completion samples
exceeded the 200-1000 pg/m> range of the RICs for the three alkanes
with toxicity values: n-hexane, n-pentane, and n-nopane {(US EPA,
2011; ORNL 2009), We did not consider health effects from acute
{i.e., Jess than 1 h) exposures fo peak hydrocarbon emissions because
there were no appropriate measuremenss. Previous risk assessments
have estimated an acute HQ of 6 from benzene in grab samples col-
lected when residents noticed odors they attyibuted to NGD
{CDPHE, 2007). We did not include szone or other potentially rele-
vant exposure pathways such as ingestion of water and inhalation
of dust in this risk assessment because of a Jack of available data. Ele-
vated concentrations of ozone precursoers (specifically, VOCs and ni-
trogen oxides) have been observed in Garfield County's NGD area
and the 8h average ozone conceniration has periodically
approached the 75ppb National Ambient Air Quality Standard
{NAAQS) (CDPHE, 2009; GCPH, 2010).

This risk assessment alsc was limited by the spatial and temporal

' scope of available monitoring data. For the estimated chronic expo-

sure, we used 2 years of monitoring data to estimate expostres over

. a 30 year exposure period and a relatively small database of 24 sam-

ples collected at varying distances up to 500 ft from a well head
(which also were used to estimate shorter-termn non-cancer hazard
index). Our estimated 20-month subchronic exposure was limited
1o samples collected in the summer, which may have not have cap-
tured temporal variagor in well compietion emissions. Our % mile
cut point for defining the two different exposed populations in our
exposure scenarios was based on complaint reports from residents
Tiving within %2 mile of existing NGD, which were the only data avail-
able. The actual distance at which residents may experience greater
exposures from air emissions may be less than or greater than a
12 mile, depending on dispersion and lo! topography and meteorol-
ogy. This lack of spatially and temporally appropriate data increases
the uncertainty associated with the results. :

Lastly, this risk assessment was limited in that appropriate data
were not available for apportionment to specific sources within
NGD {e.g. diesel emissions, the natural gas resource itself, emissions
from tanks, etc.). This increases the uncertainty in the potential effec-
tiveness of risk mmitigation options.

These limitations and uncertainties in our risk assessment high-
light the preliminary nature of our results. However, there is more
cerainty in the compazison of the risks between the populations
and in the comparison of subchronic to chronic exposures because
the l[imitations and uncertainties similarly affected the risk estimates.

4.5, Next steps

Further studies are warranted, in order to reduce the uncertainties
in the health effects of exposures to NGD air emissions, to better di-
rect efforts to prevent exposures, and thus address the Jimitations of
this risk assessment. Next steps should include the modeling of
short- and jonger-term exposures as well as collection of area, resi-
dential, and personai exposure dafa, particularly for peak short-term
emissions. Furthermore, studies should examine the toxidty of hy-
drocarbons, such as alkanes, including health effects of mixtures of
HAPs and other air poliutants associated with NGD. Emissions from
specific emission sources should be characterized and include devel-
opment of dispersion profiles of HAPs. This emissions data, when
coupled with information on local meteorological conditions and to-
pography, can heip provide guidance on mirumeum distances needed
to protect occupant health in nearby homes, schools, and businesses.
Studies that incorporate all relevant pathways and exposure scenari-
os, including occupational exposures, are needed to better under-
stand the impacts of NGD of unconventional resources, such as tight
sands and shale, on public health. Prospective medical monitoring
and surveillance for potential air pollution-related health effects is
needed for populations living in areas near the development of ur-
conventional natural gas resources,

5. Conclusions

Risk assessment can be used as a fool in HiAs to identify where
and when public bealth is tnost likely to be impacted and o inform
risk prevention strategies directed towards efficient reduction of
negative health impacts. These preliminary results indicate that
heaith effects resulting from air emissions during development of
unconventional patural gas resources are most likely to occur in
residents living nearest to the well pads and warrant further
study. Risk prevention efforts should be directed towards reducing
air emission exposures for persons living and working near wells
during well completions.

Supplementary materials related to this article can be found on-
Iine at doi:10.1016/j.scitotenv.2012.02.018.
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