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ABSTRACT: We developed a screening framework for identifying organic
components of hydraulic fracturing fluid with increased probability of
exposure via groundwater based on mobility, persistence, toxicity, and
frequency of use. Of 996 organic fracturing fluid compounds identified by the
U.S. Environmental Protection Agency and FracFocus for four states, data
were available to perform an initial screening of 659 compounds for sufficient
mobility and persistence to reach a water well under fast and slow
groundwater transport scenarios. For the fast transport scenario, 15
compounds identified on at least 50 FracFocus reports were predicted to
have an elevated exposure potential, which was defined as ≥10% of the initial
concentration remaining at a transport distance of 94 m, the average setback
distance in the United States. Of these 15 compounds, two were identified on
>20% of FracFocus reports (naphthalene and 2-butoxyethanol), four were
compounds identified on >5% of reports, and three had health-based standards.

■ INTRODUCTION

Significant technological advances in horizontal drilling and
hydraulic fracturing are allowing extraction of hydrocarbons
from low-permeability formations that were previously not
developed because of limited recovery.1 Rapid expansion of the
use of these technologies has generated concern about
degradation of water quality in aquifers.1−5 Fracturing fluids
are pumped into the shale formation at high pressures to
induce fractures and carry proppants to hold open the fractures
and create a flow path for the hydrocarbons to the well. A
typical fracturing fluid composition includes ∼90% water, ∼9%
proppants, and ∼1% chemical additives, including surfactants,
friction reducers, gelling agents, and biocides.6,7 Each additive is
a mixture of compounds, the types and concentrations of which
vary substantially on the basis of basin characteristics as well as
operator specifications.6

Subsurface pathways that may result in the release of
fracturing fluids to aquifers include failure of well integrity,
improperly abandoned wells, and existing faults or fractures in
geologic formations between the target formations and
aquifers.1−3,6 The probability of groundwater contamination
by these pathways is generally thought to be low.8 Surface
pathways include spills from the transport, storage, and
handling of fracturing fluid additives as well as flowback
water from the formation.2,3,9 Surface spills and releases are the
more likely groundwater contamination pathway.2,5,8,10

Human exposure to a harmful fracturing fluid constituent
requires transport to a potential receptor,5 and the broad
variety of compounds possibly used in fracturing fluids poses a
challenge when evaluating transport potential.6 Previous studies
of potential drinking water contamination by fracturing fluids
have focused on characterizing the toxicity of the individual
compounds,11−14 with consideration of environmental expo-
sure potential for only a limited number of compounds9,13,14

and not mixtures.15 The variety of compounds hinders baseline
groundwater monitoring due to analytical limitations of a
comprehensive analysis of possible constituents.16 Effective
groundwater monitoring should focus on constituents most
likely to be present.17

Our objectives are (1) to develop a screening framework for
identifying fracturing fluid compounds that are sufficiently
mobile and persistent to be transported through aquifers by
comparing the time for a compound to degrade to a predicted
groundwater transport time and (2) to perform an initial
screening using available data for 659 compounds. Degradation
products and mixture interactions were not considered.
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■ METHODS

Compound Sources and Selection. A total of 996 unique
organic compounds were identified. Of these, 641 were
identified from unique Chemical Abstract Service (CAS)
numbers reported on FracFocus Chemical Disclosure Registry
reports18 acquired for Colorado (7772 reports), North Dakota
(5662), Pennsylvania (4312), and Texas (32278) as of
November 2014. By 2012, all four states required disclosure
on FracFocus.19 Additional compounds were identified from a
list compiled by the Environmental Protection Agency
(EPA).20 Some compounds were identified on both lists
(331); however, 355 were identified only by the EPA.
Compounds were not consistently reported on FracFocus
until 2011,18 while the EPA list includes compounds disclosed
between 2005 and 2010. Consequently, there are compounds
considered in this analysis that operators may no longer use but
are of interest with respect to potential legacy contamination.
Compounds that are considered proprietary may not be
identified by CAS number on the FracFocus reports.19 Finally,
both the EPA list and FracFocus include compounds with no
apparent use in fracturing fluids, for instance, due to errors in
the reported CAS number. To account for compounds with no
indication of current or apparent use in fracturing fluids,
compounds were only designated as having an elevated
exposure potential if they were predicted to have ≥10% of
the initial concentration remaining at the setback distance and
were identified on ≥50 FracFocus reports (0.1% of reports
acquired).
Of the 996 compounds, CAS numbers or unique structures

could not be identified for 337 compounds (Methods of the
Supporting Information); these were classified as “no data” and
were not screened, which left 659 organic compounds to be
screened. Degradation products of the screened compounds
were not considered.
Screening Framework. Compounds were screened by

comparing the time to degrade to 10% of the initial

concentration (t0.1) against the transport time to a distance of
94 m (t94), the national average required setback distance.19

The average setback distance represents a horizontal transport
distance for a contaminant from an oil and gas well to a
domestic well. The framework simulates horizontal transport in
an aquifer from a point of release (e.g., a failed well casing, a
spill that has migrated through the vadose zone) to a drinking
water well. Two transport scenarios were considered: a highly
porous aquifer with relatively fast groundwater velocity and a
less porous aquifer with slower velocity. Compounds identified
on ≥50 FracFocus reports and predicted to have ≥10% of the
initial concentration remaining at the transport distance were
predicted to have an elevated exposure probability.

Mobility. The transport time of each compound, t94, was
calculated using an average linear groundwater velocity, vw, as

=t
d R
v94
c

w (1)

where dc is the setback distance (94 m) and R is the retardation
coefficient, calculated as

ρ= + −⎜ ⎟⎛
⎝

⎞
⎠R

n
K1

1
1s d (2)

where ρs is the density of the aquifer sediment (assumed to be
2.65 kg L−1), n is the porosity, and Kd is the distribution
coefficient (liters per kilogram of sediment). The distribution
coefficient was estimated to include sorption of the neutral
form of the compound to organic matter and sorption of the
cationic form of organic bases by ion exchange:

α α= +K K f Kd n oc oc c d,ex (3)

where αn is the neutral fraction of the organic compound, αc is
the cationic fraction of organic bases, Koc (liters per kilogram of
organic carbon) is the organic carbon partition coefficient, Kd,ex
(liters per kilogram of sediment) is the ion exchange coefficient,
and foc is the fraction of organic carbon of the sediment

Table 1. Frequently Used Organic Compounds in Hydraulic Fracturing Fluids and Corresponding Screening Framework
Parametersa

compound additive purposeb
FracFocus

frequency (%)c
toxicity
cat.d

Kd (L
kgsed

−1)e t1/2 (d) reff

methanol corrosion inhibitor, surfactant, nonemulsifier, scale inhibitor,
biocide, cross-linker

76.5 HAI 1 × 10−3 1 25

hydrotreated light petroleum
distillates

friction reducer, gelling agent, cross-linker 70.0 no HAI 2 × 102 231 28

2-propanol corrosion inhibitor, nonemulsifier, surfactant 50.1 no HAI 3 × 10−3 14 26
ethylene glycol cross-linker, scale inhibitor, corrosion inhibitor, friction reducer 49.7 HAI 2 × 10−4 24 25
guar gum gelling agent 45.2 no HAI 3 × 10−1 0.1 29
ethanol surfactant, biocide 34.2 no HAI 2 × 10−3 2 27
glutaraldehyde biocide 33.3 no HAI 2 × 10−3 0.3 27
propargyl alcohol corrosion inhibitor 32.7 HAI 2 × 10−3 13 27
acetic acid buffer, iron control 31.7 no HAI 7 × 10−6 7 28
citric acid iron control 23.4 no HAI 3 × 10−9 0.4 28
heavy aromatic petroleum
naphtha

surfactant, nonemulsifier, inhibitor, corrosion inhibitor 23.3 no HAI 7 × 10−1 6 21

2-butoxyethanol surfactant, corrosion inhibitor, nonemulsifier 22.8 HAI 8 × 10−3 56 26
naphthalene surfactant, nonemulsifier, corrosion inhibitor 22.0 HAI 7 × 10−1 258 25
sorbitan monooleate friction reducer, biocide, corrosion inhibitor 20.7 no HAI 2 × 10−3 20 28
aCompounds were designated frequently used if they were identified on >20% of FracFocus disclosure reports. bFunction of additive in which each
compound was identified as an ingredient, reported by the EPA.53 FracFocus does not report the specific purpose of each compound within an
additive, and a compound may be used as an ingredient in multiple additives.53 cPercentage of FracFocus reports identifying use of compound out of
50024 reports acquired for the states of Colorado, North Dakota, Pennsylvania, and Texas. dIndicates availability of health assessment information
(HAI). No frequently used compounds had health-based standards (MCLs). eCalculated according to eq 3. fReferences for degradation kinetics data.
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(assumed to be 0.001 kgoc kgsed
−1). The Koc of each compound

was estimated by the EPA’s widely used Estimation Program
Interface (EPI) Suite program.21 We estimated Kd,ex for 83
bases that were ≥10% ionized at pH 7 assuming a low cation
exchange capacity consistent with an alluvial sediment allowing
fast transport (Methods of the Supporting Information). Ion
exchange was considered negligible for ionized organic acids
because the anion exchange capacity of typical alluvial aquifer
sediments is relatively low.22,23

The transport time was calculated for scenarios of fast (vw of
1 m day−1) and slow (vw of 0.01 m day−1) groundwater flow.
The fast transport scenario is consistent with velocities reported
for alluvial deposits.24

Persistence. Persistence was evaluated using a “tenth-life”,
t0.1, which was calculated from a compound’s half-life (t1/2) as

=
⎡
⎣⎢

⎤
⎦⎥t t

ln(0.1)
ln(0.5)0.1 1/2

(4)

For 312 compounds, biodegradation and hydrolysis half-lives
were determined from published experimental data.21,25−35

When available, degradation kinetics in groundwater attenu-
ation studies or anaerobic environments were chosen over
aerobic kinetics to better represent likely conditions in a
groundwater contaminant plume. For the other 347 com-
pounds, experimental degradation data were not available.
These compounds were screened using an estimated time
required for complete primary biodegradation in an aerobic
aquatic environment predicted by BIOWIN 4, which calculated
a rating corresponding to an expected degradation time range
(Table S2 of the Supporting Information).21,36 Half-lives
assigned to the BIOWIN-predicted time range intervals37

were used to adjust the predictions to an estimated t0.1
(Methods of the Supporting Information).
Toxicity. Compounds were evaluated for potential toxicity

using National Primary Drinking Water Regulations
(NPDWR)38 and health assessment information, including
oral reference doses, inhalation reference concentrations, and
carcinogenic risk slope factors published by the EPA Integrated
Risk Information System (IRIS).39 Three categories were
defined: 14 compounds had a maximum contaminant level
(MCL) that could be enforced under NPDWR, 53 compounds
had published health assessment information (e.g., reference
doses) but no MCL, and 592 compounds had no MCL and no
health assessment information.
Frequency of Use. The frequency of use was assessed by

counting the number of FracFocus reports on which a
compound’s CAS number appeared. Table 1 summarizes the
screening parameters for 14 frequently used compounds
identified on >20% of FracFocus reports. Frequency of use
was assessed on a national scale and could misrepresent the
prevalence of a compound regionally.

■ RESULTS AND DISCUSSION
Compounds with Elevated Exposure Potential. For the

fast transport scenario, 41 compounds screened using published
degradation data were predicted to have ≥10% of the initial
concentration remaining at the transport distance (Figure 1).
Of these, 15 compounds were also identified on ≥50 FracFocus
reports and were predicted to have an elevated exposure
potential (Table 2). Because some compounds excluded or
rarely identified on FracFocus could be relevant for assessing
potential legacy contamination, all compounds predicted to be

sufficiently mobile and persistent were identified (Table S1 of
the Supporting Information); however, they were considered to
have an elevated exposure potential only if they were identified
on ≥50 reports.
Three of the 15 compounds with elevated exposure potential

have health-based standards (MCLs): acrylamide and the
petroleum hydrocarbons ethylbenzene and xylenes. The
occurrence of these compounds at concentrations above their
MCLs would necessitate regulatory action. Acrylamide was
identified on 3.2% of FracFocus reports as a residual ingredient
in nonhazardous acrylamide polymers commonly used in
fracturing fluids as friction reducers.13,40 The petroleum
hydrocarbons were rarely identified as individual additives on
FracFocus (e.g., ethylbenzene, 0.30% of reports), but they are
minor constituents of some petroleum-based additives like
hydrotreated light petroleum distillates [<0.5% (w/v)],41,42

identified as an ingredient in friction reducers on 70.0% of
reports. Benzene, also a minor constituent of petroleum
distillates, was predicted to be sufficiently mobile and persistent
by the screening framework but was individually identified on
<50 reports.
Six of the 15 compounds with elevated exposure potential

have health assessment information (e.g., reference doses), but
no MCLs. The occurrence of these compounds at concen-
trations above their reference doses could be a concern for
human health but would not necessitate regulatory action. Two
of six were frequently used: 2-butoxyethanol (22.8% of
FracFocus reports) and naphthalene (22.0%). Both compounds
are commonly identified as ingredients in surfactants, corrosion
inhibitors, and nonemulsifiers, and naphthalene is a constituent
of some petroleum-based additives.41,43 A recent study detected
trace concentrations of 2-butoxyethanol in addition to
unresolved complex mixtures of organic compounds in a
domestic water well, concluding that drilling or fracturing fluids
used in nearby gas wells likely caused the observed groundwater
contamination.44 N,N-Dimethylformamide, an ingredient in
corrosion inhibitors, was identified on 9.1% of FracFocus
reports. Three of the six compounds were rarely identified
(<5% of reports).
The remaining six of the 15 compounds with elevated

exposure potential did not have health assessment information;
these compounds are currently not assessed in the EPA IRIS
database. Three of the six were more commonly used in
fracturing fluids [polysorbate 80 (12.6% of FracFocus reports),
2-mercaptoethanol (8.7%), and 2-ethylhexanol (7.2%)], and
the other three compounds were rarely identified.
For the fast transport scenario, six of the compounds

screened using the BIOWIN-estimated biodegradation time
ranges were predicted to have ≥10% of the initial concentration
remaining at the transport distance, and four of the six were
predicted to have elevated exposure potentials but were rarely
identified on FracFocus (Table 2 and Figure S2 of the
Supporting Information). In the slow transport scenario, no
compounds were predicted to have an elevated exposure
potential because degradation to <10% of the initial
concentration occurred by the time the compounds reached
the transport distance (Figures S1 and S2 of the Supporting
Information).

Frequently Used Compounds. Frequently used com-
pounds identified on >20% of FracFocus reports are labeled in
Figure 1. Ethylene glycol, sorbitan monooleate, 2-propanol, and
propargyl alcohol were plotted just below the region
designating elevated exposure potential. Both ethylene glycol
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and propargyl alcohol have oral reference doses, and while
ethylene glycol’s dose is relatively high, occurrence at
concentrations above the reference dose could be a health
concern.
Frequently used compounds of elevated exposure potential

could be utilized as indicators of contamination by fracturing
fluids. Groundwater monitoring programs and studies evaluat-
ing potential migration of fracturing fluids have focused on
conservative ions such as chloride and bromide;17,45,46 however,
the source of these ions is not readily distinguished.45,46 The
screening framework may be applied to prioritize future
research needs, including measuring fate and transport
parameters for frequently used mobile and persistent
compounds relevant to human health risk assessments or that

could be considered for groundwater monitoring programs to
help indicate fracturing fluid migration.

Uncertainty and Limitations. The persistence assessment
is highly uncertain because degradation data are limited for
many fracturing fluid compounds2 and kinetics can vary
depending on site conditions.32,47 Most of the biodegradation
half-lives used to calculate t0.1 were measured or estimated in
oxic environments, and kinetics under anoxic conditions
common to groundwater contaminant plumes are generally
slower than aerobic rates.47,48 The half-life assumed in the
screening framework allows for the comparison of a broad
variety of compounds; however, degradation rates used will not
be applicable for all site conditions. The lack of published
degradation data required that 53% of compounds were
screened using estimates of aerobic biodegradation time ranges.

Figure 1. Screening framework plot of time to 10% of initial concentration (t0.1) vs transport time to 94 m (the average setback distance in the
United States) for 312 compounds with degradation data available. (top) The elevated exposure potential zone (≥10% of the initial concentration
predicted to remain at the setback distance) is defined as the area above the 1:1 line; (bottom) the elevated exposure potential zone is shown in
detail. The transport time is calculated for the fast groundwater transport scenario. The 41 compounds predicted to have ≥10% of their initial
concentration remaining at the transport distance are labeled in the bottom plot (compound abbreviations are defined in Table 2 and Table S1 of the
Supporting Information). Frequently used compounds (appearing on >20% of FracFocus reports) are indicated by bold labels. Toxicity is
represented using three categories: compounds with maximum contaminant levels (MCL, red symbols), compounds with health assessment
information but not MCLs (HAI, orange symbols), and compounds without MCLs and HAI (no HAI, yellow symbols). Empty symbols represent
data for compounds appearing on <50 FracFocus reports and filled symbols those appearing on ≥50 reports. The symbol shape indicates whether
the half-life used to calculate the t0.1 value represents anaerobic biodegradation (circles), aerobic biodegradation (triangles), or abiotic hydrolysis
(squares).
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While models such as BIOWIN 4 are useful as an initial
screening tool,36,49 the uncertainty of these predictions and the
difficulty of extrapolating rates from one condition to another47

illustrate the need for data on the degradation of many
compounds used in fracturing fluids under conditions relevant
for groundwater transport.
We did not consider possible interactions between co-

contaminants, which may include solubility enhancement by
cosolvents, mobility enhancement by association with surfac-
tants,50 or biodegradation inhibition by biocides.13,29 We also
did not account for any chemical transformations that
compounds may undergo downhole, or the formation of
additional organic compounds in produced water.51,52 The
degradation of some fracturing fluid compounds may yield
intermediate products that are more hazardous than the parent
compound,14,48 but the behavior of these degradation products
was not considered.
Uncertainties in framework parameters, including the

dependency of sorption on site-specific conditions and the
variability of degradation rates, could push compounds above
or below the 10% remaining threshold. Limitations such as
neglecting possible mixture interactions, omitting degradation
products and any intermediates formed downhole, and the
exclusion of fate and transport parameters relevant to specific
pathways (e.g., volatilization and dispersion) could also

influence the exposure potential. The 10% remaining threshold
will not be appropriate for all scenarios because some
compounds are hazardous at trace quantities and groundwater
concentrations could vary considerably depending on the mass
released and transport pathway. The toxicity assessment is
limited because mixture toxicity was not considered and some
hazardous compounds may not be included in the EPA’s IRIS
database. While it remains challenging to predict the exposure
potential of fracturing fluid compounds in groundwater, the
initial screening results prioritize compounds with elevated
potential for human exposure based on our current knowledge.
More data on the fate and transport of fracturing fluid organic
constituents and their transformation products are needed to
improve our understanding of the exposure potential in
groundwater.

■ ASSOCIATED CONTENT

*S Supporting Information
Additional details about the methods and results (all
compounds predicted to have ≥10% remaining, slow scenario,
predicted biodegradation time frames), screening parameters,
and compounds classified as “no data”. The Supporting
Information is available free of charge on the ACS Publications
website at DOI: 10.1021/acs.estlett.5b00090.

Table 2. Compounds Predicted To Have an Elevated Exposure Potential Because They Were Identified on ≥50 FracFocus
Reports (0.1% of reports acquired) and Predicted To Have ≥10% of the Initial Concentration Remaining at the 94 m Transport
Distance (the average setback distance in the United States)

compound additive purposea
FracFocus frequency

(%)b
toxicity
cat.c t0.1 (year)

d
t94

(year)e

acrylamide friction reducer 3.2 MCL 0.37 (an) 0.26
ethylbenzene corrosion inhibitor 0.30 MCL 2.1 (an) 0.81
xylenesf corrosion inhibitor, surfactant,

solvent
2.3 MCL 3.3 (an) 0.90

1,3,5-trimethylbenzene surfactant 0.75 HAI 1.6 (an) 1.2
1,4-dioxane surfactant 1.2 HAI 3.3 (an) 0.26
1-butanol surfactant 2.1 HAI 0.49 (an) 0.27
2-butoxyethanol surfactant, corrosion inhibitor,

nonemulsifier
22.8 HAI 0.51 (an) 0.27

N,N-dimethylformamide corrosion inhibitor 9.1 HAI 2.2 (ae) 0.26
naphthalene surfactant, nonemulsifier, corrosion

inhibitor
22.0 HAI 2.4 (an) 1.0

2-ethylhexanol nonemulsifier, surfactant 7.2 no HAI 3.3 (an) 0.37
2-mercaptoethanol iron control 8.7 no HAI 1.0 (an) 0.26
benzene, 1,1′-oxybis-, tetrapropylene derivatives, sulfonated,
sodium salts (BOTS)

scale inhibitor, surfactant 1.3 no HAI 0.75 (ae) 0.44

butyl glycidyl ether resin 0.93 no HAI 2.1 (ae) 0.27
polysorbate 80 surfactant 12.6 no HAI 0.65 (ae) 0.26
quaternary ammonium compounds, dicoco alkyldimethyl,
chlorides (QAC)

corrosion inhibitor, biocide 4.7 no HAI 1.7 (ae) 1.3

bishexamethylenetriamine penta methylene phosphonic acid
(BMPA)

scale inhibitor 1.2 no HAI 0.55 (ae)g 0.26

diethylenetriaminepenta (methylene-phosphonic acid) (DMPA) scale inhibitor 0.16 no HAI 0.55 (ae)g 0.26
FD&C blue no. 1 gelling agent 0.39 no HAI 0.34 (ae)g 0.26
tetrakis(triethanolaminato) zirconium(IV) (TTZ) cross-linker 2.8 no HAI 0.34 (ae)g 0.26
aFunction of additive in which each compound was identified as an ingredient, reported by the EPA.53 FracFocus does not report the specific
purpose of each compound within an additive, and a compound may be used as an ingredient in multiple additives.53 bPercentage of FracFocus
reports identifying the use of a compound out of 50024 reports acquired for the states of Colorado, North Dakota, Pennsylvania, and Texas.
cIndicates whether a compound has health-based standards (MCL), no MCL but health assessment information available (HAI), or no MCL and no
health assessment information (no HAI). dCalculated according to eq 4. The conditions for which the compound’s half-life was reported are noted
for anaerobic biodegradation (an), aerobic biodegradation (ae), or abiotic hydrolysis (hy). eEstimated according to eq 1 for fast transport scenario.
f“Xylenes” refers to the mixture of three isomers (ortho, meta, and para). Toxicity studies performed for the mixture.39 Fate and transport parameters
were determined for m-xylene because it is the dominant isomer in the mixture (45−70%).27 gEstimated t0.1 adjusted from the expected time range
required for complete aerobic biodegradation predicted by BIOWIN 4.21

Environmental Science & Technology Letters Letter

DOI: 10.1021/acs.estlett.5b00090
Environ. Sci. Technol. Lett. 2015, 2, 158−164

162

http://pubs.acs.org
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.estlett.5b00090
http://dx.doi.org/10.1021/acs.estlett.5b00090


■ AUTHOR INFORMATION
Corresponding Author
*Address: University of Colorado Boulder, 428 UCB, Boulder,
CO 80309. E-mail: jessica.rogers@colorado.edu. Phone: (303)
492-1691.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the National Science Foundation
Sustainability Research Network program (CBET-1240584)
and the U.S. Environmental Protection Agency STAR Fellow-
ship (FP 91745101). We thank Mark Williams (University of
Colorado), John Adgate and Lisa McKenzie (Colorado School
of Public Health), and three reviewers for their constructive
comments.

■ REFERENCES
(1) Vidic, R. D.; Brantley, S. L.; Vandenbossche, J. M.; Yoxtheimer,
D.; Abad, J. D. Impact of shale gas development on regional water
quality. Science 2013, 340 (6134), 1235009 DOI: 10.1126/sci-
ence.1235009.
(2) Jackson, R. E.; Gorody, A. W.; Mayer, B.; Roy, J. W.; Ryan, M. C.;
Van Stempvoort, D. R. Groundwater protection and unconventional
gas extraction: The critical need for field-based hydrogeological
research. Groundwater 2013, 51 (4), 488−510 DOI: 10.1111/
gwat.12074.
(3) Vengosh, A.; Jackson, R. B.; Warner, N.; Darrah, T. H.; Kondash,
A. A critical review of the risks to water resources from unconventional
shale gas development and hydraulic fracturing in the United States.
Environ. Sci. Technol. 2014, 48 (15), 8334−48 DOI: 10.1021/
es405118y.
(4) Brantley, S. L.; Yoxtheimer, D.; Arjmand, S.; Grieve, P.; Vidic, R.;
Pollak, J.; Llewellyn, G. T.; Abad, J.; Simon, C. Water resource impacts
during unconventional shale gas development: The Pennsylvania
experience. Int. J. Coal Geol. 2014, 126, 140−56 DOI: 10.1016/
j.coal.2013.12.017.
(5) Adgate, J. L.; Goldstein, B. D.; McKenzie, L. M. Potential public
health hazards, exposures and health effects from unconventional
natural gas development. Environ. Sci. Technol. 2014, 48 (15), 8307−
20 DOI: 10.1021/es404621d.
(6) Carter, K. E.; Hakala, J. A.; Hammack, R. W. Hydraulic fracturing
and organic compounds: Uses, disposal and challenges. In SPE Eastern
Regional Meeting; Society of Petroleum Engineers: Pittsburgh, PA,
2013 (DOI: http://dx.doi.org/10.2118/165692-MS).
(7) Groundwater Protection Council; ALL Consulting. Modern Shale
Gas Development in the United States: A Primer; U.S. Department of
Energy: Washington, DC, 2009.
(8) Rozell, D. J.; Reaven, S. J. Water pollution risk associated with
natural gas extraction from the Marcellus Shale. Risk Analysis 2012, 32
(8), 1382−93 DOI: 10.1111/j.1539-6924.2011.01757.x.
(9) Aminto, A.; Olson, M. S. Four-compartment partition model of
hazardous components in hydraulic fracturing fluid additives. J. Nat.
Gas Sci. Eng. 2012, 7, 16−21 DOI: 10.1016/j.jngse.2012.03.006.
(10) Gross, S. A.; Avens, H. J.; Banducci, A. M.; Sahmel, J.; Panko, J.
M.; Tvermoes, B. E. Analysis of BTEX groundwater concentrations
from surface spills associated with hydraulic fracturing operations. J.
Air Waste Manage. Assoc. 2013, 63 (4), 424−32.
(11) Chemicals Used in Hydraulic Fracturing; U.S. House of
Representatives, Committee on Energy and Commerce, Minority
Staff: Washington, DC, 2011.
(12) Colborn, T.; Kwiatkowski, C.; Schultz, K.; Bachran, M. Natural
gas operations from a public health perspective. Hum. Ecol. Risk Assess.
2011, 17 (5), 1039−56 DOI: 10.1080/10807039.2011.605662.
(13) Stringfellow, W. T.; Domen, J. K.; Camarillo, M. K.; Sandelin,
W. L.; Borglin, S. Physical, chemical, and biological characteristics of

compounds used in hydraulic fracturing. J. Hazard. Mater. 2014, 275,
37−54 DOI: 10.1016/j.jhazmat.2014.04.040.
(14) Kahrilas, G. A.; Blotevogel, J.; Stewart, P. S.; Borch, T. Biocides
in hydraulic fracturing fluids: A critical review of their usage, mobility,
degradation, and toxicity. Environ. Sci. Technol. 2015, 49 (1), 16−32
DOI: 10.1021/es503724k.
(15) Goldstein, B. D.; Brooks, B. W.; Cohen, S. D.; Gates, A. E.;
Honeycutt, M. E.; Morris, J. B.; Orme-Zavaleta, J.; Penning, T. M.;
Snawder, J. The role of toxicological science in meeting the challenges
and opportunities of hydraulic fracturing. Toxicol. Sci. 2014, 139 (2),
271−83 DOI: 10.1093/toxsci/kfu061.
(16) Ferrer, I.; Thurman, E. M. Chemical constituents and analytical
approaches for hydraulic fracturing waters. Trends Environ. Anal. Chem.
2015, 5, 18−25 DOI: 10.1016/j.teac.2015.01.003.
(17) Hayes, T. Sampling and Analysis of Water Streams Associated with
the Development of Marcellus Shale Gas; Final Report for the Marcellus
Shale Coalition: Pittsburgh, PA, 2009.
(18) Groundwater Protection Council. Interstate Oil & Gas
Conservation Commission. FracFocus Chemical Disclosure Registry.
http://fracfocus.org/ (accessed Febuary 2015).
(19) Richardson, N.; Gottlieb, M.; Krupnick, A.; Wiseman, H. The
State of State Shale Gas Regulation; Resources for the Future Report:
Washington, DC, 2013.
(20) U.S. Environmental Protection Agency. Study of the Potential
Impacts of Hydraulic Fracturing on Drinking Water Resources. EPA
601/R-12/011; U.S. Environmental Protection Agency Office of
Research and Development: Washington, DC, 2011.
(21) U.S. Environmental Protection Agency; Syracuse Research
Corporation (SRC). Estimation Programs Interface Suite for Microsoft
Windows, version 4.11; U.S. Environmental Protection Agency:
Washington, DC, and Syracuse, NY, 2012.
(22) Appelo, C. A. J.; Postma, D. Geochemistry, Groundwater and
Pollution; A. A. Balkema: Rotterdam, The Netherlands, 1996.
(23) Schwarzenbach, R. P.; Gschwend, P. M.; Imboden, D. M.
Environmental Organic Chemistry, 2nd ed.; Wiley: Hoboken, NJ, 2003.
(24) Gelhar, L. W.; Welty, C.; Rehfeldt, K. R. A critical review of data
on field-scale dispersion in aquifers. Water Resour. Res. 1992, 28 (7),
1955−74 DOI: 10.1029/92WR00607.
(25) Mackay, D. Handbook of Physical-Chemical Properties and
Environmental Fate for Organic Chemicals, 2nd ed.; CRC/Taylor &
Francis: Boca Raton, FL, 2006.
(26) Howard, P. H. Handbook of Environmental Degradation Rates;
Lewis Publishers: Chelsea, MI, 1991.
(27) U.S. National Library of Medicine. Toxicology Data Network
(TOXNET) Hazardous Substances Data Bank (HSDB). http://
toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?HSDB (accessed Febuary
2015).
(28) U.S. Environmental Protection Agency. ChemView. http://java.
epa.gov/chemview (accessed Febuary 2015).
(29) Lester, Y.; Yacob, T.; Morrissey, I.; Linden, K. G. Can we treat
hydraulic fracturing flowback with a conventional biological process?
The case of guar gum. Environ. Sci. Technol. Lett. 2014, 1 (1), 133−6
DOI: 10.1021/ez4000115.
(30) Screening-Level Hazard Characterization of High Production
Volume Chemicals: Heavy Fuel Oils; U.S. Environmental Protection
Agency: Washington, DC, 2012.
(31) Screening-Level Hazard Characterization: Waxes and Related
Materials Category; U.S. Environmental Protection Agency: Wash-
ington, DC, 2011.
(32) Howard, P.; Meylan, W.; Aronson, D.; Stiteler, W.; Tunkel, J.;
Comber, M.; Parkerton, T. F. A new biodegradation prediction model
specific to petroleum hydrocarbons. Environ. Toxicol. Chem. 2005, 24
(8), 1847−60 DOI: 10.1897/04-453R.1.
(33) Reregistration Eligibility Decision (RED) for Methylisothiazo-
linone. EPA 738-R-98-012; U.S. Environmental Protection Agency:
Washington, DC, 1998.
(34) Reregistration Eligibility Decision for Alkyl Dimethyl Benzyl
Ammonium Chloride (ADBAC). EPA739-R-06-009; U.S. Environ-
mental Protection Agency: Washington, DC, 2006.

Environmental Science & Technology Letters Letter

DOI: 10.1021/acs.estlett.5b00090
Environ. Sci. Technol. Lett. 2015, 2, 158−164

163

mailto:jessica.rogers@colorado.edu
http://dx.doi.org/10.1126/science.1235009
http://dx.doi.org/10.1126/science.1235009
http://dx.doi.org/10.1111/gwat.12074
http://dx.doi.org/10.1111/gwat.12074
http://dx.doi.org/10.1021/es405118y
http://dx.doi.org/10.1021/es405118y
http://dx.doi.org/10.1016/j.coal.2013.12.017
http://dx.doi.org/10.1016/j.coal.2013.12.017
http://dx.doi.org/10.1021/es404621d
http://dx.doi.org/10.2118/165692-MS
http://dx.doi.org/10.1111/j.1539-6924.2011.01757.x
http://dx.doi.org/10.1016/j.jngse.2012.03.006
http://dx.doi.org/10.1080/10807039.2011.605662
http://dx.doi.org/10.1016/j.jhazmat.2014.04.040
http://dx.doi.org/10.1021/es503724k
http://dx.doi.org/10.1093/toxsci/kfu061
http://dx.doi.org/10.1016/j.teac.2015.01.003
http://fracfocus.org/
http://dx.doi.org/10.1029/92WR00607
http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?HSDB
http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?HSDB
http://java.epa.gov/chemview
http://java.epa.gov/chemview
http://dx.doi.org/10.1021/ez4000115
http://dx.doi.org/10.1897/04-453R.1
http://dx.doi.org/10.1021/acs.estlett.5b00090


(35) Bilthoven, G. J. Flame retardants: Tris(2-butoxyethyl) phosphate,
tris(2-ethylhexyl) phosphate and tetrakis(hydroxymethyl) phosphonium
salts; Environmental Health Criteria 218; World Health Organization:
Geneva, 2000.
(36) Boethling, R. S.; Howard, P. H.; Meylan, W.; Stiteler, W.;
Beauman, J.; Tirado, N. Group contribution method for predicting
probability and rate of aerobic biodegradation. Environ. Sci. Technol.
1994, 28 (3), 459−65 DOI: 10.1021/es00052a018.
(37) U.S. Environmental Protection Agency; Syracuse Research
Corperation (SRC). PBT Profiler Methodology. http://www.
pbtprofiler.net/methodology.asp (accessed May 2015).
(38) National Primary Drinking Water Regulations. EPA816-F-09-
004; U.S. Environmental Protection Agency: Washington, DC, 2009.
(39) U.S. Environmental Protection Agency. Integrated Risk
Information System (IRIS). http://www.epa.gov/IRIS/ (accessed
February 2015).
(40) King, G. E. Hydraulic Fracturing 101: What every
representative, environmentalist, regulator, reporter, investor, univer-
sity researcher, neighbor and engineer should know about estimating
frac risk and improving frac performance in unconventional gas and oil
wells. In Society of Petroleum Engineers Hydraulic Fracturing Technology
Conference; Society of Petroleum Engineers: The Woodlands, TX,
2012 (DOI: 10.2118/152596-MS).
(41) Xie, G. B.; Barcelona, M. J. Sequential chemical oxidation and
aerobic biodegradation of equivalent carbon number-based hydro-
carbon fractions in jet fuel. Environ. Sci. Technol. 2003, 37 (20), 4751−
60 DOI: 10.1021/es026260t.
(42) International Chemical Safety Card (ICSC): Distillates
(Petroleum), Hydrotreated Light. ICSC No. 1379; National Institude
for Occupational Safety and Health (NIOSH), Education and
Information Division: Atlanta, 2014.
(43) Screening-Level Hazard Characterization: Kerosene/Jet Fuel
Category; U.S. Environmental Protection Agency: Washington, DC,
2011.
(44) Llewellyn, G. T.; Dorman, F.; Westland, J. L.; Yoxtheimer, D.;
Grieve, P.; Sowers, T.; Humston-Fulmer, E.; Brantley, S. L. Evaluating
a groundwater supply contamination incident attributed to Marcellus
Shale gas development. Proc. Natl. Acad. Sci. U.S.A. 2015,
DOI: 10.1073/pnas.1420279112.
(45) Warner, N. R.; Jackson, R. B.; Darrah, T. H.; Osborn, S. G.;
Down, A.; Zhao, K. G.; White, A.; Vengosh, A. Geochemical evidence
for possible natural migration of Marcellus Formation brine to shallow
aquifers in Pennsylvania. Proc. Natl. Acad. Sci. U.S.A. 2012, 109 (30),
11961−6 DOI: 10.1073/pnas.1121181109.
(46) Lautz, L. K.; Hoke, G. D.; Lu, Z.; Siegel, D. I.; Christian, K.;
Kessler, J. D.; Teale, N. G. Using discriminant analysis to determine
sources of salinity in shallow groundwater prior to hydraulic fracturing.
Environ. Sci. Technol. 2014, 48 (16), 9061−9 DOI: 10.1021/
es502244v.
(47) Boethling, R. S.; Howard, P. H.; Beauman, J. A.; Larosche, M. E.
Factors for intermedia extrapolation in biodegradability assessment.
Chemosphere 1995, 30 (4), 741−52 DOI: 10.1016/0045-6535(94)
00439-2.
(48) Rittmann, B. E.; McCarty, P. L. Environmental Biotechnology:
Principles and Applications, 1st ed.; McGraw-Hill: Boston, 2001.
(49) Raymond, J. W.; Rogers, T. N.; Shonnard, D. R.; Kline, A. A. A
review of structure-based biodegradation estimation methods. J.
Hazard. Mater. 2001, 84 (2−3), 189−215 DOI: 10.1016/S0304-
3894(01)00207-2.
(50) Haigh, S. D. A review of the interaction of surfactants with
organic contaminants in soil. Sci. Total Environ. 1996, 185, (1−3),
161−70. DOI: 10.1016/0048-9697(95)05049-3.
(51) Maguire-Boyle, S. J.; Barron, A. R. Organic compounds in
produced waters from shale gas wells. Environ. Sci.: Processes Impacts
2014, 16, (10), 2237−48. DOI: 10.1039/C4EM00376D.
(52) Orem, W.; Tatu, C.; Varonka, M.; Lerch, H.; Bates, A.; Engle,
M.; Crosby, L.; McIntosh, J. Organic substances in produced and
formation water from unconventional natural gas extraction in coal

and shale. Int. J. Coal Geol. 2014, 126, 20−31 DOI: 10.1016/
j.coal.2014.01.003.
(53) Analysis of Hydraulic Fracturing Fluid Data from the FracFocus
Chemical Disclosure Registry 1.0. EPA 601/R-14/003; U.S. Environ-
mental Protection Agency Office of Research and Development:
Washington, DC, 2001.

Environmental Science & Technology Letters Letter

DOI: 10.1021/acs.estlett.5b00090
Environ. Sci. Technol. Lett. 2015, 2, 158−164

164

http://dx.doi.org/10.1021/es00052a018
http://www.pbtprofiler.net/methodology.asp
http://www.pbtprofiler.net/methodology.asp
http://www.epa.gov/IRIS/
http://dx.doi.org/10.2118/152596-MS
http://dx.doi.org/10.1021/es026260t
http://dx.doi.org/10.1073/pnas.1420279112
http://dx.doi.org/10.1073/pnas.1121181109
http://dx.doi.org/10.1021/es502244v
http://dx.doi.org/10.1021/es502244v
http://dx.doi.org/10.1016/0045-6535(94)00439-2
http://dx.doi.org/10.1016/0045-6535(94)00439-2
http://dx.doi.org/10.1016/S0304-3894(01)00207-2
http://dx.doi.org/10.1016/S0304-3894(01)00207-2
http://dx.doi.org/10.1016/0048-9697(95)05049-3
http://dx.doi.org/10.1039/C4EM00376D
http://dx.doi.org/10.1016/j.coal.2014.01.003
http://dx.doi.org/10.1016/j.coal.2014.01.003
http://dx.doi.org/10.1021/acs.estlett.5b00090

